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Abstract Intravaginal delivery offers an effective option

for localized, targeted, and potent microbicide delivery.

However, an understanding of the physiological factors that

impact intravaginal delivery must be considered to develop

the next generation of microbicides. In this review, a

comprehensive discussion of the opportunities and chal-

lenges of intravaginal delivery are highlighted, in the

context of the intravaginal environment and currently uti-

lized dosage forms. After a subsequent discussion of the

stages of microbicide development, the intravaginal deliv-

ery of proteins and oligonucleotides is addressed, with

specific application to HSV and HIV. Future directions may

include the integration of more targeted delivery modalities

to virus and host cells, in addition to the use of biological

agents to affect specific genes and proteins involved in

infection. More versatile and multipurpose solutions are

envisioned that integrate new biologicals and materials into

potentially synergistic combinations to achieve these goals.
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Abbreviations

Ab Antibody

ACV Acyclovir

AIDS Acquired immunodeficiency syndrome

API Active pharmaceutical ingredient

ARV Antiretroviral

AsiCs Aptamer–siRNA chimeras

BSA Bovine serum albumin

CAP Cellulose acetate phthalate

CCR Chemokine receptor

CD4 Cluster of differentiation four

CD4?/- Cluster of differentiation four positive or

negative

CEA Carcinoembryonic antigen

CMIS Common mucosal immune system

CXCR4 Chemokine (C-X-C motif) receptor four

DC Dendritic cell

DC-SIGN(R) Dendritic cell-specific-ICAM-grabbing

non-integrin (receptor)

ENF Enfuvirtide

EVAc Ethylene-co-vinyl acetate

FcRN Fc neonatal receptor

FTC Emtricitabine

gP Glycoprotein

GRFT Griffithsin

HAART Highly active antiretroviral treatment

hCG Human chorionic gonadotropin

HIV Human immunodeficiency virus

HSPG Heparan sulfate proteoglycan

HSV Herpes simplex virus

ICAM Intercellular adhesion molecule

IVR Intravaginal ring

LDH-C4 Lactate dehydrogenase C4

LFA Lymphocyte function-associated antigen

mAb Monoclonal antibody

MZC MIV-150, zinc acetate, and carrageenan

N9 Nonoxynol-9

NP Nanoparticle

NRTI Nucleoside reverse transcriptase inhibitor

NNRTI Non-NRTIs
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OVA Ovalbumin

pDNA Plasmid DNA

PI Protease inhibitor

PLGA Poly(lactic-co-glycolic acid)

PrEP Pre-exposure prophylaxis

PSS Polystyrene sulfonate

PU Polyurethane

RNAi RNA interference

siRNA Short interfering ribonucleic acid

STD Sexually transmitted disease

STI Sexually transmitted infection

TDF Tenofovir disoproxil fumarate

TFV Tenofovir

VCF Vaginal contraceptive film

The pandemic of sexually transmitted infection

Sexually transmitted diseases (STDs) affect 340 million

new people each year [1]. Approximately, 36 million

people are living with human immunodeficiency virus/

acquired immunodeficiency syndrome (HIV/AIDS), while

536 million people are living with herpes simplex virus 2

(HSV-2) [2–4]. Infection with HIV remains incurable [5,

6], and two million deaths have occurred since 2008 [7].

Furthermore, sexually transmitted infections (STIs), such

as HSV-2, predispose women to HIV/AIDS while also

facilitating chlamydia and syphilis coinfections, and acting

as a potential cofactor in human papillomavirus (HPV)

infection. Overall, the presence of untreated STIs has been

shown to enhance both the acquisition and transmission of

HIV by as much as two- to sixfold [8–14]. This enhanced

infection is attributed to infection-associated inflammation

that interferes with the integrity of the vaginal epithelium,

while recruiting infectible immune cells to the affected

region [15]. Therefore, the effective prevention, treatment,

and management of all STIs are important HIV prevention

strategies [4].

While antiviral drugs are being utilized and progress

continues in vaccine development, the incidence of both

HIV and HSV has increased [16]. Increased incidence is

impacted by a variety of factors affecting both developed

and developing countries. In fact, one of the challenges to

eradicating STIs includes the global and geographical

variations in disease prevalence and incidence [17]. Sub-

Saharan Africa, for example, has the highest prevalence

and incidence rates, accounting for 20 % of global STIs

and 70 % of people living with HIV/AIDS. South and

South-East Asia closely follow with rapidly increasing HIV

incidence rates approaching 10 % of the global prevalence

[18]. Relative to North American levels of HIV infection

(*3 % of global infections), these numbers are staggering;

however, the epidemic is not limited to underdeveloped

countries. The main difference between the United States

and Western Europe relative to developing countries is that

the number of individuals living with HIV/AIDS has risen,

while the rates of HIV infection have plateaued or only

slightly increased over the period 2001–2012 [19, 20]. The

plateau in infection rates can be broadly attributed to

increased preventative measures and educational outreach.

Furthermore, the increase in survival rates in countries such

as the US and Western Europe is due to the administration

of new therapies such as highly active antiretroviral treat-

ment (HAART) that enable better therapeutic outcomes

post-infection [20].

The increase in STIs in many non-industrialized coun-

tries can be partially attributed to the lack of access to

effective and affordable healthcare. Policy makers, health

staff, and communities recognize that health services in

lower- and middle-income countries need to improve

people’s access to and retention in HIV treatment programs

[21]. In some cases, major political and economic transi-

tions have contributed to the increase in STIs, such as

countries undergoing economic and healthcare reform.

While industrialized countries can offer new treatments,

such as HAART, that have helped to manage HIV,

underdeveloped countries often cannot afford them [18].

The slow implementation of a cost-effective preventative

or therapeutic measure has contributed to the lack of pro-

gress in decreasing infection rates: such a program requires

global investment [22]. However, implementation of

effective STI prevention programs is challenging because

economical and medical problems, in addition to behav-

ioral and social factors, contribute to increased STI

incidence, particularly in women [17].

Current estimates indicate that women acquire 23 % of

the new HIV infections domestically, and 50 % of all new

global infections [23]. While there are available options to

decrease heterosexual transmission of HIV in women, they

often require male partner cooperation to be successful.

Male condoms provide an excellent example of a widely

available prophylactic, in which efficacy depends on the

male partner’s level of acceptance [24]. In many situations,

it may be difficult for women to negotiate the use of

available prophylactics, due to gender inequality, reliance

on men for economic security, and unequal relationship

dynamics. All of these factors contribute to the challenge in

finding better ways to integrate prevention methods [25,

26]. Additionally, cultural conditions can make it difficult

for women to insist on safe sex practices, which necessi-

tates methods that women can initiate and control, and

apply independently of intercourse (coitally-independent).

Even if safer sex practices and preventative measures

are embraced, approved, and implemented, user adherence

is critical. As demonstrated in the CAPRISA 004
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microbicide trial, suboptimal adherence to a preventative

regimen results in lower efficacy [27]. Although imple-

mentations of antiretroviral (ARV) therapy for AIDS

treatment have demonstrated that high levels of adherence

are achievable in real-world settings, obtaining adherence

is especially challenging in developing countries. A major

difficulty is that clinical testing of products is undertaken in

settings where HIV incidence is high, but research infra-

structure is limited.

All of these factors contribute to the lack of a successful

female-controlled, coitally-independent, preventative and/

or treatment strategy—which poses a significant global

burden by impacting reproductive health, fertility, child

health, and continuing to facilitate transmission of STIs

[19]. The financial and societal burden of health care

combined with: the increased likelihood of co-infection

with other STIs [8, 28–30], and the disproportional effect

on women, newborns, and immune-compromised individ-

uals is monumental [31]. Therefore, development of better

active agents and drug delivery vehicles is urgently needed.

For any solution to be realized, multiple disciplines must

collaborate to overcome social, cultural, and technical

hurdles.

The focus of this review is to discuss the challenges of

female-controlled, intravaginally applied microbicide

strategies for preventative and/or therapeutic delivery of

proteins and oligonucleotides against STIs. We initially

discuss previous generations of microbicide development

applied to different formulations and active ingredients

(specific and non-specific), to provide the reader with a

history of the field. We then discuss current and future

protein and oligonucleotide intravaginal delivery strategies

to prevent, treat, and mitigate STIs.

Current prevention and treatment strategies

Considerable effort has been spent developing vaccines for

the prevention of STIs; however, experts predict that it is

unlikely a vaccine for either HIV or HSV will be available

in the next decade [32]. While vaccine development has

been slow due to several barriers—including inadequate

resources, regulatory concerns, and intellectual property

issues—the major difficulty lies in the scientific challenges

involved in understanding how the human immune

response correlates with protection [33, 34]. Thus far, HIV

vaccines have had only moderate success in protecting

against viral lytic infection and have failed to impact

latency [35]. Similarly, vaccines for HSV-2 have proven

only moderately successful, despite the identification of

targets [9]. Previously, two HSV-2 vaccines successfully

completed phase III clinical trials: one showed no protec-

tion against HSV-2 acquisition and occurrence of genital

ulcers, despite eliciting high titers of neutralizing anti-

bodies (Abs) [36], and the other only protected HSV-2

seronegative women [37]. Further studies are needed to

clarify the complex relationship between STIs and the

immune system to generate more effective vaccines. A

summary of some of the ongoing clinical trials for HSV

and HIV vaccines is provided in these references [38–41].

From a treatment perspective, there are a number of

antivirals currently used to treat HSV-2 and HIV. Specifi-

cally for HSV-2, a deoxyguanosine analogue, Acyclovir

(ACV), is the most commonly used antiviral. ACV is

preferentially taken up by infected cells, and converted first

by virus thymidine kinase and subsequent host enzymes to

ACV triphosphate, to inhibit viral DNA synthesis via viral

DNA polymerase. While less potent, other antivirals

including famciclovir and penciclovir are available that

inhibit viral DNA polymerase. Similar in efficacy to ACV

is Valaciclovir, a prodrug of ACV that provides similar

efficacy, but offers pharmacokinetic advantages including

greater bioavailability matching that of intravenous deliv-

ery. While these are the preferred treatment choices, other

second-tier antivirals exist that offer improved oral solu-

bility, treatment against other HSV variants, and potential

treatment of ACV-resistant virus. As a detailed description

is outside the scope of this review, please see [42] for more

information.

Antivirals used to treat HIV are categorized base on

their mechanism of action, and some of these candidates

are discussed later in ‘‘Stages of intravaginal microbi-

cide development’’. Generally, HIV ARVs are classified

as nucleoside reverse transcriptase inhibitors (NRTIs),

non-nucleoside reverse transcriptase inhibitors (NNR-

TIs), protease inhibitors (PIs), fusion inhibitors, entry

inhibitors, HIV integrase strand transfer inhibitors, and

multi-class combination products. A more comprehen-

sive listing of antivirals shown to be efficacious in HIV

treatment can be found in [43]. A sampling of ARVs

from each class of inhibitors includes: NRTIs Truvada

(tenofovir disoproxil fumarate (TDF) and emtricitabine

(FTC)) and Viread (TDF); NNRTI Edurant (rilpivirine);

entry inhibitor Selzentry (maraviroc); fusion inhibitor,

Fuzeon [enfuvirtide (ENF)]; and Atripla (a combination

of efavirenz, FTC, and TDF). Notably, Truvada has

demonstrated marked success in the Partner’s PrEP trial,

reducing HIV risk of infection in women by *73 %,

relative to oral TDF alone (62 %) [44–46]. Currently,

Truvada is approved as an oral formulation (and is in

trials as a vaginal tablet) for those at high risk of getting

HIV-1. While a summary of currently promising antiv-

irals and delivery vehicles that have been formulated

into intravaginal microbicides for clinical trials are

provided in Table 1, more detailed information can be

found in [43] and the above references.
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While antiviral drugs have increased both the duration

and quality of life for people infected with HIV, and have

lessened the symptoms and outbreak severity associated

with HSV-2 infection and recurrence, effective prevention

methods remain elusive [23, 47]. HIV and HSV infections

still remain unpreventable and incurable; moreover, not all

countries offer routine access to ARV medication [4]. Most

recently, ARVs have been incorporated into gels and tab-

lets in clinical trials for HIV/AIDS to enhance efficacy

[48], but none have been proven to be fully efficacious.

Considering these challenges, the development of topi-

cal, intravaginal microbicides presents a tremendous

opportunity for prevention and/or treatment of STIs. Vag-

inal microbicides are chemical compounds that when

applied vaginally or rectally, have the potential to prevent

and/or reduce the acquisition of STIs [49]. An inexpensive

and safe intervention against STIs, such as locally applied

microbicides could delay the need for more expensive

drugs such as HAART [16]. Furthermore, it is estimated

that a partially effective microbicide, when used in half of

coital acts by 20 % of women, could prevent 2.5 million

HIV infections over 3 years [50]. Therefore, even a par-

tially effective microbicide may significantly reduce STIs.

Traditionally, microbicides have been classified as non-

specific or specific, depending on their mechanism of

action, and mediate cell infection or virus integration by

attacking viral or cellular targets, usually by affecting virus

binding, integrity, and replication [19]. Microbicides work

through various mechanisms including blockade of recep-

tors in target host cells (macrophages, T-cells, dendritic

cells, epithelial cells) or prevention of viral attachment to

host cells. First generation microbicides were typically

highly sulfated molecules or detergents, designed to act

non-specifically to inhibit virus entry, by disrupting the

virus envelope through a charge- or pH-based mechanism

[19]. These first generation, non-specific microbicides

included: nonoxynol 9 (N9), Savvy (C31G), cellulose

sulfate, Carraguard (PC-515), PRO 2000, and BufferGel

[51]. Unfortunately, none of these agents produced a sig-

nificant clinical effect against HIV, with N9 and cellulose

sulfate showing increased infection rates associated with

use [51, 52].

Because the non-specific first generation microbicides

were unsuccessful, second generation microbicides were

designed to prevent STI and transmission through more

specific mechanisms. These second generation microbi-

cides typically target distinct elements of the viral life

cycle, such as viral entry/fusion or critical enzymes (for

HIV, usually reverse transcriptase (RT), integrase, or pro-

tease) [1]. More recently, researchers have begun to

explore products that are multifunctional—to incorporate

technologies to prevent unintended pregnancy as well as

reproductive infections [47, 53–56]. Whereas the first and

early second generation microbicide products were drugs,

new technologies seek to incorporate biological and

genetic agents to target events in the virus cycle and host

response [31, 57–69]. For any of these new, specific pro-

ducts to be successful, it is important to select the right

biological target. However, understanding the physiology

of intravaginal environment and the dynamics of drug

delivery is equally as important to the intelligent design of

an effective microbicide.

