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Abstract

Recent estimates suggest that one in two sexually active individuals will acquire a sexually
transmitted infection by age 25, an alarming statistic that amounts to over 1 million new infections
per day worldwide. Vaccination against STls is highly desirable for alleviating this global burden
of disease. Vaginal immunization is a promising strategy to combat transmission via the vaginal
mucosa. The vagina is typically considered a poor inductive site for common correlates of adaptive
immunity. However, emerging evidence suggests that immune tolerance may be overcome by
precisely engineered vaccination schemes that orchestrate cell-mediated immunity and establish
tissue resident memory immune cells. In this review, we will discuss the unique immunological
milieu of the vaginal mucosa and our current understanding of correlates of pathogenesis and
protection for several common STIs. We then present a summary of recent vaginal vaccine studies
and explore the role that mucosal adjuvants and delivery systems play in enhancing protection
according to requisite features of immunity. Finally, we offer perspectives on the challenges and
future directions of vaginal vaccine delivery, discussing remaining physiological barriers and
innovative vaccine formulations that may overcome them.
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1. Introduction

The World Health Organization estimates that over 1 million sexually transmitted infections
(STIs) are acquired worldwide each day. This immense burden of disease disproportionately
effects women in low income countries and marginalized populations including sex workers
and men who have sex with men. Complex socioeconomic challenges related to health
services for STIs, including limited screening and prevention measures, lack of access to
treatment, and social stigmatization, exacerbate health disparities among these vulnerable
populations. Symptoms of inflammatory and ulcerative STIs can also increase the risk of
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coinfection with other mucosally transmitted pathogens, the consequence of which can
result in serious reproductive complications or even death. As such, attention to these
endemic infectious diseases, which claim millions of lives annually, must be consistently
prioritized. Effective biomedical interventions are available for numerous STIs. Vaccines for
human papillomavirus (HPV) and hepatitis B have been incorporated into routine vaccine
programs worldwide and have prevented thousands of deaths from cervical cancer and
chronic liver disease annually. Bacterial STIs — chlamydia, gonorrhoea, and syphilis — as
well as one parasitic STI — trichomoniasis — are curable with existing antibiotic regimens.
Nevertheless, asymptomatic infections with chlamydia and gonorrhoea are common and

can result in serious complications such as infertility and adverse birth outcomes upon
mother-to-child transmission. Due to recent increases in antibiotic resistance, preventive
approaches are increasingly preferable to inhibit acquisition of bacterial infections. Antiviral
drugs are also available to mediate, but not cure, disease progression of herpes simplex
virus (HSV) and human immunodeficiency virus (HIV). However, current HIV antiretroviral
(ARV) and pre-exposure prophylactic (PrEP) protocols require burdensome daily adherence
regimens and are accompanied by adverse side effects. Vaccination strategies for STls that
act prophylactically or therapeutically are highly desirable and have potential to ameliorate
morbidity and mortality associated with these viral infections worldwide.

Genital tissue is the predominant portal of entry for sexually transmitted pathogens, making
mucosal immunity an important first level of defense. Urogenital, rectal, oral, and nasal
vaccination are promising strategies to elicit protective immunity at genital sites of infection,
and vice-versa, via the common mucosal immune system [1]. Unlike systemic vaccination,
local immunogenic exposure can engender both proximal and distal mucosal tissue with
innate signals that facilitate homing of adaptive immune cells primed by antigen in draining
lymph nodes. Preferential leukocyte migration and residency in the exposed mucosa can
more effectively clear infectious agents. Early comparison of mucosal immunization routes
revealed that vaginal vaccination is capable of significantly increasing antigen-specific
antibody secretion in the female genital tract, effectively neutralizing infectious organisms
in the vagina [2]. Vaginal vaccination has since been studied for immunization against

a number of STIs and has indeed proven effective at instilling protective populations of
effector lymphocytes in cervicovaginal tissue. These findings are contrary to the traditionally
held notion that the vagina is a poor inductive site for adaptive immunity, a discrepancy
that is indicative of our overall lack of knowledge on basic mucosal immunology in the
lower female reproductive tract (FRT). Indeed, further elucidation of the mechanisms by
which immune tolerance is overcome in the genital mucosa to defend against incipient
infections is needed in order to rationally design safe and effective vaginal vaccines. In
addition to immunological advantages, vaginal mucosal vaccination has practical benefits
over injectable methods. Needle-free vaccines offer superior patient comfort compared to
intramuscular or subcutaneous delivery. Consequently, solid dosage modalities potentiate
flexible formulation strategies that may enhance the functional capacity of administered
active agents.

This review will describe the known features of innate and adaptive immunity in the vaginal
mucosa and discuss the natural immune response to several relevant STIs, which have
been the focus of numerous vaginal vaccine studies. We will highlight the correlates,
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or lack thereof, of mucosal immunity to establish design requirements for effective

vaginal immunization. Informed by known or presumed correlates of immunity, we will
evaluate recent vaginal vaccine studies in accordance with requisite criteria for protection,
taking into consideration the use of mucosal adjuvants and advances in drug delivery
systems designed to overcome physical barriers and the tolerogenic immunological milieu.
This review will exclude discussion of STIs for which no vaginal vaccine studies have
been attempted; however, this does not disqualify them as potential targets for vaginal
vaccination. Prevention of STIs such as syphilis, trichomoniasis, bacterial vaginosis, and
others may in fact benefit immensely from genital immunization and more consideration is
warranted to determine the scientific premise of such investigation. Ultimately, innovations
in vaginal delivery of vaccines may resolve gaps in our knowledge of vaginal immunity and
address the enormous global burden of sexually transmitted infection.

Immunological milieu of the vaginal mucosa

The human vagina is a fibromuscular tube situated beneath the uterus that extends
posterosuperiorly from the caudal end of the vulva to the cervix. Functionally, the vagina

is a site of bidirectional transport, providing a channel for childbirth and menstruation as
well as reception of seminal fluid. Due to its proximity to the exterior genitalia and contact
with the external environment, the vaginal mucosa is a common site of infection and thus
plays a dual role in defense against ascending pathogens and tolerance to both commensal
bacteria and sperm. The vagina is lined by a non-keratinized stratified squamous epithelium
that is covered apically by a layer of cornified cells that are permeable to microbes as well
as cellular and molecular mediators of immunity [3]. This apical layer consists of flattened,
mitotically-inactive cells containing large stores of cytoplasmic glycogen; it is void of both
tight junctions and an impermeable intercellular lipid envelope, thus it permits transport

of high molecular weight immunoglobulins [4]. The vaginal stratus corneum is frequently
exfoliated along with luminal mucosal contents, clearing associated pathogenic infiltrate.
This layer of the vaginal epithelium is host to a a proliferative population of commensal
microbes that are important in defending against disease and maintaining healthy vaginal
function. Beneath the cornified stratum are basal and suprabasal layers of epithelial cells
which contain more extensive adhesions and exclusionary junctions extending into the
underlying connective tissue. This type Il mucosa within the lower genitourinary tract is
rich in innate and adaptive immune cells, but lacks organized mucosa-associated lymphoid
tissue (MALT) found in the type | mucosa of the upper FRT. As such, antigen presentation
requires migration of mononuclear phagocytes through the epithelium and lamina propria to
the draining lymph nodes (DLN), wherein naive adaptive lymphocytes reside [5]. The upper
two-thirds of the vaginal tract are drained by the Iliac lymph node, while the distal third

is drained by the inguinal lymph node. The organizational and immunological differences
between the upper and lower FRT are illustrated in Figure 1. Notably, the lack of MALT in
the vaginal epithelium poses a barrier to initiating effective and lasting local immunity upon
vaccination. Despite its unique immunological milieu, recent evidence confirms that the
vagina is in fact an inductive site of cell-mediated immunity and inherent immunoregulatory
barriers may be overcome to induce effective protection against infection.
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Innate immunity