Opportunities and challenges for intravaginal delivery

of microbicides

The local intravaginal environment and its role

in infection

Intravaginal delivery has been a site for delivery of agents

both locally and systemically [34, 70, 71]. Some of the

common intravaginally (locally) delivered agents include:

antibacterials, antifungals, antiprotozoals, antivirals, labor-

inducing agents, spermicides, prostaglandins, and steroids

[72, 73]. The vagina has a number of characteristics,

including its: large surface area; vascular, tissue, and

mucosal permeability; and abundant vasculature; that

promotes the delivery of small molecules, proteins, pep-

tides, oligonucleotides, and plasmid DNA (pDNA) [74–

76]. By offering an alternative to non-localized systemic or

parenteral administration [1], intravaginal delivery avoids

first-pass hepatic clearance associated with most other

delivery routes [77, 78]. For prevention of STIs, local

vaginal delivery of microbicides also enables interception

of the virus at the point of entry and deposition of agents in

close proximity to infected or infectible cells. Due to these

advantages over other drug delivery methods, intravaginal

delivery of microbicides is an area of substantial research

interest. However, to optimally design agents for effective

local delivery, it is important to understand the anatomy

and physiology of the reproductive microenvironment, and

how this environment impacts virus infection.

The vagina is a fibromuscular tubular tract that leads

from the opening of the vulva to the cervix. The vaginal

tract is covered by mucus, a glycoprotein gel, comprised of

95 % water, 1–2 % mucin fibers, and trace constituents

including lactic acid, salts, DNA, proteins, and enzymes

[79–85]. To establish infection, the virus must travel

through the mucous barrier to reach epithelial cells (in the

case of HSV) and sub-epithelial cells (in the case of HIV).

Furthermore, epithelial morphology varies with location in

the vagina; the vagina and ectocervix are comprised of

multilayered stratified squamous epithelium, whereas the

endocervix epithelium is comprised of a single columnar

layer [86]. These structural differences in the epithelium
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impact the likelihood of virus penetration. While, the

columnar layer of the endocervical junction is considered

more susceptible to HIV infection because junctions

between cells are ordered in a monolayer, the greater rel-

ative surface area of the vagina and ectocervix, relative to

the endocervix, can allow for greater potential of infection,

particularly when the epithelial surface is disrupted [87,

88]. Inflammation in the female reproductive tract caused

by trauma or co-infection with other viruses can increase

susceptibility to HIV infection [89]. Even small abrasions

induced by coitus can enable more efficient entry of HIV to

target cells in the basal epithelium and stroma [90]. Fur-

thermore, depending on the virus type, different entry

points can facilitate infection.

For HSV infection to occur, virus entry usually occurs

via cellular receptors or extracellular glycosaminoglycans.

Three prominent receptors are expressed on the vaginal

luminal epithelial surface, that enable HSV-2 binding and

internalization: nectin-1, herpes virus entry mediator

(HVEM), and 3-O-sulfated heparan sulfate [91–95]. One of

the first steps in HSV entry is virus binding to heparan

sulfate (HS) polysaccharide chains of cell surface heparan

sulfate proteoglycans (HSPGs) [96]. HSV-2 binds to

HSPGs and ‘‘surfs’’ down cell filipodia, whether entry is

via endocytosis or cell fusion [97, 98]. In fact, HS has been

found to not only provide a site for virus attachment and

subsequent ‘‘surfing’’, but has also demonstrated that

alterations in HS can provide a receptor to virus gD [99].

These receptors and extracellular milieu on epithelial cells,

contribute to the unique feature that HSV transmission

occurs from skin-to-skin contact (via epithelial cells),

instead of bodily fluids. As a result barrier prophylactics

such as condoms, while considered the best way to protect

against HSV, only protect against the risk of HSV by

approximately 30 % with consistent use [100].

Relative to epithelial receptors that enable HSV entry

and infection, multiple cellular HIV targets reside in the

endocervix and sub-epithelium—including intraepithelial

Langerhan’s cells, T-cells, dendritic cells, and macro-

phages—that provide a proximal source of potentially

infectible cells [15, 87]. The primary receptors and co-

receptors identified in HIV infection include cluster of

differentiation 4 (CD4), chemokine receptor 5 (CCR5), and

chemokine (C-X-C motif) receptor 4 (CXCR4). CCR5 is a

major co-receptor for macrophage tropic HIV-1 and

CXCR4 is a co-receptor for infection by T cell tropic HIV-

1 [101]. While chemokine receptors are recognized as

essential co-receptors for HIV infection and are expressed

on several types of cells including epithelial cells, gener-

ally speaking, HIV must surmount epithelial barriers to

infect underlying CD4? cells [87].

As genital epithelial cells do not express the conven-

tional HIV-1 CD4 receptor, this makes them a more

challenging target for HIV entry. Alternate receptors, such

as gp340, have demonstrated attachment and uptake of

HIV-1 in vaginal epithelial cells [102]. Overall however,

HIV-1 has been stated to ‘‘utilize unconventional mecha-

nisms to cross primary genital epithelial cells’’ [103].

These mechanisms are not yet fully understood, and the

trajectory of HIV virions that are free or released from cells

interact with epithelial cells and traverse cell boundaries

via transcytosis, endocytosis, infection, inflammation, or

penetration through epithelial cell gaps to underlying cells

in the epithelium, sub-epithelium, and lamina propria [88,

90, 103]. Transcytosis or alternative mechanisms of HIV

through the epithelial cells has been observed to underlying

CD4? cells, yet, virus passage is usually very low [87].

However, the ectocervix, endocervix, and vagina are all

portals for HIV infection [103]. In fact, the ecto-to-endo-

cervix transition region can be populated with CD4?

T-cells, making this region particularly susceptible to HIV

entry [88]. Additionally, cells such as Langerhans may

project cell extensions close to the epithelial surface, and

contact virus in this way. However, as mentioned above,

HIV also needs to traverse the multilayered epithelial

barrier or epithelial gaps between cells, to infect underlying

CD4? cells—a process that is not yet fully understood [87,

104].

Achieving a complete understanding of the sequence of

HIV infection events, has been challenged by inconsistent

research results. This inconsistency is primarily attributed

to experiments that use epithelial cell types derived from

different locations in the body, and primary and immor-

talized cell lines, resulting in inconsistent experimental

practices [88]. For instance, while it has been demonstrated

that HIV-1 binds and enters epithelial cells in the lower

reproductive tract, transcytosis, while occurring in

immortal and primary cells, has not been exhibited in intact

tissue [88]. Furthermore, in explants, expression of HIV-1

chemokine co-receptor expression has been inconsistent,

ranging from no detection of CCR5 or CXCR4 expression

by cervical epithelial cells, to CXCR4 expression by these

cells, to expression of CCR5 only [88]. Furthermore, once

virions infect leukocytes, there appears a marked difference

between cell-associated virions secreted from infected

leukocytes and the less efficient transcytosis observed in

cell-free virions. While efficient production may occur in

cervical epithelial cells as well, it has also been suggested

that HIV-1 can be transported by lymphocytes and mac-

rophages, through the epithelium to the draining lymph

nodes [88].

In addition to the method through which HIV navi-

gates the epithelium, several receptors have been

reported to facilitate entry into CD4- cells. Similar to

HSV-2, extracellular constituents have been shown to

contribute to infection. Many epithelial cell surface
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proteins interact with HIV-1 envelope proteins to

increase virus attachment to host cells [88]. Specifically,

interaction of HIV-1 envelope gp120 and several host

cell surface molecules including glycolipids, sulfated

lactosylceramide (on vaginal epithelial cells), galacto-

sylceramide adhesion molecules such as intercellular

adhesion molecule 1 (ICAM-1) and lymphocyte func-

tion-associated antigen (LFA-1 on ectocervical

epithelial cells [103]), transmembrane chondroitin and

heparin sulfate proteoglycans (HSPGs), and gp340

(expressed by genital epithelial cells) can also contrib-

ute to HIV-1 attachment and entry [87, 88].

Additionally, syndecans, a specific type of HSPG that

primarily binds to gp120, can increase HIV-1 attach-

ment to cells when co-expressed with CD4 and

chemokine receptors [103]. Syndecan expression does

not negate the necessity of CD4 and chemokine recep-

tors for entry, but may increase infection by

encouraging virus adsorption to receptive cell surfaces.

Due to their adhesive nature, syndecans may play a

significant role in obtaining virus-cell adhesion prior to

virus entry and infection.

Additionally, C-type lectins such as dendritic cell-

specific-ICAM-grabbing non-integrin (receptor) (DC-

SIGN, DC-SIGNR), langerin, and the mannose receptor,

have been shown to encourage HIV-1 attachment and/or

entry into CD4- cells [87, 103]. Fibronectin, a con-

stituent of semen, has been shown to bind to viral

glycoprotein 120 (gp120) and also to the b1 integrin,

thereby aiding virus-epithelium attachment [89]. In

some cervical epithelial explant samples, the b1 integrin

subunit bound virions that were likely coated with

fibronectin [88]. In addition, envelope specific IgG,

which can bind to incoming virions, can bind to the Fc

neonatal receptor (FcRN) in the genital mucosa, and

may enable transport of HIV through epithelial cells

[89]. To date, there has been no demonstration that

these receptors are capable of mediating fusion between

viral and cellular membranes; however, these receptors

represent prime candidates for cell-free HIV-1 passage

through genital epithelial cells. For a more compre-

hensive review of cell receptors and potential virus

entry portals, please see [103].

While these physical characteristics of the female

reproductive tract provide potential entry points and

pathways to virus infection, the intravaginal environ-

ment can conversely act as a barrier to virus infection

and the delivery of active agents. The intravaginal

environment has been studied to understand how this

environment innately protects against infection, and this

information can be used to suggest ways that local

delivery of agents can protect infectible cells from

incoming pathogens.

Overview of transport and drug delivery barriers—

mucus and epithelium

Localized delivery of microbicides against STIs averts

issues inherent to oral or systemic delivery, and provides a

promising route to deliver agents in close proximity to both

the site of infection and infectible cells. However, the

mucus gel and epithelium can act as barriers to intravaginal

drug delivery [86, 105]. Mucus, the glycoprotein gel that

accumulates on the surface of the vaginal epithelium, is the

first barrier encountered in both virus infection and in-

travaginal drug delivery. Mucus in the vagina—which is

produced by cells in the cervix and so appropriately called

cervical mucus—forms a gel layer with variable thickness

and consistency that changes during the menstrual cycle.

Previous studies that investigated the ability of differently

sized viruses to diffuse through mucus, originally estimated

mucus pore size to be on the order of *100 nm, with

assumptions that mucus impeded larger virus penetration

by steric exclusion. More recently, studies have confirmed

that mucus has an average pore size of *340 ± 70 nm,

and thickness of a few hundred microns [106–108], yet still

hinders pathogen entry into deeper tissue. This indicates

that mucoadhesion, rather than steric hindrance garners

protection against virus infection [109]. These same

properties however, that make mucus a physical barrier to

virus infection [110–112], can also impede the diffusion of

locally delivered agents that protect and treat against

infection [83].

In addition to providing a mucoadhesive path for

incoming molecules and virions, cervical mucus has a

dynamic role in facilitating sperm movement by altering its

viscoelasticity during the menstrual cycle. This change in

viscoelasticity can aid or impede drug efficacy by altering

transport properties, reducing distribution, and/or inducing

leakage, resulting in decreased residence time of a micro-

bicide at the target site. Microbicidal agents can be further

compromised by dilution or dissolution in the mucus,

thereby weakening the concentration present to induce

efficacy. In addition, the mucus covering the epithelium

has inherent enzymatic activity that can act as a barrier to

drug delivery and absorption. While these antimicrobial

peptides and enzymes aid in prevention of infections, they

also accelerate degradation of delivered preventative/ther-

apeutic agents. Last, many of the factors that affect mucus

fluidity, quantity, consistency, and accumulation, change

with age and menstrual cycle, making mucus a dynamic

and challenging barrier to drug delivery [1].

The second layer of protection against pathogen infec-

tion and drug delivery, which is beyond the mucus gel, is

the epithelium [1]. Once the delivered agent traverses the

mucus, the epithelium restricts paracellular permeability

through the presence of tight junctions. These tight
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junctions are permeable to water, ions, and even immune

cells; therefore, modifications to molecules to alter cellular

permeability and improve drug delivery have been inves-

tigated [113]. In addition, the apical and basolateral

membranes contain lipid bilayers. By partitioning into or

associating with these bilayers, small molecules can be

transported through these membranes by hydrophobic

interactions. Cell receptors located on the apical surface

enable the interaction and specific transport of hydrophilic

materials across the membrane [86].

Agent distribution, retention, and stability in mucus

and epithelium

The effectiveness of vaginally-delivered microbicides is

determined by agent distribution, residence time, stability,

and permeability to vaginal tissue. As mentioned, mucus

can hinder the diffusional transport of molecules, drug-

loaded carriers, and pathogens by binding interactions.

While these mucosal interactions can facilitate bioadhesion

of agents or carriers, helping to increase drug residence

time at the mucosal surface, they can also be a barrier to

diffusion [83, 106, 107, 109, 114–117]. Any interaction

between the agent or carrier and the surrounding nega-

tively-charged mucin glycoprotein chains impedes

delivery: binding may occur by physical entanglement,

hydrophobic interactions, hydrogen bonding, or electro-

static interactions [117]. Delivery of high molecular weight

and hydrophobic drugs is particularly challenging, due to

the variety of mechanisms available for interaction with

delivered agents [7, 53, 118]. Carriers or vehicles can be

used to overcome the physical barriers to mucus penetra-

tion: in this case, the vehicle should be small enough to

negate physical hindrance, and have net neutral surface

charge to minimize interaction with the negatively charged

mucin fibers. Drug delivery vehicles with neutral charge

have demonstrated enhanced distribution and penetration

through intravaginal mucus, despite vehicle sizes that are

larger than mucosal pore sizes [83, 106, 107, 109, 115–117,

119].

In addition to the physicochemical transport barrier

presented by mucus interactions, mucus has a significant

role in agent distribution and retention due to mucosal

physical properties and shedding. Macroscopically, mucus

is a cervicovaginal surface lubricator that contributes to

normal functions including regulation of sperm motility

and protection against pathogen entry. At the micro and

nanoscales, mucus is heterogeneous: high viscosity mucin

glycoproteins containing regions of low viscosity fluid [85,

86]. In addition, secreted lipids, calcium ions, pH, trefoil

factor, and non-mucin glycoproteins contribute to the

overall viscoelasticity [86, 120, 121]. As an example of the

effect of mucus viscosity on transport, consider the effect

on sperm motility. Ovulatory mucus, which is thinner and

less viscous than non-ovulatory mucus, promotes sperm

motility more readily than non-ovulatory mucus [122,

123]. With respect to drug delivery, some agents may be

more or less permeable to mucus during different parts of

the menstrual cycle, depending on mucus thickness and

viscoelasticity. Furthermore, while mucus is secreted and

shed continuously, the overall rate of mucus clearance is

dependent on an individual’s activity, age, and menstrual

cycle stage. Often, secretion and shedding can be stimu-

lated by the presence of irritating substances [86, 120, 121].

Therefore, mucoadhesive carriers trapped in luminal mucus

may be shed rapidly, with very few carriers reaching mucus

layers that are directly adherent to the epithelial surface

[106, 109, 120]. As mucosal shedding can decrease the

delivery and efficacy of different dosage forms, mucus

penetrating formulations are being designed to more deeply

penetrate mucus and to avoid the high turnover of mucus

shedding [56, 107, 115].

Even when intravaginally administered agents are

designed to traverse mucus and to avoid leakage and

mucosal shedding, delivered cargo must maintain its

activity through the delivery process. Local enzymatic

activity in the vaginal epithelium can affect the stability of

locally delivered agents, and contribute to premature deg-

radation. Proteases such as aminopeptidase and proteinase

K may induce low vaginal absorption of biological agents,

while high enzymatic activity in the outer cell and basal

layers of the vaginal epithelium may decrease agent sta-

bility [124, 125]. Furthermore, hydrolytic enzyme and

dehydrogenase activity can contribute to the destabilization

and degradation of intravaginally delivered molecules

[126]. Also, being well-vascularized, the vascular and

lymph pathways in the vaginal tract can re-route delivery to

unintended regions [124, 127].

Cyclic changes in the intravaginal environment

The thickness of the vaginal epithelium can vary with age,

stage of the menstrual cycle, and pregnancy. When the

vaginal epithelium is thin, absorption of drugs is often

easier; however, invasion by pathogens may be easier as

well [114]. In addition, it is important to maintain the

normal vaginal flora during drug delivery, as the flora

provides an innate defense against pathogens, in part by

maintaining the acidic pH of the vaginal tract. The

microorganisms comprising the vaginal flora are also

dynamic, and depend on age, menstrual cycle, pregnancy,

and infection [1, 124]. Lactobacillus, a major bacterial

component of microflora pre-menopause, helps to maintain

the low intravaginal pH that provides pathogen protection.

While these ‘‘normal’’ vaginal bacteria maintain a vaginal

pH spanning 3.5–5, this pH can be altered in the presence
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of semen and infections such as bacterial vaginosis and

trichomoniasis. Alterations in flora often result in elevated

pH levels closer to neutral, and correlate with decreased

response to infection [86].

Other: user compliance, acceptability, cost

effectiveness, and stability during transport—

challenges to developing countries

User compliance, acceptability, cost, and transport/storage

stability also impact microbicide development and use, but

these subjects are outside the scope of this review. A brief

summary of some of the challenges is listed below; how-

ever, more resources can be found in these references [18,

22, 23, 27, 56, 124, 128–130].

Compliance

During the last 20 years there have been 12 microbicidal

effectiveness trials of seven candidate products; only one

product has demonstrated significant protection against

HIV infection [22]. The CAPRISA 004 phase IIb safety

and effectiveness trial showed that a 1 % tenofovir vagi-

nally administered gel (TFV) reduced HIV acquisition in

18–40 years old women at high risk for HIV infection.

While there was a 39 % reduction in infection overall,

women who most consistently used the gel in accordance

with dosing before and after sexual intercourse (gel

adherence greater than 80 %) had a 54 % lower HIV

incidence compared with women using the placebo [27,

128, 131]. Data from this trial emphasized that adherence

to the prescribed prophylactic/treatment regimen is

required for efficacy against infection. Furthermore, this

challenge of consistent microbicide use was reinforced by a

phase II Carraguard safety trial. While participants reported

94 % usage of Carraguard, a conformation technique that

used a mucus-reactive dye revealed that only 61 % of the

returned applicators had actually been used [132, 133].

While moderate levels of adherence have been achieved

in ARV prophylactic/treatment regimens in both developed

and developing countries, it is evident that obtaining user

compliance still remains challenging, especially for

microbicide regimens that must be adhered to daily [22].

Only more recently have more long-term delivery options

(delivery for more than 1-month), such as drug-eluting

intravaginal rings (IVRs), been assessed for user adherence

[134]. In contrast to the above-mentioned prevention

methods, IVRs, which will be discussed more in-depth

later, generally depend less on user compliance, due to the

decreased frequency with which they must be adminis-

tered. For instance, in initial studies in Brazil that

examined IVR adherence for 28 days, 89 % of women had

perfect adherence. In two NuvaRing� trials in the US and

Europe, participants were instructed to remove the IVR

during coitus and re-insert within three hours. More than

60 % of the women maintained the IVR during 10 months,

and 86 % maintained continuous monthly insertion cycles.

Furthermore, 81 % of women preferred the IVR to oral

contraceptives due to the convenience associated with

remembering timing and dosing. Similar results were

obtained in a US study where students administered the

IVR for 3 months, with 57 % qualifying as perfect users. In

the first study to investigate IVR adherence in African

women as an HIV prevention method, African women

reported high levels of IVR use, with 82 % keeping the

IVR in for the entire 12-week study period, and 95 % of

women wearing the IVR for at least 12 h per day. These

adherence results indicate that sustained-release IVRs are

relatively easy and convenient to use, require little effort to

achieve adherence, and can be comfortably worn during

daily activities [134]. By offering long-term ([30 day)

delivery products that promote coital-independence by

maintaining microbicide concentrations over weeks to

months, hurdles associated with conventional user com-

pliance and acceptability can be overcome [7].

User acceptability

The user acceptability of a product often determines long-

term commitment to microbicide use. Despite the lack of

efficacy demonstrated by the Carraguard and TFV gel trials

following low-to-moderate user compliance, other safety

trials have been conducted to assess and understand factors

contributing to user acceptability [132]. One of the factors

that contribute to compliance is a higher perceived need for

protection among HIV-infected women, relative to unin-

fected women [132]. For example, the acceptability of the

gels was particularly high in HIV-infected women, as

women were motivated by the potential of the gel to pre-

vent against another STI or strain of HIV, or to protect their

partner. Particularly, asymptomatic healthy people may be

less likely to adhere to prophylactic/treatment regimens

due to a smaller perceived risk, thereby decreasing the

incentive to use microbicides consistently. In addition to

perceived risk, factors such as trial design, duration, par-

ticipant characteristics, relationship status, and the physical

characteristics of the microbicide have impacted user

compliance [132].

Social deterrence, in addition to perceived risk assess-

ment must also be considered to encourage sexual product

usage and integration. In particular, the stigma associated

with ARV/pre-exposure prophylaxis (PrEP) use contrib-

uted to the difficulty in adhering to HIV preventative

treatment when healthy. The technology novelty combined

with the negative connotations of HIV contributed to

women’s and partners’ fear in being identified as HIV-
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positive (in both gel and tablet users). However, combining

a discussion on other aspects of a product, such as its

physical characteristics, can stimulate discussions and

communication between partners to help overcome social

deterrents. A suggestion from a variety of PrEP studies was

to encourage couples and male partner’s education and

participation as in the Partners PrEP trial [135]. One study

focused on assessing the acceptability of barrier and

lubricant products among HIV-seropositive Zambian men

after group intervention and long-term use [136]. In this

study, while adding lubricants to sexual activity was not

preferred, men found these products acceptable and used

this as a way to better communicate with their partners.

The issue of leakage was associated with lower levels of

use, making all product types that displayed these issues,

preferred similarly. This study highlighted that men have

preferences for delivery systems, and prefer a variety of

options. In another study, men’s decisions were heavily

impacted by whether the product would interfere with

sexual pleasure. While women and men from different

cultures seemed to differ in opinion on the amount of

lubrication that was ideal during coitus, as long as there

was moisture, they were willing to compromise for pro-

tection against STIs [137]. Therefore, the physical

characteristics of a microbicide, namely the ability to

lubricate and maintain vaginal moisture (in addition to

decreasing vaginal leakage), were important to users, but

were beneficial to facilitate discussion about product usage.

In many South African nations, men want to be involved

in the decision-making. Similar to other studies in Uganda

and Zimbabwe, men desire to have a say in women’s

selection of a microbicide [138]. Therefore, increasing

male involvement in clinical trials to test microbicides, not

only for efficacy and safety, but to also ascertain the short-

and long-term user acceptability of a product is recom-

mended. While men recognized the need for women to

prevent against STIs, non-contraceptive microbicides may

have a greater need than contraceptive vaginal products.

By increasing sexual barrier and lubricant product accept-

ability, in combination with encouraging couples and male

partners to communicate about microbicide products, user

acceptability may be enhanced [136].

Beyond individual and couple user preferences, geo-

graphical location has been shown to impact user

acceptability and preferred dosage form [22, 139]. Studies

indicate that one microbicide formulation may not be

universally acceptable to all populations, and gels may be

more accepted in developing countries [22, 139]. On a

smaller scale, however, it is also important to note that a

woman’s product preference can be impacted by a number

of personal factors. These factors may include her partner’s

product preference, the perceived risk of acquiring other

STIs, her desire to conceive, and/or the convenience of the

dosage form. These factors underscore the importance of

designing new prevention approaches that allow women to

independently control their exposure and risk to STIs.

While at-risk women may prefer a variety of options to

meet their needs, microbicides that are coitally-indepen-

dent, and provide the option for sustained release or

infrequent administration are highly desirable to increase

user adherence and to provide female-controlled methods

of protection. Therefore, the development of products that

foster compliance, through education in combination with

the implementation of convenient, infrequent, and coitally-

independent solutions, is expected to enhance adherence

and efficacy.

Cost and effectiveness

As technology advances to include biopharmaceuticals

such as proteins, nucleic acids, and antibodies, microbicide

design must take a new approach to offer cost-effective

solutions, especially for developing countries. In recent

years, the cost of manufacturing biopharmaceuticals has

been reduced; however, the use of some global health

products, including microbicides, has been limited due to

their high cost and low production capacity. In fact, the

FDA identified manufacturing as the rate limiting step for

new technology development due to specific challenges

including physical design, characterization, scale-up,

packaging, and quality control [124].

Overall it is agreed that the cost of microbicides and the

program required to deliver them must be affordable, with

sufficient financing available to support the development

of, and access to future microbicides. In a report by the

Alliance for Microbicide Development, R&D groups esti-

mated the cost required by Europe, the US, and G8

countries for phases 1 through 3 clinical trials. Detailed

summaries can be found in [129]; however, for phase 1 and

2 trials, cost estimates spanned 1–5 million and

50–62 million US dollars, respectively. These large

development costs further support the initiative to more

intelligently design microbicides to provide lower-cost

alternatives.

Recently, it has been highlighted that a microbicide with

relatively low effectiveness could have a substantial impact

against the global HIV epidemic, if used by a significant

number of women [18]. Some factors that might creatively

enable more low-cost alternatives through better design

include: developing products that offer non-coital sustained

delivery, increasing delivered concentrations by using

biopharmaceuticals that have specificity, and developing

multipurpose options that are versatile across infections

and contraception. In addition, manufacturing advances in

bacteria and yeast production (RANTES), bioengineered

commensals (cyanovirin, RANTES, CD4), and plants
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(Abs, griffithsin (GRFT), cyanovirin), may solve cost and

capacity constraints for some biopharmaceuticals, and are

further discussed below [56]. Furthermore, the increased

availability of biologically active pharmaceutical ingredi-

ents (APIs) is stimulating the development of

biopharmaceuticals formulated for sustained delivery.

Stability during transport

In addition to being easily affordable, maintaining agent

stability during transport and storage is a requirement for

microbicide development [130]. One of the biggest chal-

lenges to microbicides or vaccines—anything that contains

biologicals or degradable materials—is temperature regu-

lation. Overexposure to extreme heat or cold can impact

the stability of the active ingredients used in microbicides

[130]. Furthermore, these conditions can be particularly

challenging for faster dissolving formulations and biolog-

icals, e.g. proteins, genes, and peptides [124]. The key

differences between industrialized and developing coun-

tries for microbicide (and vaccine) distribution are the

latter’s lesser resources to pay for the products and the

storage, distribution, personnel, and training to properly

handle and administer them [140, 141]. Furthermore, in the

developing world, microbicides and vaccines travel great

distances often from the US or Europe to Africa, where

travel continues by vehicle often in rural areas, to finally

arrive at a remote clinic with unreliable electricity and

minimal refrigeration. Therefore, efforts including the

enhancement of the global distribution network of equip-

ment, and the development of procedures for maintaining

agent quality during transport and storage will contribute to

stability improvements [130, 142]. In addition to these

efforts, development of new technologies that ensure effi-

cacy under difficult temperature conditions is critical.

Methods are currently being explored to improve the

thermostability of new and existing products by drying

agents, and changing formulation methods to protect bio-

logicals from heat damage. More information on new

methods to create and preserve thermostable formulations

can be found in [130, 140, 141].

Overview of intravaginal delivery technologies

and dosage forms

Intravaginal delivery offers a promising option to deliver

agents locally, specifically, conveniently, and at high

concentration to the vaginal tract. Intravaginal adminis-

tration was first used to deliver drugs against vaginal

infections, and for prolonged and local delivery of con-

traceptive agents [4]. Vaginal formulations, which often

employ designs that were successful in rectal suppositories,

include tablets, creams, and suppositories for short-term

(\1 day) delivery applicable to individual acts of inter-

course [4]. In 1970, the first intravaginal controlled drug

delivery system was developed: a vaginal ring for the

delivery of medroxyprogesterone acetate for contraception

[4, 34]. While vaginal rings are more commonly used for

long-term delivery (i.e. slow release of an active compound

over prolonged periods of days to months [125]), other

delivery systems—including gels, films, and micro/nano-

particles—also show promise as sustained-release

intravaginal delivery systems [31, 57, 123, 143, 144].