Innate immunity within the vaginal mucosa is responsible for early and rapid clearance

of pathogens by coordinating multiple nonspecific mechanisms of defense simultaneously
to achieve protection. Elements of the innate immune system play a central role in
orchestrating specific adaptive immune responses to prevent and combat recurrent infection
with cognate antigen. The internal surface of the vagina is covered by a layer of

mucus which is produced by secretory vaginal epithelial cells (VECs) and made up of

high molecular weight glycoproteins called mucins. Vaginal mucus traps both harmless
antigens and infectious microorganisms, serving as a physical barrier of protection for the
underlying epithelium. Antimicrobial proteins produced by VECs, molecular immunological
agents supplied by luminal secretions from the upper FRT, and the lectin and alternative
compliment system are all innate immune components of the vaginal mucosa [6-9].

The innate immune system relies on genomically-encoded receptors, called pattern
recognition receptors (PRRS), to recognize conserved pathogen-associated molecular
patterns in a manner that is typically independent of prior or repeated exposure. Toll-

like receptors (TLRs) are a group of PRRs expressed by epithelial cells, macrophages,
dendritic cells (DCs), neutrophils, and natural killer (NK) cells. TLRs present in the vagina
recognize and initiate signaling in response to a variety of pathogenic stimuli. The role of
specific TLRs in detecting and responding to pathogens and their patterns of producing
soluble immune factors has been reviewed in depth elsewhere [10,11]. Pro-inflammatory
chemokines and cytokines secreted by TLRs are capable of mediating trans-epithelial
leukocyte migration and are potent attractors of neutrophils [12]. Upon encountering
incipient infection, neutrophils initiate swift bacterial clearance via phagocytosis, production
of toxic oxidative compounds, release of microbicides by intracellular granules, and
catalysis of leukotriene production to attract more neutrophils [8]. To counter this
inflammatory milieu and support exogenous and commensal tolerance, VECs produce
large amounts of immunosuppressive cytokines including TGFp and IL-10 [13,14]. A
number of regulatory leukocytes are also involved in dampening immunogenic responses
in the lower FRT. The dynamics of soluble immune factors as they relate to coordinating
inflammatory versus tolerogenic responses in the vaginal mucosa is illustrated in Figure
2. The homeostatic vagina is skewed towards immunosuppression, therefore the vaginal
mucosa is typically considered an immune privileged site. Directing immunity away from
this suppressive milieu is dependent on activating inflammatory PRR pathways present in
cells of the vaginal mucosa, which are predominated by TLR2, 3, 5, and 6 [15]. This
paradigm has significant consequences for vaginal vaccination, which will be discussed
further throughout this review.

The vaginal mucosa possesses a number of innate leukocytes that play a critical role in
pathogen detection and generation of an adaptive immune response. Vaginal tissue resident
antigen presenting cells (APCs) have been described thoroughly by lijima et al. [16]. Of
note, cervicovaginal Langerhans cells (cvLCs), which patrol the vaginal epithelium, have
been shown to mediate HIV-1 uptake and degradation and inhibit viral T-cell infection [17].
As such, LCs are thought to provide a barrier to HIV-1 infection in the vaginal mucosa [18].
The vagina contains four distinct myeloid-derived APC subsets that differentially polarize
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CD4* and CD8* T-cell responses. Indeed, cvL.Cs and CD14~ Lamina propria-dendritic
cells (LP-DCs) preferentially induce T-helper type 2 (T2) and T{22 responses, reflecting
humoral and regulatory properties. CD14* LP-DCs and Mé¢s generate a Tyl response
reflective of proinflammatory activity and T-cell mediated defense [19]. Additional innate
lymphocytes such as NK cells and other granulocytes are widely distributed throughout the
lamina propria, where they respond to infection by producing pro-inflammatory cytokines,
promoting macrophage activation, and coordinating a cytotoxic T-cell response [20,21]. The
effector functions of the innate immune system in the vaginal mucosa pose an formidable
barrier to infections and coincidentally often impede vaginal vaccination attempts by
generating a highly regulated immune environment. These barriers must be overcome by
immunogens and complementary delivery systems in order to establish durable immunity.

2.2 Adaptive immunity

2.2.1 Induction of an adaptive immune response—Adaptive immunity in the
cervicovaginal mucosa is responsible for antigen-specific responses to pathogens and
encompasses activation of lymphocyte effector functions such as cytokine production,
cytotoxicity, and antibody production. Protection is conferred by plasma cells, constituting
humoral immunity, and T cells, which directly or indirectly control infection via cell-
mediated immunity. Induction of an appropriate adaptive immune response begins with
antigen-presenting cells in the vaginal mucosa processing antigen and travelling to the iliac
and inguinal DLNs via afferent lymphatics. There, they stimulate expansion of naive T and
B cells, which in turn migrate back to the vaginal lamina propria via extravasation from
adjacent blood vessels [22]. Certain DCs preferentially polarize specific T cell responses
accordingly, as discussed previously (Section 2.1). CD3* T cells are the predominant
lymphocyte population in the vaginal lamina propria, of which the majority are CD8* T cells
of the effector phenotype [23]. The mucosa is populated to a lesser extent by CD4* T cells
and B cells, which represent the smallest proportion of CD45* immune cells. Recruitment of
these cell types is driven by VEC secretion of chemokines C-X-C motif ligand 9 (CXCL9)
and CXCL10, and by cellular adhesion and selectin molecule upregulation [21,24]. Plasma
cells also reside in the subepithelial tissue and, once induced by memory B cells, secrete
immunoglobulins IgG, IgA, and IgM.