Many first and second generation microbicides consisted of

polymers and gels designed to impede the HIV life-cycle

by either preventing virus attachment to and fusion with the

cell, or by targeting genes and proteins that disrupt the

virus replication cycle including reverse transcriptase, in-

tegrase, and proteases [86]. Specific targeting of elements

of the viral life cycle seeks to increase efficacy, limit cross-

resistance, and minimize microbicide-induced non-specific

toxicity [145–147].

In the development of a stable, safe, and effective

microbicide, the physicochemical properties of the API—a

biologically active substance—and the intended carrier or

dosage form of these APIs must be considered [19]. In the

following sections we address some of the more common

[148] microbicide dosage forms; however, reviews on

tablets and pessaries used in microbicide applications are

also available [4, 47, 51, 114], in addition to more details of

the dosage forms referenced in the following sections.

Vaginal gels and creams (semi-solids)

There is a need to establish a coitally-independent micro-

bicide that eliminates application prior to every act of

intercourse. However, to maintain an efficacious microbi-

cide while avoiding frequent applications, the residence

time in the vagina must be prolonged [149]. Tunable

delivery systems that provide long-term prophylactic or

therapeutic concentrations of active ingredients following a

single dose are a current focus in microbicide development.

Gels or creams, more broadly referred to as semi-solids,

have been the most commonly used delivery vehicles for

microbicides [4, 19] (Fig. 1a). As the name implies, gels

are primarily liquid by mass, but have some characteristics

attributed to solids, due to their three-dimensional cross-

linked structure. In fact, cross-linked networks in a liquid

environment impart the structural component to gels, and

contribute to their adhesive properties [150]. Gels are

further sub-classified, depending on the solvent in which

they swell. For instance, hydrogels are three-dimensional,

hydrophilic polymeric networks capable of absorbing and

retaining large amounts of water [151]. Hydrogels can be

classified as neutral or ionic, based on the nature of the
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chemical side groups. The gel networks are insoluble due

to the presence of chemical or physical crosslinks, which

provide structure and physical integrity [151, 152]. In

comparison, creams are defined as a semisolid emulsion

that contains suspended or dissolved medication [148].

Bioadhesive microbicides have been developed in gel,

cream, and solid dosage forms. Bioadhesion defines the

interaction of two materials (at least one biological) that

are held together for a prolonged duration by interfacial

forces [149]. In comparison, mucoadhesion refers to the

adhesive interaction that occurs between a mucosal surface,

and a synthetic or natural polymer [149, 153]. In the design

of drugs and agents targeted for intravaginal applications,

bio- and mucoadhesive gels aid in prolonging contact

between the rapidly shed mucosa and the active ingredi-

ents. By extending the contact time and adhesivity to the

mucosa, leakage of the product may be delayed, thereby

improving and sustaining the protective and/or therapeutic

effects, in addition to increasing user adherence [149].

Furthermore, vaginal gels can enhance spreading and

lubrication, relative to other dosage forms, due to their high

water content, making this a more comfortable option

[149]. In fact, vaginal gel popularity is likely attributed to

ease of manufacturing, user comfort level, and uniform

mucosal adhesion imparted by the gel.

The inherent physicochemical properties of gels and

creams affect the stability, retention, and distribution of

these agents. A number of gel formulations have been

employed, especially in first generation microbicides, that

include BufferGel, a Carbopol�-based gel (a high

molecular weight polymer of acrylic acid cross-linked with

polyalkenyl ether [154, 155]) that has anti-HIV and HSV-2

activity in vitro, in addition to spermicidal properties, and

PRO2000, a naphthalene sulfonate polymer that has been

shown to be effective against HIV-1 in macaques. How-

ever, both BufferGel and PRO2000 were ineffective at

preventing HIV-1 infection in phase II and phase III clin-

ical trials, respectively [19, 138, 156]. More information on

each is provided in the section ‘‘Stages of intravaginal

microbicide development’’ below.

Similar to gels, creams are often used to provide relief

from bacterial and fungal infections, and encounter many

of the same user challenges, including leakage and non-

uniform vaginal distribution. In one particular study, the

efficacy of 3-day clindamycin vaginal cream administra-

tion was evaluated against bacterial vaginosis. The trial,

conducted in pregnant women, found that the clindamycin

cream was accepted and effective [4]. Similarly, a muco-

adhesive cyclodextrin-based cream of itraconazole showed

effective action against vaginal candidiasis [157]. Many

different active agents, including N9, antibacterials, and

antifungals have been incorporated into creams for com-

mon prevention of these maladies [71].

While gels and creams originally served as vehicles for

the delivery of active agents, some active agents (such as

antivirals) can be formulated in their active form as these

formulations. For example, the NRTIs and non-NRTIs,

UC-781, dapivirine, and TFV have shown promise when

incorporated into a safe and effective gel [19, 158].

Although these formulations are encouraging, gel-based

Fig. 1 Schematic of the variety

of microbicide dosage forms

currently available or in

development: a vaginal gels

(semi-solids); b vaginal films;

c vaginal rings; and

d nanoparticles
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products are often leaky, causing the microbicide to leak

from its site of action, resulting in lower user acceptability.

Therefore, microbicides should be optimally designed to

spread uniformly over the intravaginal tract, while reducing

leakage and enhancing intravaginal adhesion.

Vaginal films

Relative to intravaginal gel formulations, vaginal films are

solid, thin strips of polymeric water-soluble material that

dissolve and release active ingredients, when placed on the

vaginal mucosal surface [159] (Fig. 1b). Vaginal films are

convenient dosage forms, as they address user acceptability

issues experienced with gel-based microbicides. They offer

convenient portability, easy storage, no leakage, discreet

use, and low user cost [159]. Vaginal film formulations

consist of the active ingredient, water soluble polymers,

plasticizers and fillers. Similar to other dosage forms,

polymer choice and molecular weight impact properties

including strength and sustained release properties

(achieved by film disintegration) [159]. Dissolvable poly-

meric films are being investigated to increase agent

retention, and to enhance mucoadhesion, reduce leakage,

improve timing of delivery, and accelerate drug release.

Vaginal contraceptive films (VCFs) have been used to

deliver N9 and antivirals, and have been shown to be user-

friendly and convenient [160, 161]. Polystyrene sulfonate

(PSS), was developed as a dual contraceptive and micro-

bicide that was initially found to be safe for intravaginal

administration in phase I clinical trials [19, 159]. Similarly

cellulose acetate phthalate (CAP) was embedded in a

vaginal film and demonstrated activity against HIV-1,

HSV-1 and HSV-2 [162]. Delivery of specific anti-HIV

agents including entry and replication inhibitors has been

studied using vaginal films, however films are challenged

with providing longer-lasting formulations, relative to

more ‘‘quick dissolve’’ capabilities [160].

Tablets

Tablets and suppositories are also used to deliver agents

intravaginally. These generally conical, rod-shaped, or

wedge-shaped formulations provide sustained-release on

the order of hours to days, by melting or dissolving in the

vaginal tract [163]. Similarly to films, tablets provide ease

of portability, storage, and administration, precise dosing,

large-scale fabrication and low cost [163]. In addition,

relative to other dosage forms, tablets are stable at

increased temperature and humidity. Similar to other in-

travaginal dosage forms, tablets can be fabricated to have

mucoadhesive properties for sustained residency, sus-

tained-release, and if desired, rapid dissolution [4].

Polymers including chitosan and alginate, carbopol, and

sodium carboxymethyl cellulose have been used to achieve

bioadhesive material properties [157]. In addition, materi-

als used in IVRs have been used, including silicone-

matrices that provide controlled-release profiles with

respect to time.

The active agents in vaginal tablets and suppositories

include anti-infective agents, hormones, and Lactobacillus

spores, as they are one of the most common dosage forms

used locally for the treatment of vaginal infections, for

drug delivery prior to pregnancy, and for hormone therapy

[163]. Some of these specific active agents include anti-

bacterials and antifungals such as neomycin, clotrimazole,

miconazole. Within the scope of this review, some

microbicide candidates that have been formulated and

administered as tablets include cellulose sulfate, ACID-

FORM, PSS, dapivirine, TFV, and UC781 [157, 163]. In

fact, PSS has been formulated to have antimicrobial

activity against both HIV and HSV, and to be safe to

vaginal flora and sperm [164]. However, tablets often

contain added excipients that work as a diluent, binder,

disintegrant, lubricant, anti-adherent, and glidant [4, 159].

Generally, tablets, in addition to gels, creams and sup-

positories are commonly used in vaginal drug delivery,

with intravaginal rings providing options for longer-term

delivery [4].

Intravaginal rings (IVRs)

Intravaginal rings (IVRs) are flexible, typically torus-

shaped, drug delivery devices that avoid leakage, are coi-

tally-independent, and enable sustained release of

substances to the vagina for local or systemic effect [7]

(Fig. 1c). IVRs have been designed to provide sustained

delivery of an active agent at the mucosal surface, after

self-administration and provide long-term (greater than

1 month protection) against disease and unwanted preg-

nancy [165]. In fact, IVRs have been used for delivery of

steroid hormones for up to 3 months and have also dem-

onstrated release of Abs for up to several years [47, 166–

169]. Due to their controlled release properties and the

ability of women to use them in a coitally-independent

manner, IVRs have been the leading choice for long-term

intravaginal delivery [7, 19, 118].

In terms of material choice, non-degradable polymers

have been widely applied in the fabrication of IVRs, as

they provide a material for long-term use. Non-degradable

polymers have been fabricated into ‘‘matrix-’’ and ‘‘reser-

voir-’’ type vaginal rings to tailor release properties [6]. In

ring fabrication, active agents may be molecularly dis-

solved in the solid matrix solution as molecules, or

dispersed as crystalline or amorphous particles in a solid

dispersion [170]. Often, solid dispersion is an alternative to

enhance the solubility of poorly water soluble agents.
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While a number of vaginal ring designs have been created,

the simplest vaginal ring design consists of solid drug

particles dispersed throughout the polymer matrix (Fig. 1c,

zoom) [7, 118]. These rings are referred to as homogeneous

or matrix rings, in which molecule release is dependent on

the solubility of the drug in the polymer, drug loading, drug

diffusion through the polymer, and the surface area of the

ring [118]. Here, solubilized drug is dissolved in the

polymer, followed by diffusion of the solubilized mole-

cules through the polymer matrix. In this design, release

rates are proportional to drug loading and device surface

area, as solute transport from non-degradable polymeric

systems is primarily diffusion driven [118]. A drug-defi-

cient layer results as agents near the ring surface diffuse,

and molecules within the ring must diffuse through this

widened depletion region to be released [118, 171, 172].

Therefore, by tailoring the thickness of the outer mem-

brane, release rates can be tuned for a variety of agents.

Vaginal rings may also be designed in a sandwich (shell)

or core (reservoir) formation that provide constant, linear

release profiles [7, 118, 165]. As the name implies, the

sandwich design contains three concentric layers: a narrow

drug-loaded polymer layer located between a non-drug

containing (inert) core and a non-drug external polymer

membrane. In this design, the proximity of the drug-con-

taining layer with respect to the external surface, is

significant to the overall release of active agent, particu-

larly the release of molecules with low diffusivity. In

comparison, reservoir or core type designs consist of

compartments or dual concentric layers that contain the

drug in single or multiple central cores, encapsulated by an

inert outer polymer membrane (Fig. 1c, left). Core type

designs offer versatility, in that one or more individual

drug containing cores can be fabricated within the same

ring, providing delivery of multiple agents with differently

tailored release rates [118]. In core type designs, the release

rate is more dependent on the thickness and permeability of

the polymer membrane, than the concentration gradient.

Sandwich (or matrix) type devices, in contrast, are

dependent on concentration gradient, diffusion distance,

and swelling, with release being classified as Fickian dif-

fusion [173]. More information on IVR design and the

mathematical details of release can be found in [165].

Specific non-degradable polymer material choice is

based on the solubility of the drug in the polymer, bio-

compatibility, drug permeability, and device flexibility for

intravaginal insertion. Generally, vaginal rings are divided

into either silicone elastomer or thermoplastic devices, and

agent release is dependent on the physicochemical prop-

erties of the active agent and its interaction with the

elastomer or thermoplastic ring. Thus far, commercially

available IVRs are made from silicone elastomer, or ther-

moplastic materials including poly(ethylene-co-vinyl

acetate) (EVAc) or polyurethane (PU). While the specific

details of each IVR material can be found in [7, 118, 124],

some of the challenges in obtaining release from IVRs

include the compatibility between the drug and the polymer

to generate sustained and tunable release and the process-

ing conditions for bioactive ingredients.

Silicone elastomers have demonstrated the release of

relatively hydrophobic, low molecular weight compounds

(such as steroids), indicating they would be useful for

controlled release of antiretroviral compounds with similar

properties. However, some silicone elastomers have

induced burst release dependent on the fabrication method,

prompting designs to mitigate burst release in favor of

diffusion-mediated processes [118]. In contrast, release

from thermoplastics, can be readily tailored by adjusting

the components of the reaction mixture; however, poor

flexibility has been a challenge. Thermoplastic elastomers

such as EVAc have been investigated for use as both the

matrix and inert polymer sheath to provide slow-release

formulation in the commercial product, Nuvaring�. How-

ever the implementation of EVAc IVRs, has been more

difficult for microbicide applications, due to the challenges

in obtaining clinical grade materials for human testing

[118]. A final challenge in fabricating protein or peptide-

loaded IVRs using conventional methods, such as hot-melt

extrusion, is that processes requiring high heat will result in

degradation of the bioactive proteins/peptides. Lyophili-

zation and insertion of biological ingredients after the IVR

fabrication process have helped avoid denaturing and

aggregation during the fabrication process [174].

Relative to other delivery methods, IVRs provide a

long-term method of administration—on the order of

weeks to months—with high user acceptability. Overall the

current silicone and thermoplastic materials are promising,

but still have the challenges of releasing hydrophilic and

macromolecular agents. New IVR designs seek to over-

come these permeability hurdles, and toward these efforts,

new ring designs have been conceived to overcome the

transport challenges associated with high molecular weight

drugs and hydrophilic microbicide candidates [7, 53, 118,

175]. Currently, three IVR devices are FDA approved,

including Estring and Femring (silicone-based) that are

used as hormone replacement devices, and Nuvaring�, a

thermoplastic elastomer ring [174].