In addition to recruited circulating central memory (Tcp) and effector memory (Tgpy) cells
that infiltrate the lamina propria upon infection, tissue-resident memory CD4* and CD8* T
(Trm) cells are instilled in mucosal tissue after primary infection and are able to respond
rapidly to genital pathogens. A critical finding in defense of vaginal vaccination is that
systemic vaccination is often insufficient at facilitating homing of effector lymphocytes into
the vaginal mucosa in a timely manner to effectively combat incipient infection. Reynolds
et al. showed that SIV-specific CD8* lymphocytes generated upon vaginal inoculation were
almost exclusively localized to vaginal tissue compared to other mucosal departments,

and the inability to control natural infection is due to delayed lymphocyte infiltration that
occurred after the time of peak viremia [25]. Vaginal inoculation caused significant systemic
and local CD8" T cell activation, suggesting that the vagina is not a poor inductive site
incapable of generating immunity of sufficient amplitude, but naturally fails to do so in a
timely manner. Therefore, establishing a population of CD8* Tgy cells that display potent
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viricidal activity is key to generating protective immunity in vaginal tissue [26]. Upon
recognition of cognate antigens, vaginal CD8* Trp cells commit swift cytotoxic activity
and release IFN-+y to induce tissue inflammation and chemokine expression, thus initiating
innate immune responses and recruiting circulating CD4* T cells, which in turn facilitate
entry of more effector lymphocytes [27]. It was previously thought that the residency of
CD8™ T cells in the genital mucosa was established after primary T-cell differentiation of
naive lymphocytes in structured lymphoid organs. However, Wang et al. recently provided a
new hypothesis in which the type-Il vaginal mucosa itself acts as an inductive site for naive
CD8™* T-cell priming, characterized by antigen-specific activation and expansion following
intravaginal vaccination in DLN-deficient mice [28]. In order to prove this theory, they

first established that a naive CD8* T cell population is maintained in the vaginal lamina
propria via thymic egress and replenished by lymphocyte circulation. They then adoptively
transferred two aliquots of naive CD8* T cells with unique dyes both intravaginally

(IVAG) and intravenously and used a lymphocyte circulation inhibitor (FTY720) to prevent
infiltration of non-adoptively transferred naive T cells into the vaginal mucosa. They found
that only vaginally transferred cells were primed and activated in the vaginal mucosa

after IVAG immunization, and that local priming occurred four hours faster than CD8*

T cell activation in the DLN. Finally, upon vaginal immunization with an HIV glycoprotein-
specific adenoviral vector, they observed vaginal CD8* T cell expansion in lymphocyte-
ingress-restricted mice that was equivalent to FTY720-free mice. This study proves the
existence of an entirely local T-cell priming and expansion mechanism, mediated by what
is termed “inducible vaginal lymphoid tissue” (IVVALT), that functions independently of
efferent or afferent cell migration between the genital mucosa and the DLNs. These
findings are substantiated by a study in lymph node-deficient and splenectomized mice

that were vaccinated vaginally and demonstrated sterilizing protection against HSV [29].
This data provides a strong justification for vaginal immunization, wherein locally primed
and activated CD8* T cells, called cytotoxic lymphocytes (CTLs), may offer more swift and
effective immune protection that does not rely on mucosal homing from systemic circulation
or distal lymphatic sites. It is evident that establishing a population of local memory T cells
in the vaginal mucosa is vital to protection against pathogens and thus a critical feature of
effective vaccination efforts.

2.2.2 Functional activity of adaptive immunity—The adaptive immune system
commits effector functions via two primary mechanisms: cellular-mediated immunity and
humoral immunity. In the vaginal epithelium, T cell-mediated immunity (T1) is critical

for full protection against infections, particularly from viral pathogens such as HIV and
HSV. Local effector T-cell function is orchestrated by activated CD4* T cells, which
coordinate CD8* T cell mobility into restricted mucosal sites and cytotoxicity required for
viral clearance [22]. Indeed, once granted entry or locally primed, effector CTLs eliminate
cells infected with pathogen-presenting MHC class | molecules by targeted delivery of toxic
effector molecules and recruit circulating T and B cells. Recently, Tan et al. showed that
intravaginal delivery of recombinant influenza-HIV vectors resulted in durable instillation of
CD8* Trm cells in the vagina and caused a shift in T cell localization from the submucosa
into the stratified epithelium [30]. These apically seeded Ty cells were able to recognize
cognate antigen and respond rapidly, promoting inflammation and vascular cell adhesion
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molecule expression, which recruited peripheral CD8* T cells, B cells, NK cells, and CD4*
T cells. This robust and durable response represents a strong premise for local vaccination
as it facilitates rapid entry of a high volume of effector cell types. The genital mucosa also
depends on local humoral (TH2) immunity to combat pathogens. Large-molecular-weight
antibodies are permitted to infiltrate through the mucosa and into the vaginal lumen due

to the lack of tight junctions in the apical layer of the stratified vaginal epithelium [4].

IgG is the primary immunoglobulin constituent of the vaginal type 1l mucosa, where it is
produced by circulating plasma cells and trafficked across the genital tract epithelium by
neonatal Fc receptor, FcRn, present on vaginal epithelial cells [31]. IgA and IgM are also
present in the vaginal mucosa, though to a lesser extent than 1gG. IgG has a functional

role in coordinating opsonophagocytosis, neutralization, complement fixation, inhibition of
epithelial transcytosis or cell-cell transmission, and antibody-dependent cellular cytotoxicity.
As such, the induction of an antibody response is a key mechanism by which the adaptive
immune system prevents viral or bacterial replication at mucosal surfaces. To that end,
immunoglobulin activity in the vaginal mucosa is a central correlate of effective protection
by vaccination.

2.3 Hormonal responsiveness

Nearly every aspect of mucosal immunity within the FRT is under strict hormonal
regulation. In particular, estradiol (E) and progesterone mediate immunity such that
immunogenic and tolerogenic responses are complementary to reproductive function.
Immunoregulation is modulated according to requisite physiological tasks, such as reception
of sperm during the ovulatory phase and maintenance of an allogenic fetus during
pregnancy. Hormonal dynamics throughout the menstrual cycle and their influence on
vaginal physiology and immunity is depicted in Figure 3. Much of the focus regarding
menstrual regulation of FRT immunology has been on the uterus. As such, hormonal
responsiveness in the vaginal mucosa is largely understudied. However, a general consensus
in the literature supports the hypothesis that estradiol performs a regulatory role in

vaginal immunity, while progesterone, generally, results in an elevation of immunogenicity.
Kaushic et al. reported an increase in macrophages, granulocytes, and dendritic cells in

the subepithelial layers of rats at diestrus, when progesterone levels are high, compared

to estrus [32]. Indeed, Wira and Rossoll found that antigen presentation in the vagina

of ovariectomized rats was elevated when exogenous progesterone levels in the blood

were high, an effect that could be reversed by administering estrogen [33]. These results
were substantiated /n vitro, where estradiol-treated primary VECs demonstrated attenuated
production of antimicrobials HBD2 and Elafin as well as IL-8 in response to LPS [8].
Numerous innate immune mediators, including lactoferrin, SLPI, lysozyme, and secreted
cytokines, have been shown to dramatically decrease at mid-cycle/ovulation (estradiol
dominant) and increase during the secretory and menstrual phases (progesterone dominant)
[34]. Humoral immunity also seems to be influenced by menstrual cyclicity. In a study of
the effect of distal immunization on FRT antibody secretion in rats, antigen-specific vaginal
IgG and IgA levels were markedly inhibited in animals treated with estradiol [35]. The
reproductive significance of decreased immunogenicity during the ovulatory and secretory
phases of the menstrual cycle, when E; levels are high, may be explained by the expectation
of spermatozoic reception during this stage of fertility.
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Conflicting reports comment on the influence progesterone and estradiol have on immune
protection. Insofar as innate defense against pathogens, progesterone is a well-known
mediator of vaginal epithelium thinning which is correlated with increased risk of HIV
transmission in women [36,37]. This inducible susceptibility to immunogens is utilized
intentionally in vaginal vaccine studies, wherein progesterone is usually administered to
promote antigen penetration into the epithelium. In several studies, estradiol has been
shown to improve immune protection against HIV, which is likely due to its role in
enhancing epithelial integrity. This theory was confirmed in estrogen receptor £srZ-deficient
mice, in which the vaginal epithelium lost its protective cornified layer and extensive
epithelial lesions lead to a drastic influx of neutrophils and macrophages [38]. Estradiol
has also been shown to preferentially generate a protective anti-viral Ty17 CD4* T-cell
response to better combat HSV [39]. However, Gillgrass et al. showed that mice immunized
intravaginally with HSV-2 antigen following estradiol treatment were not protected from
vaginal challenge, whereas mice exposed to progesterone exhibited complete protection
[40]. Estradiol appeared to prevent the formation of IVALT structures in vaginal tissue,
aggregates which offered protection in effectively immunized mice. This effect may be
correlated to Epo-mediated inhibition of antigen presentation reported by Wira and Rossoll.
The underlying mechanisms by which these menstrual hormones influence immunity in
the vagina appear situationally-dependent and remain to be fully understood. It is evident
that immunization attempts in the vaginal mucosa must take into account the stage of the
menstrual cycle and influence of exogenous hormones upon antigen deposition in order to
elicit an appropriate response that provides adequate protection.

3. Immunology and vaginal vaccination against viral sexually transmitted
infections

Human immunodeficiency virus, genital herpes-simplex virus, and human papilloma virus
are the three most common viral pathogens that infect the cervicovaginal mucosa, each
contributing to a significant worldwide burden of disease. HIV-1 attacks the immune

system, causing chronic lymphocyte depletion which leads to acquired immunodeficiency
disease (AIDS), a disease which has claimed the lives of more than 32 million people

since the epidemic began in the 1980s [41]. The prevalence of HSV-2 infection, which

can cause incurable genital herpes, is currently rising in the US at an alarming rate and

it is estimated that over 13% of the world population is currently living with HSV-2

[42]. HPV infection, while often asymptomatic, causes 90% of all cases of cervical

cancer, which is the second leading cause of death among women worldwide [43]. The
enormous epidemiological burden of these infections is met with significant efforts to
develop prophylactic and therapeutic vaccines to prevent their transmission. Here, we
discuss our current understanding of the invasion mechanisms and natural immune responses
to these STls in order to highlight requisite features of effective mucosal vaccination. While
systemic vaccination typically relies on neutralizing antibodies and anatomically nonspecific
localization of B cells to combat infection, this section will underscore the significance of
generating resident memory T cells in vaginal tissue in order to better protect the genital
mucosa.
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3.1 Human papillomavirus

There are over 200 varieties of human papillomaviruses that infect humans via skin-to-skin
or skin-to-mucosa contact, more than 40 of which are passed through sexual contact. HPV
is the most common sexually transmitted infection resulting in a wide range of diseases,
from benign lesions such as genital warts, to anogenital cancers, most commonly cervical
cancer [44]. The incidence of cervical cancer in low- and middle-income countries remains
alarmingly high, thus therapeutic vaccination is a highly desirable development goal. A
comprehensive understanding of the mechanism of vaginal HPV infection and subsequent
host immune response is critical to improving our understanding of how prophylactic
vaccines currently in use prevent infection and for designing the next generation of
therapeutic HPV vaccines.

3.1.1 Pathogenic infection and natural immune response—HPV is a small,
non-enveloped DNA virus that can only productively infect terminally differentiated
stratified squamous epithelial cells found near the basement membrane (BM) of the vaginal
epithelium. Upon exposure to a chemically or mechanically traumatized epithelial surface,
HPV accesses the BM and capsid proteins L1 and L2 bind to evolutionarily conserved
heparan sulfate proteoglycan receptors [45]. DCs, LCs, macrophages, and B cells can

bind to HPV and HPV virus-like particles (VLPs) via IgG receptor FcyRIII. Though

these immunocytes are capable of internalizing virions, such interactions do not result

in productive infection [46]. After binding to surface proteoglycans, the L2 site on the
virion capsid is cleaved, exposing a region of the L1 biding site capable of binding to
receptors on nearby epithelial cells, which internalize virus via an endocytic pathway

2-4 hours after cell surface attachment. This delayed period between virion adsorption

and cellular entry is a notably large window in which the virus is highly susceptible to
neutralization by antibodies, a unique characteristic that has been exploited by vaccination
strategies [47]. During productive infection, expression of viral proteins E6 and E7 can
alter epigenetic control over tumor suppressor genes in the host cell genome and promote
cellular immortalization causing genital carcinomas [48]. Despite this oncogenic potential,
the majority of HPV infections remain subclinical or asymptomatic as the virus remains
dormant in non-replicating cells. The natural immune response clears HPV in an average of
8 months, benefiting from virucidal secretions from VECs, antibody production by plasma
cells, and CD8*, MCH class I-restricted CTL-mediated killing of virus-infected host cells
[48,49]. HPV is generally well-adapted to evade the mucosal immune system as its life
cycle involves low levels of viral protein expression, low viremia, no inflammation, and
suppression of interferon responses by E6 and E7 corresponding to malignant transformation
[50]. As such, the primary correlates of natural immunity to HPV are specific T-cell
proliferative responses and IL-2 release causing CTL activation [51].

3.1.2 Next generation design and delivery of HPV vaccines—HPYV vaccines
have been highly effective at decreasing HPV infection and related diseases worldwide.
Three vaccines currently exist that together protect against nine types of HPV, including
those that cause cervical cancer and condylomas. Gardasil, a quadrivalent HPV vaccine
(Merck & Co., Kenilworth, NJ, USA), Cervarix, a bivalent HPV vaccine (GSK, Brentford,
UK), and Gardasil 9 (Merck & Co., Kenilworth, NJ, USA) collectively offer protection
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against HPV6, 11, 16, 18, 31, 33, 45, 53, and 58. They cover 90% of HPV types that

cause genital warts and 90% that cause cervical cancers [44]. These vaccines contain L1
virus-like particles (VVLPs) that effectively generate a neutralizing antibody response in
infected mucosa upon intramuscular administration. Because natural infection exhibits low
viremia and poor access to the DLN, VLPs are weak immunogen candidates for vaginal
administration. Intramuscular delivery grants direct antigenic access to the vasculature and
lymphatics and is effective because humoral immunity is sufficient to protect against HPV
infection. This is explained by the unique viral entry mechanisms described above in which
HPV is not internalized by keratinocytes for at least 12—-14 hours after exposure, providing
Ig-rich serous exudate enough time to infiltrate the mucosa, bind to L1, and effectively
neutralize the virus. If not for this distinct delay in internalization and viral integration,
antibody-mediated defense alone may not be sufficient to prevent HPV infection. Though
serum neutralizing antibodies are used to measure immune protection against HPV and
proposed to play a functional role in viral inhibition, their mechanistic role as an immune
correlate has not been verified [52]. Such identification would aid in generating next-
generation HPV vaccines which will address remaining gaps, including targeting the L2
minor capsid protein that could provide broad cross-neutralizing antibody responses to
HPV genotypes not covered by L1-VLPs [44]. Moreover, all current HPV vaccines are
prophylactic and cannot treat existing genital lesions caused by latent HPV infection.