Nanoparticles

To enhance the delivery of APIs, significant research

efforts have been focused on developing nanoparticles

(NPs) to encapsulate or conjugate a variety of molecules

for specific and local delivery [19] (Fig. 1d). NPs are

versatile carriers, as they may encapsulate a variety of

bioactive agents, and provide a coitally-independent
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alternative with sustained release and long-term efficacy

[176, 177]. A variety of NP platforms exist, including

liposomes, dendrimers, and polymeric, metallic, silicon,

zinc oxide, carbon, and magnetic NPs; however, only NPs

relevant to intravaginal delivery will be discussed here [86,

178–181]. Generally, NPs have a diameter less than

1,000 nm, typically ranging from 10 to 100 nm. This size

range enables NPs to penetrate tissues, and be readily

available for cell uptake [19].

Polymer NPs are made from synthetic [e.g. polycapro-

lactone, poly(L-lactide), poly(glycolide)] or natural

polymers including chitosan, gelatin, albumin, or DNA

[179]. Often, biodegradable NPs offer the advantages of

being reabsorbed and broken down by the body, making

them a lower toxicity option, relative to non-degradable

polymers. One biodegradable polymer, poly (lactic-co-

glycolic acid) (PLGA) is one of the most widely accepted

and FDA-approved biodegradable polymers [19, 182, 183].

PLGA NPs encapsulate agents for delivery and provide a

platform to deliver a variety of agents: hydrophobic/

hydrophilic drugs, genetic agents and peptides/proteins,

while providing sustained release of the encapsulated agent

[183]. Further, in comparison to most genetic delivery

reagents—the most common vectors being cationic lipids

that are cytotoxic, unstable, or elicit immune activation—

by encapsulating active agents, PLGA NPs decrease

immune response, shield agents from degradation, enable a

greater biological half-life of the delivered agent, increase

blood circulation time, and are non-toxic—even at NP

concentrations as high as 10 mg/mL [57]. In addition, NP

surfaces may be modified to include targeting moieties for

cell and virus or stealth properties to penetrate the vaginal

mucosa and enhance adhesion to epithelial tissue or tar-

geted cell types [107, 115, 116]. More details on the use of

NPs in microbicide applications are discussed below.

Stages of intravaginal microbicide development

Regardless of the physical delivery vehicle or dosage form

used to deliver the API, microbicide mechanism of action

is typically classified as non-specific or specific. Recently

microbicides have been designed to offer more specific

delivery and effect to targets of interest. Figure 2 depicts

some of the mechanisms used by microbicides to interfere

with virus infection, including both non-specific and spe-

cific means. While the focus of this review is on the

delivery of proteins and oligonucleotides, a brief overview

of the evolution of microbicides is provided below.

First generation

As mentioned above, the earliest microbicide candidates

were highly sulfated molecules and detergents that pre-

vented virus attachment or inactivated the virus by

disrupting the virus membrane [48]. First generation

microbicide products consisted of semi-solid gels includ-

ing: BufferGel, ACIDFORM, PRO 2000, Carraguard,

cellulose sulfate (Ushercell), and Saavy (C31) [47]. These

microbicides rely on non-specific charge based interac-

tions and/or buffering of the vaginal flora as their

mechanism of action against virus infection. For example,

BufferGel and ACIDFORM are based on polyacidic buf-

fers that maintain the vaginal environment at a pH of 4–5,

Fig. 2 Schematic of intravaginal cross-section, denoting microbicide

mechanism of action. Adapted in part, and redrawn from [48].

Microbicides have traditionally acted as a physical barrier, in the form

of a cream or gel. They can act at the first step of virus contact with

the mucus barrier by non-specifically or specifically disrupting the

virus membrane prior to attachment by blocking/binding via polyan-

ionic interactions. However, this has often resulted in inflammation,

and has failed to provide complete protection. Microbicides must also

maintain the normal flora and pH of the vaginal tract, which acts as an

innate defense against pathogen and sperm. More recently, second

generation microbicides have been designed to more specifically

impair virus binding and entry to cells through the incorporation of

antivirals, with the most recent generation focusing on the incorpo-

ration of proteins and oligonucleotides to protect and treat against

infection
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thereby acting as defense agents against virus and sperm.

PRO 2000, Carraguard, and cellulose sulfate (Ushercell)

are polyanionic polymers designed to inhibit virus entry

and fusion by interfering with the virus membrane. It is

believed they mimic the charged interaction with the cell,

thereby binding to the viral envelope and masking gly-

coproteins or other structures necessary for cell surface

attachment and entry [48]. While PRO 2000 is a synthetic

naphthalene sulfonic acid polymer viral entry inhibitor;

Carraguard is derived from carrageenan, a natural sulfated

polysaccharide from seaweed. In comparison, Saavy

combines two different surfactants that act as detergents to

disrupt the viral membrane [124]. However, of these first

generation microbicides, only PRO 2000 continued to a

phase 3 trial evaluating its ability to mitigate HIV infec-

tion in women. None have proven to be clinically

successful in preventing exposure to viral infection rela-

tive to placebo controls.

Second generation: NRTIs and NNRTIs

Second generation microbicides are primarily based on

NRTIs and NNRTIs that seek to inhibit viral reverse tran-

scription. Three primary second generation candidates are

being or have been evaluated as drugs in solid dose forms,

fast dissolve tablets, and IVRs [47]. Included in these is a 1 %

gel of TFV,9-[(R)-9-(2-phophonylmethoxyprophyl)propyl]

adenine monohydrate or PMPA, a derivative of the NRTI

TFV, that is most advanced in development [124]. It has

undergone the CAPRISA 004 trial, demonstrating moder-

ately reduced risk of HIV infection when applied before and

after intercourse [158]. Similarly, while it reduced HSV-2

acquisition by 51 %, results comparing dosage forms from

the VOICE trial indicated that no method was completely

effective in HIV prevention [158]. Optimistically, and as

mentioned earlier, in the recent Partner’s PrEP trial, oral

Truvada significantly reduced the risk of infection in women

by *73 %, relative to oral TDF alone (62 %). The efficacy

of TDF alone protected 68 % of women versus 58 % of men,

whereas Truvada provided protection for 62 % women and

83 % men, with correspondingly excellent adherence rates

of 97 % [44–46]. As a result, Truvada is currently under-

going trials as a vaginal tablet for those at high risk of

acquiring HIV-1.

Another NNRTI under investigation is the vaginal gel

dapivirine (TMC120), which has shown inhibitory effects

against a variety of HIV-1 isolates [124]. Gel formulations

of dapivirine have been shown to prevent vaginal trans-

mission in hu-SCID mice, be nonirritating in rabbits, and

reduce in vitro HIV transmission, in contrast to first gen-

eration microbicide gels. After in vivo administration, this

gel remained in the vagina, suggesting its use for daily

administration. However, due to its inherent solubility

issues, it has also been formulated into IVRs, and is most

currently being evaluated in clinical trials in silicone-based

IVRs [19, 124]. Another NNRTI, thiocarboxanilide

UC781, which shares some physical properties as dapivi-

rine is being investigated in different formulations as a

potential microbicide. In vitro it has been less potent,

although still demonstrates favorable inhibition of HIV in

culture. Most recently, the carbopol and methylcellulose

based suspensions were under investigation. A phase I

safety trial demonstrated that UC781 was well-tolerated

after once a day administration for 6 days; however, mild

and transient urogenital irritation was observed [124].

In addition to second generation microbicides that act

through RT inhibition, an antiviral dendrimer microbicide,

VivaGel (SPL7013), which is active against CCR5 and

CSCR4-tropic HIV-1 infections in vitro, is under devel-

opment. It is based on an L-lysine dendrimer that has a

polyanionic outer surface. Thus, far it has been shown to be

safe in humans in phase I trials, and has undergone phase

III trials for bacterial vaginosis [184–188]. In addition,

other trials including safety, tolerability and pharmacoki-

netics have been conducted intravaginally [188]. Similarly,

a microbicidal agent, glycerol monolaurate (GML) was

formulated in a gel, and has been shown to prevent SIV

transmission in infected relative to control macaques [189–

191].

Despite these developments, non-specific and antiviral-

only based microbicides have been unsuccessful at inhib-

iting virus infection in clinical trials. Instead, they have

often increased vaginal irritation, resulting in the height-

ened potential for virus infection. These observations have

prompted other approaches to microbicide design that tar-

get specific cell/virus moieties or induce a targeted cellular

response after their administration.

Second generation: antibodies, antigens, and nucleic

acids

To achieve more targeted prevention and therapy against

viral infection, biopharmaceuticals such as proteins and

nucleic acids are being developed as microbicidal candi-

dates. In addition to their specificity for diverse targets,

they may be delivered alone or incorporated into delivery

systems to provide sustained, non-coital delivery options.

As mentioned before, mucus is the first physical barrier of

defense against bacterial and viral infections, protecting

underlying tissue layers comprised of macrophages, den-

dritic cells and lymph. As such, delivery to mucosal tissue

can elicit an immune response by administering Abs

against a given pathogen or by delivering an antigen to

stimulate Ab production [168]. The host immune system

responds to incoming pathogens by producing high anti-

gen-specific concentrations of Ab to neutralize the
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incoming pathogen, while recruiting immune cells to

eliminate the pathogen and infected cells [168]. The ability

to develop microbicides that mimic innate response, by

incorporating antibodies, antigens, or oligonucleotides may

enable us to specifically target a variety of host or viral

factors involved in STIs. While we elaborate on specific

biological options later, here we broadly introduce the

microbicide advancements to more specifically deliver

biological agents against STIs.

Antibodies

Passive immunization is defined as the administration of

Abs to a host to neutralize a pathogen [192]. Monoclonal

antibodies (mAbs) are molecules synthesized by the

immune system to intercept and bind to foreign substances,

thereby helping to protect the body against foreign patho-

gens [4, 193]. With previous success in other prophylactic

and therapeutic applications, mAbs are promising options

for multipurpose microbicides, due to their high specificity,

potency and safety [56]. The development of a topical

microbicidal gel, containing human mAbs to protect the

intravaginal tract (epithelium and mucosa) in addition to

genital skin, by passive immunization is a long-term goal.

Furthermore, the ability to deliver locally to mucosal tissue

can help to immediately protect against multiple acts of

intercourse.

The ability to locally administer Abs intravaginally to

mimic innate mucus secretions, would provide high concen-

trations of specific and potent Abs to prevent infection.

Monoclonal Abs against sperm antigens, HIV, and other STI

pathogens have been topically applied to the vagina to prevent

fertilization, inhibit virus transmission, and induce an immune

response, thereby mimicking the normal function of the Abs

in the mucosal immune system [166]. Current studies suggest

that intravaginally delivered mAbs may provide a multipur-

pose prevention modality against both pregnancy as well as

STIs, including HSV and HIV [194–196].

Monoclonal Abs can be specific to a given target and

also offer diversity in terms of mechanism of action by

promoting virus neutralization, aggregation, inhibition of

binding, mucus trapping, and host receptivity [56]. Yet

while mAbs are extremely potent agents for disease pre-

vention in the reproductive system, the challenge is

delivering them to the appropriate site for a sustained

period [167]. Although mAbs can be absorbed into the

vaginal epithelium, the dose required for successful pro-

tection or treatment may be frequent and large due to their

limited half-life in the vagina (*5 h in mice) [197].

Therefore, for vaginal delivery of proteins to become

useful, more convenient and durable delivery methods

must be considered. Options for Ab delivery are discussed

in greater depth in the next section.

siRNA

Short interfering RNA (siRNA) therapeutics are based on

the RNA interference (RNAi) pathway that interferes with

specific gene expression by binding complementary

mRNA. siRNA is a natural endogenous process for gene

inhibition and interference, which has demonstrated

promise to prevent and treat genetic diseases [198]. siRNA

is comprised of RNA duplexes, typically 19–25 nucleotides

in length, that induce sequence-specific cleavage of mes-

senger RNA (mRNA) prior to protein translation [199].

Once double stranded siRNA is denatured by helicase

protein, both siRNA sense and antisense strands recruit and

bind a group of cellular proteins, known as RNA-induced

silencing complexes (RISCs). These strands are loaded into

the RISC structure and separated, and one strand guides

selective cleavage of target mRNA, by complementary

base pairing to the antisense sequence, thus interfering with

protein expression or viral replication [4, 200].

Both in vitro vaginal cell culture systems and in vivo

models have been used to determine siRNA dose and

delivery method to achieve virus inhibition and therapeutic

efficacy in the context of microbicide applications [31, 57,

65, 67, 69]. Toward translation of these efforts, in vitro and

in vivo studies utilizing fluorescently tagged siRNA and

siRNA targeted against virus and host targets indicate that

siRNAs are absorbed and distributed throughout the vaginal

tissue [31, 57, 65, 67, 68]. Although siRNA offers many

advantages in terms of specificity and potency against virus

infection, a challenge remains to effectively deliver siRNAs

in vivo and translate this into clinical application and effi-

cacy. Similar to proteins, siRNA lifetime is transient—on

the order of hours to days—and in addition, their negative

charge makes them difficult for cells to internalize. Adap-

tations to make siRNA amenable to intravaginal delivery

are expanded upon in the following section.

Intravaginal delivery of protein, oligonucleotide,

and peptide-based microbicides

Advantages and disadvantages of biologically-based

microbicides

Intravaginal delivery of proteins and oligonucleotides

offers a number of advantages relative to delivery of other

active agents. Proteins and oligonucleotides have high

specificity for their given cell or virus target, resulting in

low toxicity and side effects, and low systemic absorption.

Additionally, as proteins and genes have the ability to

target virus or to protect the host prior to virus entry, this

offers a potent strategy to block infection before the virus

has adhered to or bound to target cells. In fact, the multi-
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stage processes of virus binding, glycoprotein conforma-

tion rearrangement, virus fusion, and/or endocytosis all

provide opportunities for interception during infection. By

utilizing specifically tailored agents against the virus or

host cell, a variety of specific interactions between virus

glycoproteins and cellular receptors or surface molecules

can be inhibited.

Furthermore, to provide less transient delivery of pro-

tein-based strategies, protein production by bacteria

inherent to the vaginal mucosa or viral vectors may also

allow for prolonged expression and delivery. Presentation

and production of a live or vectored microbicide, admin-

istered as either live bacteria or microbiota, offers the

potential of prolonged production and release, while

averting the limitations of manufacturing and maintaining

agent stability [201–205]. Alternatively, in vivo expression

with viral vectors topically or intramuscularly administered

may produce protein sustainably for months [205–208].

Similarly, to attain more prolonged effects, delivery vehi-

cles that offer sustained-release properties are attractive

options for potent, specific, and long-term administration

of biologically-based agents.

While the attributes of high specificity, low toxicity, and

prolonged effects have potential, there are some challenges

that must be considered with protein and oligonucleotide-

based microbicides. Immunogenicity of foreign products

and/or additives may promote an immune response, espe-

cially upon continued exposure [205]. As some proteins are

being investigated as potential vaccine strategies, the

wrong type of immune response may promote inflamma-

tion and other detrimental effects. However, if human or

humanized proteins are used, repeated exposure may

induce tolerance. In addition, as mentioned earlier, stability

is a challenge for biologics. For a microbicide to maintain

efficacy in a temporal and coitally-independent manner,

activity loss by degradation, denaturation or proteolysis

must be considered. For these purposes, delivery vehicles

offer viable options to protect these agents during delivery.

Additionally, relative to other microbicide options, proteins

are more expensive to produce, store, and transport.

However, with the advent of plant production, endogenous

intramucosal synthesis, and genetically modified bacteria

and vectors, more cost-effective options are likely [209–

211]. With these attributes and challenges in mind, here we

discuss some specific proteins, oligonucleotides, and pep-

tides, used to combat STIs.

Types of biologically based agents

Antibody delivery

Antibodies that exert activity at the mucosal surface are

most effective when delivered locally, and provide female

controlled, coitally-independent protection [166]. While

mAbs enable specific targeting, their duration of protection

is relatively transient—on the order of days to weeks [167,

196, 197, 212]. However, the lifetime of a single Ab dose

can be increased by incorporating the Ab into a polymeric

formulation. Polymeric IVRs, for instance, have been used

to deliver steroids to humans [213, 214] and polymer

matrices have been shown to release Abs at a controlled

rate for up to several years [166, 182]. In addition, polymer

micro/NPs can encapsulate proteins and provide sustained

release, thereby extending Ab lifetime and the potential for

passive immunity [192].

Early work explored the feasibility of intravaginal Ab

delivery to provide immunoprotection against STIs and

pregnancy [215]. Relative to systemic immunization,

localized and sustained Ab delivery generated similar

levels of systemic immunization, while providing a user-

friendly method of protection. In parallel, IVR devices

were shown to enhance the delivery of contraceptive hor-

mones in humans. By combining the delivery of Abs with a

polymeric delivery approach, Radomsky et al. [169] dem-

onstrated prolonged delivery of Abs in relevantly and

geometrically scaled EVAc vaginal rings for delivery in

mice.

Radomsky et al. [169] designed EVAc devices con-

taining bovine serum albumin (BSA) and anti-hCG (human

chorionic gonadotropin) Ab and demonstrated protein

release in vitro extending 30 days. Further, following

in vivo insertion of the Ab-loaded polymer ring, biologi-

cally active Abs were detected in mouse vaginas after

30 days, relative to topically applied Ab-only solutions that

lasted only 24 h [169, 197]. In addition to providing a

continuous supply of Abs to the vaginal mucus, a high

concentration of Abs was achieved within the vaginal

lumen, but not significantly in other areas of the repro-

ductive tract. These pioneering studies demonstrated proof-

of-concept that an Ab-releasing device provides sustained,

well-distributed release of Abs throughout the vaginal

mucosa in a mouse model [169].

Despite the success of immunizing oral and nasal mucus

epithelia to block bacterial and viral infections, topical

intravaginal immunization in humans and animals had been

largely neglected [216–218]. Whaley et al. demonstrated

the first topical intravaginal passive immunization for

protection against HSV-2 in mice, while Saltzman et al.

evaluated fluorescently labeled Ab diffusion from EVAc

polymers in human cervical mucus [108, 195, 214]. From

these studies, it was determined that passive immunization

could be achieved [214], and diffusion of Abs from EVAc

matrices was similar in mucus as in water [108]. This

provided proof-of-concept that sustained and distributed

Ab delivery, in addition to topical passive immunization

could be achieved from a single EVAc polymer device.
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While long-term Ab delivery was achieved using EVAc

devices and HSV-2 mAbs protected against vaginal trans-

mission [169, 214] the pharmacokinetics of intravaginal Ab

administration were incompletely understood. As passive

immunoprotection is only effective as long as the Ab

concentration is above a threshold level, it was important to

assess the kinetics of Ab distribution. To address this

concern, Sherwood et al. [197] used a variety of techniques

to assess the residence half-life of Abs delivered topically

to the mouse vagina. Using radioactive 125I-IgG, anti-HSV-

2 IgG2a mAb, or biotinylated IgG, it was discovered that

intravaginally administrated IgG solution was eliminated

by two processes with different elimination rates. A sig-

nificant fraction of vaginally applied IgG was eliminated

by leakage from the vagina, whereas IgG that penetrated

the mucus layer was dependent on mucosal shedding. Of

the Ab absorbed to the mouse vaginal lumen, the half-life

was determined to be 5 h, similar to that normally observed

with IgG in vaginal mucus. However, due to the 20-fold

surface area to volume difference between mice and

humans, the expected half-life in humans was estimated to

be greater than 5 h [197].

Based on these studies that established the residence

time and localization of Abs, small EVAc polymer disks

containing two Ab preparations were inserted into the

mouse vagina [167]. Radiolabeled Anti-CEA (carcinoem-

bryonic antigen) IgG and lactate dehydrogenase C4 (LDH-

C4) were used for autoradiographic and biological activity

studies, respectively [167]. Blood and vaginal IgG con-

centrations were high (8–12 lg/mL) for the first 48 h, with

a subsequent decrease over the next 5 days, resulting from

Ab accumulation in the vaginal secretions. As a result of

this high initial concentration, Abs penetrated the epithe-

lium and diffused through interstitial tissue space, reaching

systemic circulation with systemic concentration *1 % of

the intravaginal levels. The results of this study indicated

that localized, intravaginal delivery with polymer devices

could provide immune protection in two different ways.

First, the high local Ab concentration at the mucosal sur-

face enables the neutralization of pathogens at entry, while

the systemically available Abs (from penetration) can

provide protection by neutralizing pathogens in the blood

[167].

To determine that vaginal delivery of Abs from EVAc

disks was a viable alternative to systemic delivery, sys-

temic Ab distribution and rates of elimination were

measured from the lower female reproductive tract during

prolonged vaginal delivery [166]. The release rate of Abs

from EVAc matrices was characterized by determining the

diffusion coefficient of Ab transport through the polymer

matrix. For both Abs, the diffusion coefficient was lower

relative to their diffusion in water. However, high con-

centrations of Ab were found in vaginal lavages, blood, and

other tissues for as long as 30 days after administration of

the Ab-containing disks in mouse vaginas. The half-life of

Ab elimination from the vagina remained similar inde-

pendent of class IgG or IgM, maintaining that mucus

shedding is a primary factor in Ab removal from the vag-

inal tract. Also Ab transport from the vagina to the blood

was similar to the rate observed for permeation across the

endothelial barriers, with 1–2 % of IgG found in the blood

after 24 h [166]. These studies suggested that while the

epithelium may be a barrier to Ab diffusion, it is perme-

able; vaginal delivery enables long-term systemic

administration [166].

Antigen delivery

Development of microbicides that induce protective

mucosal immunity holds great promise for the prevention

of STIs. As part of the common mucosal immune system,

the female reproductive tract can generate Abs in intrava-

ginal mucosal secretions to intercept pathogens and

spermatozoa [219]. One pathway toward the development

of vaccines and microbicides for intravaginal application is

to induce the mucosal immune response, or local produc-

tion of neutralizing Abs, by administering an antigen close

or localized to the reproductive tract. In this way, antigen

producing cells (APCs), B-cells and T-cells residing in the

cervicovaginal tract can aid in generating mucosal immu-

nity after local application of antigens or immune

stimulants.

However, as mentioned above, the delivery of proteins

and other molecules to the female reproductive tract is

plagued with challenges including low residence time

resulting from degradative enzymes and mucosal shedding,

high immunotolerance, and alterations in the intravaginal

environment (mucus and epithelium) and microbiota due to

the fluctuating hormonal cycle [168]. Therefore, effective

delivery to the reproductive tract requires a vehicle that can

protect the antigenic protein or nucleic acid against deg-

radation, increase its local residence time, and enable

controlled release ideally from weeks to months.

Just as IVRs have stimulated protection by sustaining

the release of Abs against infection, they can also be for-

mulated to release antigen to stimulate Ab-mediated

responses. Early studies conducted by Wyatt et al. [220]

demonstrated that IVRs that provided a sustained dose of

antigen were able to generate a specific vaginal immune

response. Local immune response was compared after

vaginal delivery of ferritin from EVAc IVRs and antigen

soaked tampons, with antigen delivery by IVRs producing

higher and more uniform IgG titers than tampon delivery

[220]. Furthermore, sustained antigen delivery promoted

higher and more consistent ferritin-specific Ab concentra-

tions in the mucus, with IVRs being more convenient and
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efficient than other methods to provide prolonged delivery

with a single application.

The development of vaccines that can elicit both

mucosal and systemic immunity offers great promise for

initiating a robust immune response against STIs. Fur-

thermore, delivery of DNA vaccines, as an alternative to

protein antigen delivery, offers an additional way of gen-

erating mucosal immunoprotection. Initial studies by Wang

et al. [221] investigated the feasibility of inducing mucosal

immunity following mucosal administration of a DNA

vaccine. They demonstrated success of a prototype DNA

vaccine by locally delivering pDNA coding the HIV-1

envelope (pcMN160) to stimulate mucosal immunity

against HIV-1 in mice. Not only was the mucosally

delivered pDNA detected in various tissues both locally

(fallopian tubes) and systemically (liver), but it also elic-

ited production of vaginal IgGs specific to the HIV-1

envelope, and neutralized HIV-1 infectivity in vitro. These

results suggested that intravaginal delivery of nucleic acid

vaccines could provide a novel strategy for stimulating

mucosal and systemic immunity [221].

Studies comparing vaginal immunization with intranasal

and intrarectal pDNA delivery demonstrated that vaginal

immunization provides better mucosal immunity, likely

due to the presence of APC and T/B-cells [222–224].

While other studies investigated intravaginal DNA vacci-

nation via invasive and transient means [221, 222, 225], to

confront the aforementioned challenges of intravaginal

delivery, Shen et al. investigated the potential of EVAc

matrices delivering pDNA to protect DNA from the harsh

intravaginal environment and to induce local mucosal

immunity. Plasmid DNA encoding pcDNA3/LDH-C4, a

sperm-specific isozyme of lactate dehydrogenase [219],

demonstrated similar release properties from the EVAc

matrix as Abs, which was surprising as DNA is larger and

negatively charged. Gene expression was detected 28 days

after administration and correspondingly, immune response

was also sustained. IgA was detected in vaginal secretions

by 2 weeks and remained present for 56 days, but was not

detected in serum [219].

More recently, Kuo-Haller et al. administered an anti-

gen, ovalbumin (OVA), to demonstrate proof-of-concept

intravaginal delivery via EVAc polymer disks. OVA EVac

disks were delivered to mice and the efficacy of disks,

relative to oral or intranasal delivery was assessed [168].

Two different EVAc disk formulations were compared and

demonstrated different rates of OVA release, based on the

ratio of OVA to Ficoll. While EVAc disks elicited high

antibody titers in mucus and serum, higher titers were

present in the vaginal washes. This work indicates that a

locally controlled immune response can initiate in the

mucosa, and that local, intravaginal vaccine delivery using

EVAc disks can achieve high Ab response both locally and

systemically. And relative to immunization by other

mucosal routes including oral or nasal delivery, intrava-

ginal administration produced higher and more sustained

Ab levels [168].

Delivery of Abs or antigens via polymeric materials

such as EVAc enables both a sustainable source and con-

trolled release of proteins and DNA. Initial burst release

profiles may release a high enough local concentration to

generate effective protection against infection, while the

long-term release of lesser amounts may provide boosts to

the immune system for prolonged efficacy. Release kinetics

of these matrices can also be tailored as encapsulation of

DNA and protein is convenient and relatively easy to

incorporate. Moreover, polymer matrices provide protec-

tion to proteins and nucleic acids from degradative

enzymes and the acidic pH of the vaginal tract. These

studies indicate that increased and long-lasting Ab con-

centrations and Ab titers can be effectively delivered and

induced in animals when administered by intravaginal

routes.

siRNA delivery

Gene therapy is challenged with how to optimally deliver

oligonucleotides, such as DNA and RNA to cells. Since

siRNA is versatile and can theoretically target any gene in

specific cell populations, an area of intense research is

focused on developing more efficacious delivery strategies

[199]. Thus far, siRNAs have been noncovalently com-

plexed with a number of molecules and carriers, some of

which include: cationic agents, carriers modified with

folate or transferrin, peptides, aptamers, cholesterol, and

Ab-mediated formulations [69, 199]. In parallel, siRNA

has been covalently attached to targeting ligands, lipophilic

molecules, short peptides, Abs, agonist molecules, and

nucleic acid based aptamers [199].

In the context of STI inhibition and intravaginal deliv-

ery, RNAi is considered to have promising therapeutic

potential as a microbicide, as siRNA therapy has been

shown to decrease expression of both viral and cellular

mRNA involved in infection [31, 60, 65, 68]. The fol-

lowing sections discuss advances in research to date using

siRNA microbicides to target STIs.

HSV and HIV applications RNA interference (RNAi)—

using exogenous siRNA molecules delivered as lipoplexes

with transfection reagent or conjugated to cholesterol—has

been shown to down-regulate gene expression of specific

viral and host proteins. For HSV-2 specifically, two genes,

UL29.2 and nectin-1 play roles in HSV-2 replication and

virus binding and spread. After administration of siRNA

lipoplexes against UL29.2 and nectin-1, mRNA were down-

regulated 7–14 days after intravaginal administration;
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however, full viral inhibition was not achieved [65, 68]. By

conjugating the siRNA to cholesterol to silence gene

expression without causing inflammation, the efficacy of

siRNA was improved, enabling better uptake and stabiliz-

ing the siRNA from degradation [68]. Due to limited

methods thus far available to deliver siRNA or oligonu-

cleotides, notable challenges exist with siRNA delivery

systems such as lipid transfection reagents or cholesterol

conjugated siRNA. Lipid transfection reagents typically

exhibit toxicity at high concentrations, provide transient

knockdown, and so far have not incorporated targeting

moieties to increase intravaginal tissue adhesion, uptake, or

mucosal penetration [57, 68]. In comparison, cholesterol

conjugation reduces inflammation and toxicity, while

demonstrating transfection efficacy in epithelial cells.