This is of particular concern in the vagina, where, as discussed elsewhere, epithelial
inflammation and trauma can increase susceptibility to other genitourinary infections. As
such, there is increasing focus on therapeutic vaccines which are designed to leverage
cell-mediated immunity to eliminate latently-infected cells. So, while systemic antibody-
dependent prophylactic vaccines are highly effective in preventing HPV, vaginal vaccination
may emerge as a strategy for therapeutic vaccination due to its ability to engender mucosal
tissue with cytotoxic lymphocytes. However, VLP delivery strategies must account for the
poor viremia and lymphatic access associated with HPV entry at genitourinary surfaces.
Adjuvants that may stimulate LC activation and migration may enhance immunogenicity of
vaginal HPV vaccines such that inherent mucosal immune tolerance is overcome.

Two studies in the past two decades have investigated vaginal HPV vaccination — both
have advanced our understanding of vaginal vaccine delivery. Schreckenberger et al.
injected plasmid DNA expressing HPV 6bL1 protein vaginally in rabbits with cholera
toxin (CT), comparing intramuscular and rectal routes as well [53]. This study reported
long lasting IgA in vaginal secretions with neutralizing activity against HPV-VVLPs after
vaginal immunization, but not rectal or intramuscular. This strategy may effectively prevent
genital HPV-6 transmission, however, such immunity is currently provided by Gardasil and
thus offers little clinical impact. However, of note is the fact that this is one of the first
studies to test vaginal DNA vaccination in rabbits, which do not have an estrous cycle.
Compared to vaginal DNA vaccination in cycling mice, the rabbit model used here showed
stronger and more consistent immunity and represents an effective experimental method

to control for confounding effects of endocrine influences on the vaginal immune system.
Correcting for menstrual cyclicity may be useful for proof-of-concept studies on vaccine
efficacy, but requires consideration for translation to humans where hormones might not
be easily controlled. Subsequently, Park et al. studied vaginal immunization with HPV 16
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3.2 Human

L1 VLPs administered to mice with cholera toxin in a thermosensitive poloxamer (Pol)

[54]. Intravaginal instillation of the Pol-CT vaccine resulted in high serum IgG and vaginal
and salivary IgA secretions. Once again, this study has less clinical significance as it does
investigational impact. Park et al. demonstrated significantly enhanced antibody responses
using the /n situ gelling poloxomer, which they optimized using variable polyethylene

oxide content to achieve a syringeable, mucoadhesive, and appropriately thermosensitive
formulation containing both antigen and adjuvant. The improved immunogenicity is likely
the result of prolonged residency and penetration of active agents in the mucosa, a feature of
many vaginal vaccine drug delivery systems highlighted in Table 1.

immunodeficiency virus

Despite advances in testing, transmission prevention, and treatment to achieve viral
suppression, annual HIV incidence remains several times larger than global development
goals. Developing an HIV vaccine is a highly sought after research aim that is considered
the most likely mechanism by which to end the HIV pandemic. Preventing vaginal HIV
transmission would have enormous implications for women and children, particularly

in low-and-middle income regions and countries experiencing troubling surges in drug-
resistant viral strains.

3.2.1 Pathogenic infection and natural immune response—HIV-1 is a lentivirus
composed of two copies of single-stranded RNA enclosed by a capsid containing viral
protein p24 and glycoproteins gp120 and gp41. HIV transmission occurs primarily at
mucosal surfaces throughout the body, with vaginal transmission being the most common
route of infection for adult women. Primary HIV infection was previously thought to occur
only in the endocervix, which is lined by a vulnerable single layer of cuboidal epithelial
cells. However, hysterectomized women and macaques lacking a cervix can be infected with
HIV and simian immunodeficiency virus (SIV), respectively; thus it is evident that HIV

can and does penetrate the stratified squamous epithelium of the vagina, though it does

so relatively inefficiently [36]. Estimates suggest that heterosexual intercourse results in
transmission in only 0.1% of exposures, and transmission is highly correlated with viral load
in seminal fluid [55]. Much of this inefficiency is thought to be the result of innate physical
barriers such as the presence of multiple cell layers in the vaginal epithelium which form

a formidable barrier to accessing the lamina propria, wherein cells targeted for infection
reside. This effect is enhanced during the follicular and ovulatory stages of the menstrual
cycle, when a decrease in progesterone drives epithelial thickening [56,57]. Additionally,
cervicovaginal mucus has been shown to impair the mobility of HIV molecules [58].

Despite these innate mechanisms of defense, there are numerous probable routes of
transmission across an intact vaginal epithelium. Langerhans cells (LCs), which patrol the
cervicovaginal mucosa, have dendritic cytoplasmic processes that extend into the vaginal
lumen and sample antigens. Though they do not express CD4 or CCR5, LCs express surface
HLA-DR, CD1a, and mannose-dependent C-type lectin receptors that may be involved in
DC-mediated HIV transmission [59,60]. Upon capture, immature DCs in the epithelium
migrate and present virus to CD4*CCR5* T cells abundant in the lamina propria, thus
permitting viral amplification. The precise dynamics of this antigen-presentation cascade are
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unclear, though it is thought to occur rapidly and results in transport of virus to underlying
cells in a matter of minutes. Emerging evidence also points to direct primary infection

of CD4*CCR5* T cells as a mechanism of HIV transmission, wherein viral particles

can access T cells typically residing in deeper layers of tissue via tears, inflammation,

and hormone-induced thinning of the stratified epithelium. Coinfection with other STD’s
can also increase susceptibility to vaginal HIV infection through epithelial weakening and
immunogenic T cell recruitment [36]. Upon entry into the lamina propria via LC-mediated
transport or direct contact, HIV enters CD4*CCR5* target cells and generates a “nidus”
of infection, infecting more and more recruited cells which eventually travel to secondary
lymphatic tissue and systemic circulation. Thus, the vaginal mucosa serves as an effective
portal of entry for systemic HIV infection, a process which can be exacerbated by adverse
coincidental conditions of the mucosal microenvironment.

Depletion of CD4* T cells is a primary hallmark of early HIV infection, as these cells
express HIV-receptor CCR5 and are transcriptionally active. CD8* T cells play a vital role
in controlling HIV/SIV replication at mucosal surfaces early in infection, even more so
than antibodies, which are produced later. This is evidenced by a study of vaginal HIV
challenge where HIV-specific CTLs were identified in cervical cytobrush samples of women
who remained seronegative after repeated exposure to HIV [61]. Memory CD8" T cells
play a central role in long term immunity owing to their unique ability to rapidly expand
and re-express cytotoxic proteins upon restimulation by a cognate antigen [62]. Despite the
potentially protective role of CTLs, a protective CTL phenotype has yet to be described.

An impaired and ultimately ineffective natural CD8* T cell response is likely due to the
depletion of CD4* T cell populations as infection becomes chronic. In the absence of
programming from T1-type CD4* T cells and the IL-2 they generate, virus-specific CD8*
T cells enter a transcriptional state of exhaustion and exhibit a marked loss of function

and cytotoxicity [62]. CD8" T cells also require signaling from privileged CD4* T cell
subtypes in order to access restricted vaginal tissue during infection [63]. Indeed, Guburu et
al. showed that immunization of CD4* T cell-deplete mice abrogated primary CD8* T cell
response in cervicovaginal tissue and only central memory CTLs were detected, resulting
in increased viral susceptibility [64]. As such, despite CD4* T cell depletion, this emerging
evidence suggests that directing a precise CD4* T cell response which can facilitate CD8*
T cell functionality in vaginal tissue, termed a “prime-pull” approach, may be a necessary
component of controlling viremia [65]. It would be ideal to limit the population of activated
CD4™* T cells to helper cells that are required to permit establishment of a local memory
CD8™* T cell population, so as to not exacerbate the target cell population beyond a requisite
level.

A strong mucosal humoral response is an important complement to cell-mediated protection
against HIV. Primary HIV/SIV infection is marked by extreme follicular hyperplasia as B
cells in secondary lymphoid tissues become activated and expand; however, as infection
becomes chronic, this initial activity is replaced by lymphoid depletion caused by follicular
fibrosis and involution, culminating in destruction of germinal centers [66]. B cell and T
follicular helper (Tfh) cell impairment is consistent with a weak or ineffective neutralizing
antibody response to HIV/SIV infection. This suggests another role for CD4* T cells —
cytolytic CD4* T cells with effector functions that defend critical populations of Tth cells
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can promote B cell expansion and facilitate a productive antibody response [67]. Vaccination
strategies that ultimately generate binding, but not neutralizing, antibodies show protective
promise in multiple human and macaque trials [68—71]. These antibodies function via
antibody-dependent cellular cytotoxicity (ADCC), a process in which the 1gG Fab fragment
forms a complex with a viral cell surface protein, and the Ag Fc fragment binds to Fc
receptors on effector cells, which include NK cells, macrophages, dendritic cells, y&6 T
cells, and neutrophils [36]. Owing to the abundance of locally-generated and transported
IgG in the vaginal mucosa, eliciting an ADCC-mediated response via vaginal vaccination
may be an effective correlate of local immunity to HIV. Ultimately, absolute correlates

of mucosal immunity to HIV are undefined, which remains a major barrier to evaluating
vaginal vaccines.

3.2.2 Vaginal vaccines for HIV—Despite the enormous global burden of HIV, no
vaccines are currently available to prevent against its infection or associated disease.
Significant research effort has gone into investigating an effective prophylactic vaccine that
elicits a durable and protective immune response both systemically and in target mucosa.
Intravaginal vaccination is a promising administration route to prevent HIV transmission.
Protective mucosal immunity likely correlates with induction of a CD8* T cell response

by Trm cell populations coupled with antibody-dependent cellular cytotoxicity mediated

by 1gG and IgA, as discussed in section 3.2.1. Several studies in animals over the past 20
years have investigated vaginal HIV vaccination (Table 2). Comparison of various mucosal
vaccination routes, including vaginal, for HIV immunization was reviewed in full by Yu and
Vajdy [72]. Therefore, this review will focus on the outcomes of vaginal vaccination with
limited comparison to alternate routes. Subunit vaccines have achieved vaginal inoculation
of HIV-1 CN54 gp140 instilled in gel, with results ranging from modest systemic and
mucosal antibody responses in rabbits to a large population of antigen-specific B cells in the
DLN correlated with high 1gG and IgA titers in the vaginal mucosa of sheep [73,74].

The immunogenicity of vaginal administration of HIV subunit vaccines in humans was
subject to multiple clinical trials in the past two decades. In 2008, a phase 1 clinical

trial tested vaginal and nasal immunization with recombinant HIV-1 gp160MN/LAI protein
with or without DC-Cholesterol as an adjuvant [75]. After three doses, neither vaccination
routes resulted in significant antibody response or anti-gp160 activity, suggesting insufficient
immunogenicity of this antigen-adjuvant combination. Another phase 1 randomized
controlled trial was conducted in 2011 in which women were given nine doses over three
weeks (one menstrual cycle) of an HIV-1 CN54 gp140 subunit vaccine administered in
Carbopol gel [76]. Serum and vaginal secretions showed no sustained 1gG, IgA, or T cell
responses. Though no adverse side effects were reported, this study is once again reflective
of the weak immunogenicity of this vaccine type without adjuvant when administered
intravaginally. This trial was followed up in 2014 with the same vaccine plus the addition

of a 70 KDa heat shock protein adjuvant [77]. The primary objective of the study was to
evaluate safety of this adjuvant after three immunizations. Generally, the vaccine was well
tolerated with only mild-to-moderate and rapidly resolved adverse side effects reported.
Promising secondary outcomes evaluating efficacy lend significance to this trial. Vaccination
resulted in peripheral blood mononuclear cell (PBMC) upregulation of CC-class chemokines
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that induced downregulation of CCR5 on CD4™ T cells, indicating functional protection
from CCR5-mediated HIV infection. Significant upregulation of the protective innate
antiviral restriction factor, APOBEC3G, was also observed on CD4* T cells in addition

to overall PBMC, CD4*, and CD8" T cell proliferation. An increase in serum IL-2 was
measured in the majority of blood samples, indicating a Tyl CD4* T cell response which
may contribute to protection against HIV. Indeed, post-immunized PBMCs cultured ex vivo
displayed significant inhibition of HIV-1 replication in CD4* T cells. This trial shows
immense promise for this vaccination protocol to protect women against HIV infection.
The inverse correlation between CCR5 expression and PBMC and splenic CD4* and CD8*
T cell proliferation indicates a protective response, in which adaptive cellular immunity
proceeded while target cell availability was effectively suppressed. Though an important
finding, this result would be more significant if it were seen in the vaginal lamina propria,
where sterilizing immunity to HIV may be the effect of cell-mediated viral clearance in

the absence of infectible CCR5*CD4* T cells. The study reports low humoral responses in
cervicovaginal secretions and does not report a mucosal cellular response. In order to induce
protective mucosal immunity against HIV, cellular responses and ADCC must be directed
to vaginal tissue, the site of infection. More extensive characterization of local immune
responses in vaginal tissue is necessary to predict immunity as evaluating efficacy based on
intravaginal HIV challenge is not feasible in human participants. The most recent clinical
trial testing vaginal HIV vaccination compared intravaginal, intramuscular, and intranasal
administration routes using the same HIV-1 CN54 gp140 vaccine without adjuvant [78].
This study showed very low systemic and mucosal 1gG in one participant and no systemic
or mucosal IgA or T cell responses after two vaginal vaccine doses. The primary difference
between this trial and the successful 2014 trial is the incorporation of heat-shock protein

in the latter, indicating the significance of administering a mucosal adjuvant to overcome
protective barriers in the vaginal mucosa and stimulate immunity.