However, cholesterol-conjugated molecules may have dif-

ficulty decreasing gene expression particularly in immune

cells [66, 68]. Therefore, the efficacy of cholesterol conju-

gation needs to be determined against targets of immune

cell infecting viruses like HIV.

With the success of Palliser et al. demonstrating pro-

tection against HSV-2 in mice using siRNA against

UL29.2 and nectin-1, Zhang et al. [226] demonstrated the

durability and specificity of mucosal RNAi in a murine

model. They used siRNA lipoplexes to evaluate and

improve distribution through the vaginal epithelial layer

and submucosa. After establishing that siRNA lipoplexes

localized in the epithelial layer and submucosal cells, they

determined the durability and extent of lamin A/C knock-

down using siRNA lipoplexes. Maximum gene knockdown

was achieved on day 4, but reduction in lamin A/C mRNA

was observed until day 7, with expression returning to

pretreatment levels by day 10. While confocal microscopy

determined siRNA penetration into the vaginal submucosa,

they evaluated lipoplex penetration of CD4 cells such as

lymphocytes and macrophages with an siRNA designed

against the chemokine receptor CCR5. After administering

CCR5-targeted lipoplexes intravaginally, a decrease in

mRNA expression was observed over 10 days, with up to

74 % knockdown occurring on day 10 [226].

In addition to providing a nontoxic alternative to other

transfection reagents, encapsulation of siRNA in PLGA

NPs provides sustained release, encapsulation of many

molecules, and the ability to easily modify the drug

delivery vehicle for enhanced delivery. In work by

Woodrow et al. [57], siRNA was encapsulated into bio-

degradable PLGA NPs and administered intravaginally.

In vitro studies demonstrated dose and cell-dependent gene

silencing after administration. Subsequent in vivo studies

tested the efficacy in promoting gene silencing after vagi-

nal instillation targeted against enhanced green fluorescent

protein (EGFP) in transgenic mice. After one intravaginal

siRNA NP application, potent and prolonged gene

silencing resulted throughout the reproductive tract for

14 days [57]. In addition, the PLGA siRNA NPs were less

inflammatory relative to siRNA lipoplexes, while produc-

ing significant levels of gene knockdown [57].

Using a lipoplex system incorporated in a biodegradable

alginate scaffold, Wu et al. [67] complexed siRNA with

PEGylated lipoplexes to demonstrate better mucosal pen-

etration and prolonged delivery. Due to the concern of

liquid PEGylated lipoplexes leaking from the vaginal

cavity after administration, lipoplexes were entrapped in a

solid, negatively charged alginate scaffold. After intrava-

ginal administration of the alginate–lipoplex scaffold,

nucleic acid delivery into vaginal tissues was significantly

enhanced compared to delivery of conventional lipoplexes.

Furthermore, this alginate–lipoplex system exhibited 85 %

siRNA-mediated knockdown of Lamin A/C, in vaginal

tissues after two applications [67]. This hybrid system

presents a novel approach to attain prolonged and effica-

cious delivery of nucleic acids from a solid scaffold in the

vaginal cavity.

More recently, we showed that intravaginally applied

siRNA PLGA NPs, that encapsulate siRNA against nectin-

1, a host cell target necessary to HSV-2 entry, decreases

gene expression and improves survival after a lethal HSV-2

infection in mice [31]. PLGA NPs encapsulating siRNA

molecules targeted against either UL29.2 or nectin-1 were

intravaginally delivered to mice infected with HSV-2.

Prolonged in vivo survival was observed in HSV-2 infected

mice, with survival out to 28 days after intravaginal

administration of si-Nectin PLGA NPs. This study high-

lights the potential of PLGA siRNA NPs as a potential

microbicide for HSV-2 prevention and/or treatment [31].

In addition to providing protection and/or treatment

against HSV-2 and uptake in epithelial and immune cells

involved in STI, previous work has demonstrated that RNAi

can inhibit HIV infection in vitro, and that siRNA targeting

conserved sequences in HIV or against cellular receptors and

co-receptors can inhibit viruses of different clades [66]. HIV-

specific microbicide targets include virus envelope glyco-

proteins, gp120 and gp41, necessary for infection. These

glycoproteins interact with CD4 receptors and subsequently

with co-receptors CCR5 and CXCR4 on host cells [48, 227].

Therefore, HIV inhibition approaches have involved inter-

fering with these virus glycoproteins or receptor targets

involved in virus-cell fusion, or targeting reverse transcrip-

tase, integrase, or protease after virus fusion and genome

release into the cell, to disrupt the virus cycle [48, 227]. Since

current anti-HIV products induce variations in virus progeny

that allow virus evolution, targeting host genes or proteins

might provide better targeting options—assuming they do

not adversely affect host function.

Delivery of siRNA to treat HIV is in the early stages of

development, but has had promising successes both in vitro
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and in vivo. Some of the initial siRNA sequences shown to

inhibit viral gene expression were designed against Rev,

Nef, and Tat—genes involved in HIV protein synthesis,

replication, and reverse transcription [228–230]. siRNA

against cellular genes considered necessary for infection

have also been investigated, including siRNA against

CXCR4 and CCR5 to reduce cell surface protein expres-

sion. Gene silencing in cell culture was observed 48 h after

transfection and receptor expression was reduced by over

50 %, correlating to inhibition of HIV-1 infection in

receptor-positive cells [231, 232]. In addition, shRNA

lentivirus vectors successfully inhibited the attachment of

HIV-1 gp120 to DC-SIGN, a dendritic cell (DC) surface

protein, while inhibiting virus transfer to target cells [233].

The ability to target free siRNA against CCR5 to T-cells

in an animal model was shown by Kumar et al. To translate

these studies to clinical treatment conditions, mice were

infused with peripheral blood cells from an HIV-infected

patient on antiviral therapy with an undetectable viral load.

CCR5-silencing siRNA targeted with anti-CD7 Abs

maintained viral load at an undetectable level and pre-

served CD4 blood cell levels relative to mice treated with a

non-specific sequence [234].

Since there are many advantages to encapsulation of

molecules for gene delivery, lipid and polymeric NPs have

been explored to protect siRNA from enzymatic degrada-

tion and the acidic pH of the vagina. Furthermore, surface

modifications to the delivery vehicle can improve uptake in

and targeting to cells. Specifically for immune cell uptake,

encapsulating molecules in NPs was shown to more readily

induce phagocytic uptake. In a humanized mouse study,

siRNA targeting CCR5 was encapsulated in liposome

particles presenting integrin targeting sequences [62]. NPs

were surface modified with a lymphocyte function-associ-

ated antigen-1 (LFA-1) integrin Ab and infused with an

anti-CCR5 siRNA, enabling competition for and decreased

virus binding to CCR5. Mice receiving inoculations with

these NPs were resistant to HIV-1, as demonstrated by a

decrease in viral load and stabilization of CD4 cell counts

[62].

In another study, human female reproductive tract

explants from the endometrium, endocervix and ectocervix

were obtained from HIV-1 seronegative women. NPs with

CD4 and CCR5-specific siRNA were administered, the

tissue was subsequently challenged with HIV-1, and HIV-1

infection was inhibited. To additionally demonstrate suc-

cessful mucosal penetration, NPs containing murine CD4

siRNA were instilled into the reproductive tract. Expres-

sion of CD4 decreased in uterine tissues 3 days after a

single application [59].

While these delivery and targeting measures proved

successful, production of Abs and Ab fusion proteins for

conjugation to siRNA are still deemed expensive, may be

immunogenic, and likely necessitate refrigeration in

resource poor environments. Furthermore, conjugation of

siRNA to molecules such as cholesterol proved ineffective

for transfection of immune cell populations typically

infected by HIV [66, 68]. Chimeric siRNA in comparison,

consisting of an siRNA fused to an aptamer, may provide a

feasible alternative to achieve in vivo knockdown. Apta-

mers or aptamer–siRNA chimeras (AsiCs) have provided

gene transfection in cells with receptors specific to that

aptamer. Previous work using AsiCs specific to gp120,

inhibited HIV replication in already infected cells both

in vitro and in vivo [66]. AsiCs targeting the host CD4

receptor (CD4-AsiCs) with siRNAs targeting viral genes,

gag or vif, or host CCR5 were internalized by CD4 cells

and decreased expression of their target genes. Moreover,

they inhibited HIV infection in primary CD4 T-cells and

macrophages in vitro, and in cervicovaginal explants and

immunodeficient (BLT) mice [66]. While the CD4 aptamer

alone moderately inhibited virus infection, more significant

prevention was achieved in explants and BLT mice with

chimeric RNAs [66].

Other protein and peptide-based solutions

Proteins In addition to protein-based solutions such as

Abs and antigens mentioned previously that stimulate an

immune response, other protein alternatives are being

investigated as microbicides to circumvent STIs. Recently,

a NP platform delivering PSC-RANTES, a CCR5 chemo-

kine inhibitor, was investigated for protection against HIV

[235]. PSC-RANTES is an amino terminus-modified ana-

log of the chemokine RANTES, a ligand for HIV co-

receptor CCR5. Relative to unencapsulated PSC-RANTES

the NP formulation exhibited comparable anti-HIV activ-

ity. However, in an ex vivo cervical tissue model,

encapsulated PSC-RANTES improved tissue penetration,

while increasing internalization by fivefold, and exhibited

greater distribution in the epithelium relative to unencap-

sulated PSC-RANTES [235]. Thus, far the release of PSC-

RANTES from NPs enables bioactivity against HIV com-

parable to unencapsulated formulations, in addition to

maintaining protein stability in, and increased permeability

to tissues. PSC-RANTES has also provided protection

against vaginal challenge in rhesus macaques by inhibiting

the CCR5 co-receptor [86, 235, 236].

As mentioned above, mAbs offer options to inhibit the

various stages of viral attachment and fusion to host cells.

Some additional antibody studies against HIV-1 and HSV-

2 are summarized in the following references [237–239]. A

few examples include TMB-355, a mAb specific for CD4

that has inhibited interactions with the HIV envelope, but

maintained the ability of CD4 to interact with MHC class II

molecules. Currently, in development for systemic
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administration, this may offer an option for topical deliv-

ery. However, clinical resistance in the form of increased

viral loads has been observed after missed doses during

clinical trials [240]. Recently, a microbicide incorporating

three viral envelope binding Abs (MAB-GEL) against HIV

entered early phase clinical trials [238, 241]. Initial results

indicated that the formulation was safe and that Ab con-

centrations were sufficient to block viral transmission for

hours [241]. With regard to protein-based solutions for

HSV-2, single mAbs have also been used to intercept

viruses via attachment to viral glycoproteins (such as gD)

or host receptors such as nectin-1 [239]. However, the

manufacturing of biological therapeutics is still expensive

relative to synthesis of chemical agents [240]. Still, mAbs

may satisfy several important niches in STI treatment and

prevention, in that they may be used for pre-exposure

prophylaxis in addition to post-exposure treatment of

chronic infection. Especially for these applications where

synergistic activity would be beneficial, other treatment

formulations may be supplemented with Abs to create

efficacious and infrequent dosing regimens. For a more

comprehensive review on Abs as microbicides please see

McCoy et al. [237] and Brinckmann et al. [241].

While many prevention strategies rely on Ab production

or delivery to induce an immune response, vaccines that

rely on T-cells have been difficult to develop [242]. In fact,

a better understanding of mucosal immune response is

required to develop an effective prevention strategy. One

recently demonstrated approach stimulated the production

of local chemokines that signal immune cells to respond to

infection [243]. Shin et al. [242] have recently achieved

success delivering chemokines CXCL9 and CXCL10 in-

travaginally using a ‘‘prime and pull’’ strategy. After

conventional vaccination priming the T-cell population, a

single topical intravaginal treatment with chemokines (pull)

provided protection against HSV-2, with a survival rate of

100 % in mice 10–12 weeks post-pull. The ‘‘prime and

pull’’ method decreased HSV-2 spread from the mucosa

epithelia to the neurons, revealing a promising strategy for

local vaccination against HSV-2 and other STIs [242].

Similar to receptor proteins expressed on immune and

epithelial cells, DCs express carbohydrate-binding protein

residues such as lectins that bind mannose or other sugars

on the virus envelope, thereby enhancing virus transfer

efficacy. Mannan, a mannose-rich oligosaccharide, and

Abs specific for DC-SIGN inhibited HIV uptake in vitro,

but were unable to protect macaques after SHIV challenge

by topical application [48, 244]. However, integrating this

idea with a multivalent approach, glycodendrimers were

synthesized with multiple Lewis-type antigen glycans on

the surface. These glycodendrimers prevented HIV trans-

mission by DC-SIGN on DCs, thereby providing a

potential alternative for topical application [245].

Another promising candidate, Griffithsin (GRFT), is a

lectin that binds clusters of oligomannose N-linked high-

mannose oligosaccharide glycans on HIV-1 envelope gly-

coprotein gp120 to inhibit viral entry [246]. The

oligomannose glycans it targets are more prevalent on viral

envelope glycoproteins than host cell glycomes, and

therefore lend versatility to GRFT as a broad spectrum

antiviral. In early trials GRFT has showed synergy with

TFV and other antivirals against both HIV and HSV, while

provoking negligible immune response. In fact, combina-

tions of GRFT with TFV, maraviroc, and ENF increased

antiviral potency against HIV-1 [247]. Additionally, GRFT

prevented HSV infection post-entry by inhibiting cell-to-

cell spread and successfully protecting mice from genital

herpes [246]. Furthermore, when combined with carbohy-

drate binding agents, GRFT showed synergistic activity

against strains of HIV-1 and HIV-2 [248], and also miti-

gated HCV infection [249]. Most recently, after

subcutaneous administration of GRFT in two rodent

models, GRFT distributed systemically, achieved antiviral

activity against HIV-1 pseudovirus, and accumulated to

relevant therapeutic concentrations resulting in minimal

toxicity [250].

Peptides Generally, peptide microbicides have been

classified into one of two inhibitory classes: peptides that

seek to inhibit STIs via the viral envelope or via host cell

receptors.

Virus-targeted peptides against HIV: One class of pep-

tides against HIV infection has focused on targeting the

HIV-1 gp41 envelope subunit. Two peptides in this class,

T-20 (ENF) and T1249, have been used to combat HIV

infection. ENF, the first HIV-1 entry inhibitor to be

approved, is a 36 amino acid peptide that targets and binds

to the first helical region of gp41. ENF inhibits activation

prior to fusion-enabling conformation changes in this

envelope glycoprotein [251, 252]. Similarly, a second

candidate peptide targeting viral gp41, T-1249, is a 39

amino acid peptide that contains a pocket binding domain

of gp41 and inhibits viruses resistant to ENF [253, 254].