These clinical trials are limited for several reasons. Anatomical differences between species
may explain the difficulty in translating promising results from animal studies (Table

2) to humans. Indeed, many small animals have a columnar single-cell layer epithelium
throughout the cervico-vaginal tract, which is a less imposing barrier to antigen penetration
than the human stratified squamous epithelium. Additionally, these studies enrolled small
sample sizes ranging from 9 to 34 women, thus variability in volume and composition of
biological samples may have significantly impacted the results of immunological assays.
Lewis et al. reported low T cell numbers in cytobrush samples, complicating phenotype
analysis and perhaps conflating reports of limited cellular activity with collection challenges.
The added complication of menstrual cyclicity and/or exogenous hormones modulating
vaginal immunity is difficult to control in human trials unlike animal studies. This challenge
will be discussed in further detail in section 7. In sum, vaginal HIV vaccination shows
promise, and investigating improved delivery or adjuvant strategies may yield successful
local immunity.

3.2.3 Delivery systems for vaginal HIV vaccines—Several drug delivery systems
for vaginal HIV vaccines have been attempted, primarily focused on addressing the
challenge of leakage of free-flowing liquid vaccines from the vaginal cavity. Solid dosage
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modalities allow for extended residency of antigen in the vaginal mucosa. Vaginal rings and
disks offer a convenient method of controlled protein and DNA vaccine release and have
demonstrated efficacy in enhancing mucosal antibody responses to protein immunogens
[74,79-82]. McKay et al. described a silicone elastomer vaginal ring containing three
freeze-dried, rod-shaped hydroxypropylmethylcellulose (HPMC) inserts [74]. Each HPMC
rod contained recombinant HIV-1 CN54gp140 protein with R848 as an adjuvant. Sheep
immunized by three vaginal ring instillations, each one week in duration, exhibited mucosal
antigen-specific 1gG and IgA that were significantly greater than systemic levels and a high
concentration of antigen-specific B cells in the DLN. This work demonstrated innovative
biomaterial fabrication by incorporating bioactive molecules into modular components of

a vaginal ring, which is typically limited in its ability to deliver biologics due to their

poor stability, solubility, and diffusion through polymeric materials. The potential for
codelivery of a topical antiretroviral presents a significant advantage of this strategy, as
microbicides can provide protection during the vaccination window in which adjuvants may
cause inflammation, possibly leaving the mucosa vulnerable to infection. Similar to vaginal
rings, vaginal disks offer an alternative controlled delivery matrix that has been proven to
effectively delivery protein vaccines and plasmid DNA to the vaginal mucosa [81,82]. These
studies used poly(ethylene-co-vinyl acetate) loaded with model antigens to provide sustained
release of DNA or protein into the vaginal mucosa for up to 60 days, resulting in high
antigen-specific antibodies in vaginal exudate. The female genital tract inactivates DNA very
easily and APCs patrol the vaginal mucosa at a frequency dependent on menstrual cyclicity.
Thus, it is advantageous to control and sustain the release of plasmid DNA to increase

the likelihood of cellular uptake. The tunability and versatility of solid dosage modalities
potentiates their use for vaginal vaccination against any candidate STI, including HIV.

Nanoparticles (NPs) and nanocomplexes have also been investigated in several studies, and
have the advantages of enhancing vaginal retention, mucus penetration, cellular targeting,
and permitting versatile formulation approaches which may endow delivery vehicles with
self-adjuvanting properties. Kawamura et al. conjugated concanavalin-A to polystyrene
nanospheres for delivery of inactivated HIV-1, showing high anti-HIV-1 IgA in vaginal
secretions after intravaginal vaccination with NPs compared to unformulated virus [83]. This
study demonstrates efficient uptake of antigen and the ability to safely conjugate adjuvant

to the polymer carrier. In order to investigate the role of NPs in generating cell-mediated
immunity, Ji et al. developed anionic polyethylene glycol (PEG) amino nanocomplexes with
a TAT-peptide coating to deliver HIV-gag protein expressing adenoviral vectors (rAd) to the
vaginal mucosa (rAD-TAT-APS) [84]. The hydrophilic PEG derivative (APS) was shown to
minimize hydrophobic entrapment in mucus, thereby enhancing penetration of encapsulated
antigen into the epithelium. Moreover, the TAT-peptide coating facilitated transduction of
epithelial cells with immunogenic cargo, offering efficient internalization by VECs and

DCs and accessing intracellular antigen presentation pathways to a TH1-type response.
Indeed, rAD-TAT-APS complexes resulted in significantly increased splenic populations
IFN-y-producing CD8* T cells and IL-4-producing CD4* T cells compared to unformulated
antigen in intravaginally immunized mice. Further studies are warranted to investigate the
establishment of resident T cell populations in vaginal tissue, however, this represents a
promising method of enhancing delivery of genetic material for vaginal vaccination.
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Numerous studies on vaginal vaccination have focused on gel-based approaches to

solving the challenge of rapid clearance of liquid vaccines. Gels such as poly-acrylic-acid
(Carbopol), hydroxyethylcellulose (HEC), thermosensitive poloxamer, and liposome-loaded
HEC gelling rods have been studied for delivery of HIV subunit vaccines to enhance

the duration of antigen exposure in the vagina [73,76,85-87]. Oh et al. developed a
mucoadhesive in situ-gelling drug delivery system for vaginal codelivery of a subunit
vaccine and a RANTES-expressing plasmid (pPRANTES) adjuvant [88]. The temperature-
sensitive poloxamer-based gel was designed to transition from a liquid at room temperature
to a mucoadhesive gel at body temperature, offering prolonged mucosal exposure to
antigen for over an hour after vaginal instillation. Administration of the hepatitis B surface
antigen and pRANTES gel enhanced mucosal and systemic immune responses compared

to unformulated vaccine/adjuvant and resulted in a durable antibody response 42 days

after immunization. The use of a vaginal gel is highly amenable to encapsulation of a
variety of antigens and adjuvants and is a promising advancement that parallels traditional
suppository delivery systems in preparation and administration. For greater penetration than
diffusion-based gel administration, Kanazawa et al. demonstrated the use of a jet injector
for DNA vaccination in the vaginal mucosa [89,90]. Jet injectors function by delivering a
liquid vaccine through a nozzle orifice at a high speed, effectively penetrating the stratus
corneum and upper epithelial layers to increase antigenic uptake. Vaginal vaccination with
the model plasmid ovalbumin antigen using the jet injector significantly enhanced vector
expression and resulted in increased vaginal IgA secretion and IFN-y expression compared
to needle-syringe injection. A follow up study showed this effect could be enhanced by
incorporating OVA into stearoyl peptide carrier and delivering with CpG-ODN; the addition
of adjuvants increased serum and vaginal 1gG compared to non-adjuvanted immunization.
Improved immunity using the jet injector may be explained by its ability to better coat

the vaginal mucosa with antigen; indeed, a wider distribution of pDNA solution within
local tissue resulted in heightened plasmid uptake and expression. These approaches are
also extensible to vaginal vaccination beyond HIV, and will likely significantly improve
immunogenicity and multifunctionality of vaccine protocols.