While poor bioavailability, relative to ENF impeded fur-

ther progress, a next-generation C-peptide-based fusion

inhibitor, sifuvirtide, has demonstrated improved efficacy

over ENF [255, 256].

In similar light, other peptides can be used to bind to

HIV-1 binding pockets that are exposed during entry. In

this class, D-amino acid peptides have been synthesized,

that bind to the N-trimer pocket of HIV-1 gp41, exposed

during entry [257]. These peptides’ resistance to proteases,

increased serum half-life, systemic absorption after oral

administration, and blocking ability against R5 isolates,

suggest their potency as a candidate microbicide [258–

260]. Additionally, other peptides have been identified to
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target a variety of regions on the virus. In the design of a

recombinant molecule, 5-helix, a promising entry inhibitor,

the C-terminal region of gp41 has been identified as a

target for HIV-1 entry inhibition. The peptide is comprised

of the residues that make contact with the 5-helix protein,

but eliminates the fusion core of the sequence. Addition-

ally, another entry receptor for HIV-1, CCR5, is

responsible for binding to gp120, and CCR5-mimic pep-

tides targeting this interaction have resulted in relatively

low antiviral activity [261, 262].

Receptor-targeted peptides against HIV: The CD4 receptor

and co-receptor CCR5 are primary targets for both prophy-

lactic and therapeutic microbicides. Generally co-receptors,

CCR5 and CXCR4 are considered the primary clinically rel-

evant candidates, due to their initial binding interaction with

gp120 [256, 263]. However, a caution exists in blocking these

receptors, due to their contribution in immune functions,

including the immunosuppressive effect or receptor-agonist

effect that could result in genital inflammation. Candidates in

this category must be tested to determine if they elicit such

effects in the vaginal mucosa [256].

Similarly, chemokine-derived peptides have been syn-

thesized to include structural motifs of antiviral activity,

namely the N-loop and B1-strand [264]. These peptides

have been designed to bind to CCR5, much like the

RANTES chemokines do. Using these peptides, receptor

blocking has been attained without ill CCR5 effects,

demonstrating that in fact, structural refinement in design

may provide specific and potent candidate microbicides.

An additional receptor, integrin a4b7, has been identi-

fied, that may facilitate HIV transmission by interacting

with gp120. This integrin has been a candidate in aiding

viral passage to activated a4b7 CD4? T-cells, that highly

express CCR5 [265]. Blocking this integrin in macaque

studies during acute SIV infection decreased plasma and

gastrointestinal tissue viral loads, in addition to binding

gp120 [266, 267]. Therefore, a4b7 inhibitory peptides or

mAbs, might be viable microbicide candidates for these

less commonly highlighted receptors involved in HIV

infection.

Peptides against HSV: As mentioned above, one of the

first steps in HSV entry is virus binding to HS chains of cell

surface HSPGs [96]. In fact, studies have demonstrated that

alterations in HS can provide a receptor to gD [99], and

that both HS, and its modified 3-O-sulfated HS isoform (3-

OS HS), have been shown to regulate infection in vitro

[268]. Therefore, peptides that target cell surface HS, can

provide innovative strategies to inhibit virus attachment.

Some peptides including: human apolipoprotein E-derived

peptide, rabbit neutrophil peptide-1, lactoferrin, indolicidin

(a tryptophan-rich peptide from bovine neutrophils), and

brevinin-1 (a peptide found in frog skin) are peptide can-

didates to inhibit HSV infection [269–274].

Recently, Tiwari et al. [268] used phage display to

screen dodecapeptides that bind specifically to HS and

3-OS HS to prevent HSV entry. Two different groups of

anti-HS peptides were identified in the screening process

that had high cationic charge densities. The groups were

distinguished by either having alternating or repetitive

charges, referred to as group 1 (G1, LRSRTKIIRIRH) and

group 2 (G2, MPRRRRIRRRQK) peptides, respectively.

Both G1 (against HS) and G2 peptides potently inhibited

HSV-1 entry into gD-expressing cells in vitro, with G2

(against 3-OS HS), showing more diverse ability to inhibit

a variety of herpes virus strains. Furthermore, both peptides

demonstrated HSV-1 inhibition in a mouse model of

infection. In addition to elucidating the role of positively

charged amino acids like lysine and arginine on HSV-1

activity, these discoveries indicate that peptides in these

classes can be as potent anti-HSV agents [268].

Antimicrobial peptides: Another category of peptides

possess broad antimicrobial properties and are part of the first

line of innate immune defense against infection [205, 275]. In

fact, many groups of natural host defense peptides are

included in this group [276]. These peptides have been pro-

ven to have antimicrobial effects on a broad range of

bacteria, viruses, fungi, and parasites [277]. Typically, host

defense peptides are produced by epithelial and immune

cells, and are found in mucosal fluids, where their antiviral

properties, as relevant to this review, have been shown to

inhibit enveloped viruses. Antimicrobial peptides such as

cathelicidins and defensins, or small cysteine-rich host

defense peptides, have been shown to inhibit HIV-1 infection

by inactivating the virus directly, blocking cell receptor-virus

glycoprotein interactions, and decreasing the expression of

co-receptors necessary for virus entry [278–283].

As a result, synthetic peptides have been designed and

developed to mimic natural host response molecules, and to

enhance antiviral response. These antimicrobial peptides

are designed based on structurally-derived microbe and

host-derived analogues [284–287]. In particular, antimi-

crobial peptides against HSV have shown that many

synthetic peptides, including beta-defensins and others

have inhibited HSV in vitro [275, 288–291]. Similarly, four

synthetic mimics of bovine bactenecin dodecapeptide

reduced HSV-2 infection in vitro by inhibiting virus

attachment and entry, and binding to HS, while demon-

strating in vivo inhibition of HSV-2 in mice [275].

Similar to the lectins mentioned above, many of the

inhibitory properties against HIV-1 are attributed to a

lectin-like function which enables ubiquitous binding to a

range of glycosylated virus envelopes and cellular surfaces.

To target the HIV envelope, other retrocyclin peptides have

been made to reduce infection in immune cells [292]. To

target the virus glycan shield, recombinant, biologically

active retrocyclin peptides were synthesized and shown to
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bind to HIV-1 gp120 and to significantly reduce HIV-1

infection in PBMC and PM1 cells [293, 294]. Similarly,

using antimicrobial peptides led to the discovery of a

GLRC peptides (named due to their amino acid content of

G, L, R, and C residues), that possess stability and anti-

HIV activity [277].

Future directions and challenges

The overall goal of microbicide development is to create an

efficacious, convenient, and safe platform to protect against

multiple STIs. However, previous generations of microbi-

cides have encountered challenges in obtaining efficacious,

and in some cases safe delivery to the vaginal tract. While

early generations have provided some promising launching

points for new generations of microbicides and intravaginal

drug delivery vehicles (e.g. IVRs) [7, 118, 295], other

options such as surfactants have highlighted the crucial

need to establish a safe and biocompatible modality [51,

138, 184]. Some emerging considerations to improve

microbicide design include: more specifically targeted

biological carriers, carriers that prolong administration and

effect of active agents, multipurpose microbicides for both

contraception and infection, combinations of traditional

antivirals with new biologicals, and the utilization of

nanotechnology to achieve better delivery.

Selection of biologicals for delivery

Prior to the consideration of delivery vehicle is the selec-

tion of target. As discussed here, there are many options

available for protein and oligonucleotide targets. As part of

this selection, consideration will need to be given to those

agents that are low-cost, easily manufactured, non-inflam-

matory, and potent. While Table 1 illustrates intravaginal

microbicides that are currently in clinical trials or those

that show promise for future clinical trials, most of these

are based on antivirals. As discussed in this review, there

are many biologics being tested, which is broadening the

scope of microbicides to provide not only agents that work

against various stages of the infection cycle, but those that

do so using different molecular mechanisms. As some of

these recently identified protein, peptide, and oligonu-

cleotide candidates are evaluated preclinically, the

microbicide trend will likely shift to include a mixture of

biologics and antivirals, or just biologics alone.

Targeted delivery

Topically applied microbicides must traverse the mucosa

and enhance penetration and delivery to protect epithelial

or immune cells. By specifically targeting protein and

oligonucleotide uptake to these cell types integral to virus

infection, more efficient and localized delivery will be

achieved. For nonviral gene delivery in particular, targeting

proves beneficial to minimize immunostimulatory effects,

reduce off-target effects, and to obtain cytosolic release for

more efficacious transfection [296].

There are many new options available to improve the

delivery of Abs and nucleic acids, including cell pene-

trating peptides, endosomal escape peptides, and aptamers

that target delivery and increase cell uptake through a

variety of mechanisms [199, 297–300]. Enhancement of

intravaginal gene and protein delivery has been demon-

strated thus far by cholesterol conjugation to improve

stability, and by peptides or aptamers to increase gene

transfection [66, 68, 301–303]. Moreover, using modifiable

drug delivery platforms such as NPs also provides ease of

functionalization with ligands to target HIV or HSV-spe-

cific cell types, while encapsulating cargo to deliver a

higher and more localized dose to the desired site [31, 57,

58, 304]. In addition, specifically delivering a combination

of genes or proteins for both host and viral markers will

provide more versatile options to combat multiple path-

ways and stages of infection [65, 68].

Multipurpose microbicides

While the concepts of multivalent vaccines or multiple

antiviral treatments such as HAART are widely accepted to

target mutating viruses, the microbicide field has tradi-

tionally investigated monotherapies to minimize infection

[305]. In contrast, combinational therapeutics that have

multiple treatment targets—in or on one delivery vehicle—

and modulate interactions through multiple biological

mechanisms (gene/protein targets, inhibition of virus

binding/replication), provide promising routes for explo-

ration [31, 65, 68]. Co-delivery of biologicals with

antivirals would also be beneficial against rapidly mutating

viruses and their corresponding evolved targets. Recently

Boutimah et al. [306] investigated different combinations

of antivirals with RNAi-mediated suppression of virus/cell

factors, allowing for the possibility of interrupting a variety

of stages during virus replication cycle.

Versatile formulations that are effective against multiple

STIs are also increasingly desirable. As HSV-2 infections

are correlated with an increased risk of HIV-1 acquisition,

treatment of HSV-2 or other STIs will likely have an impact

on HIV-1 transmission [47, 53]. HSV encoded proteins

have been found to promote transcription of HIV-1 in co-

infected cells. Furthermore, both symptomatic and asymp-

tomatic HSV-2 reactivation is associated with increased

HIV-1 levels in the blood and genital tract. Therefore,

alternatives aimed at simultaneously reducing HIV-1 and

HSV-2 infection are under development [47, 53].
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Perhaps more ideally, dual protection technologies that

serve as both a microbicide and contraceptive are appealing

prospects, due to their potential of delivering a convenient

two-in-one formulation. The option of combining different

drug delivery formulations, such as gels, that enable con-

trol over frequency of administration, with long-term

release devices such as IVRs that reduce dosing, cost, and

are coitally-independent is also highly desirable [47, 53]. In

addition, intravaginal applications of new material options

(in intravaginal applications) such as nanofibers may offer

a new approach to deliver a variety of prophylactic, ther-

apeutic, and contraceptive agents [307–309]. Ideally, one

platform could simultaneously inhibit STIs while offering

contraceptive protection. To attain this goal however, for-

mulation considerations will be important to successfully

incorporate and release combinations of different types of

agents.

Another important component to microbicide design and

intravaginal delivery is the role of immune response in

infection. As new discoveries are made that better explain

the immune response and its correlation to protection,

different modalities may be combined to take advantage of

this knowledge. Recently, immune response was tracked in

an infected patient, and the question emerged of how to

create immunogens or broadly neutralizing antibodies to

emulate natural production. As a diverse mixture of agents

will likely be required to evoke the desired protective

response, understanding and combining multiple immu-

nogens will undoubtedly be beneficial [310].

Utilizing nanotechnology

The overall goals of drug delivery are to enhance efficacy,

minimize toxicity, enhance residence time, and provide

sustained release with corresponding prolonged preventa-

tive or therapeutic effect [171, 311]. In parallel with these

aims, major thrusts in microbicide development include

increasing user adherence by providing infrequent appli-

cation doses, convenient protection, and avoiding an

adverse immune response after topical application.

With these goals in mind, delivery of Abs, proteins, and

nucleotides, can be improved by utilizing nanotechnology.

For topical intravaginal delivery this will necessitate nav-

igating mucous barriers and penetrating epithelial cells

(tight junctions, etc.), depending on the target. As dis-

cussed, lipid, polymer, or macromolecular systems have

been explored for many applications to provide these

attributes. Thus far, NPs have emerged as versatile carriers

that can overcome physical barriers and guide cargo in-

travaginally [31, 57, 115]. In addition, a carrier that can

adapt to the intravaginal environment, and is stimuli sen-

sitive would provide a versatile and ‘‘smart’’ intravaginal

delivery platform [312, 313].

Especially in the harsh vaginal environment, delivery of

genetic agents and proteins has its challenges. However,

drug delivery vehicles enable encapsulation of active

agents, uptake of poorly permeable molecules, navigation

through the mucus, increased stability and residence time,

and sustained release to the mucosa [86]. By increasing the

biological half-life of these agents through encapsulation,

durability and longevity of protection will be enhanced,

while providing the associated clinical benefits of increased

user compliance and decreased cost [27]. Due to the low-

to-moderate compliance observed in some clinical trials

[314], designing delivery systems that offer more effective,

robust, and prolonged administration of antibodies, pro-

teins, and oligonucleotides is highly desirable.

Conclusions

Applying the knowledge obtained from microbicide studies

thus far, the focus of the next generation of microbicides is

to deliver agents more safely and efficaciously. With the

identification of new biological targets and delivery plat-

forms, a multitude of options exist that offer specific and

unique modalities to interfere with multiple pathways and

targets of infection. An emerging research goal has been to

establish microbicide candidates that rely on proteins and

oligonucleotides to prevent and/or treat STIs, in order to

induce a specific and safe preventative or therapeutic

effect. By combining proteins and oligonucleotides with

carriers that enhance their delivery efficacy intravaginally,

this new generation will provide versatile and promising

solutions to inhibit a broad spectrum of STIs.
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