3.3 Herpes simplex virus

Herpes simplex virus type 2 is a common sexually transmitted infection that primarily
infects genital mucosal surfaces resulting in incurable genital herpes. This disease is
particularly severe in neonates and immunocompromised individuals. In women, it causes
ulcerative lesions at mucosal surfaces and can spread to the nervous system where it

persists in ganglia and causes recurrent symptoms [91]. The importance of preventing and/or
managing HSV-2 infection is two-fold: genital herpes contributes to significant worldwide
morbidity and mortality, and the presence of resulting genital ulceration increases the risk of
coincident STI transmission as it weakens epithelial barriers to viral entry [92,93].

3.3.1 Pathogenic infection and natural immune response—HSV-2 is a double
stranded DNA virus encapsulated by a viral envelope containing 12 distinct glycoproteins
which play a role in viral entry into vulvar epithelial cells. Infection begins with attachment
of glycoproteins B and C (gB and gC) to heparan sulfate proteoglycans on host cells

[94]. Cell entry occurs by direct fusion with the plasma membrane or by endocytosis [95].
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After entering the cell, HSV-2 migrates to the cell nucleus and expresses structural viral
proteins via a thymidine kinase (TK)-dependent pathway [94]. The virus then reassembles
and replicated virions instigate acute primary infection. After the initial lytic infection and
viral amplification in VECs, the virus rapidly migrates to sensory ganglia and enters a
latent phase, evading host detection until reactivation by external stimuli to the neuron.
Upon reactivation, the virus must egress the host neurons and travel in an anterograde
fashion towards mucosal surfaces, where viral shedding and possible symptomatic disease
progression reinitiates.

Over the course of HSV-2 infection, the virus encounters the host immune system at several
locations that warrant understanding in order to guide development of therapeutic and
prophylactic vaginal vaccines. It is impossible to study immune dynamics of neuronal
interactions with HSV in humans and no immune correlate of protection has been
established for any HSV induced disease in human or animal models. Here, we will focus
on the dynamics of viral encounter with the vaginal epithelium, as this is most relevant to
designing a vaginal vaccine and the most well characterized in humans. Like HIV, HSV-2
more efficiently infects the epithelium when cracks or abrasions exist in the protective
stratus corneum. The first immune cells that interact with HSV are LCs in the vaginal
mucosa that, along with VECs, express HSV receptors TLR-2 and TLR-9 [96]. Initial

LC or VEC detection results in cytokine secretion, including IFN-a, IFN-B, IL-12, IL-6,
and p-chemokines, which cause local inflammation and recruit effector monocytes [97].
B-chemokines also recruit T cells to the site of infection, where I1L-12 entrains CD4* T
cells to a TH1 pattern that activates a strong cytotoxic response necessary for clearing

virus. After antigen uptake in the vaginal epithelium, CD8* DCs migrate to the DLN and
present HSV antigens to CD8" T cells, whereas CD11* submucosal DCs stimulate CD4*

T cell activity [98]. Several studies show that the most effective adaptive immune response
to HSV-2 is mediated by Tyl CD4* T cells, which generate potent virus-specific IFN-y
capable of preventing lethal HSV-2 reinfection after vaccination in mice [99]. Cytotoxic T
cells are another promising target for eliciting mucosal immunity to HSV; however, their
functionality and residency must be considered. HSV suppresses MHC class | expression by
infected cells, an effect that is countered by CD4* T cell-released INF-y [100]. Therefore,
CD8™ T cells depend on activity from a T1 response in order to recognize infected
epithelial cells. Additionally, circulating effector memory CD8* T cells have been shown
to be ineffective at protecting against HSV challenge at epidermal and mucosal locations,
likely due to the delay in peripheral immunosurveillance and recruitment of circulating
lymphocytes [101]. Establishing local memory CD8* T cells (Trwm) that exhibit permanent
lodgment in the vaginal epithelium is therefore crucial to viremic control. Similar to

that described for HIV, HSV vaccination strategies would benefit from a “prime-pull”
approach which engenders mucosal tissue with appropriate T1-type cells or their effector
chemokines necessary to recruit effector memory CD8* T cells [102]. Finally, the role of

B cells in mediating HSV-2 infection is not well understood in humans. In a vaccine trial
including 8323 women vaccinated intramuscularly with a gD-2 HSV subunit vaccine, anti-
gD-2 antibodies correlated to protection against HSV-1, which is transmitted by oral-to-oral
contact, but not HSV-2 [103]. However, studies in mice show that 1gG effectively neutralizes
wild-type HSV-2 at mucosal surfaces to a greater extent than secretory IgA [91]. Thus,
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generation of antibody-mediated immunity by vaccination, particularly in the vagina which
contains a high concentration of local 1gG, may hold promise. Further study is warranted to
define cellular and humoral correlates of genital immunity to HSV-2.

3.3.2 Vaginal vaccines for HSV—There exists a relatively large body of work focused
on developing a vaginal HSV vaccine, much of which began in the 1990’s with Parr and
Parr demonstrating sterilizing immunity after vaginal administration of wild-type HSV-2,
which instilled long lasting 1gG-secreting plasma cells in vaginal tissue [104]. Parr and
Parr showed similar mucosal immunity marked by high vaginal Ab titers and local memory
T cell populations in response to intravaginal delivery of attenuated HSV-2 antigen [105].
Using live-attenuated virus to access an MHC class | antigen presentation pathway is an
effective approach to elicit a desirable CTL response. However, such vaccines are not
translatable to human use due to safety concerns as live virus can establish latent infection
in regional ganglia [106]. Thus, more recent attempts at achieving vaginal HSV immunity
have been focused on enhancing the immunogenicity of non-live vectors, predominately
subunit vaccines, in the genital mucosa (Table 3). Most studies effectively demonstrated
protection against vaginal HSV challenge after vaginal vaccination and more recent reports
demonstrate durable CTL responses in vaginal tissue lasting two to eight months after initial
vaccination. These successful strategies involve the use of lipopeptide subunit vaccines
that contain at least one CD8* T cell-targeting epitope, an important finding in the quest
for vaccine strategies that sufficiently engender mucosal tissue with protective T cells.
Lipopeptides are a relatively low-cost method of generating immunogens, and reports
suggest that conjugating adjuvant moieties directly to lipopeptides ensures a safer method
of targeting TLRs for antigenic uptake. An intravaginal vaccination study in mice showed
that extending an HSV-2 peptide targeting CD8* T cells with a palmitic acid moiety, which
is known to specifically target TLR-2, resulted in memory CD8* T cell seeding in the
vaginal mucosa [107]. Moreover, lipopeptide administration in TLR2~/~ mice resulted in

a significantly reduced lymphocyte response, faster disease progression, higher virulence
and earlier death upon HSV-2 challenge. This reflects the significance of TLR targeting

in overcoming immune tolerance and provides a strong premise for direct lipopeptide
conjugation in order to functionalize subunit vaccines. In another attempt to generate

safer HSV vaccines without compromising potency, Cuburu et al. used HPV pseudoviruses
(PsVs) to deliver multiple HSV genes, also demonstrating improved outcomes after vaginal
HSV challenge. Local antigen generation resulted in an amplified intraepithelial CD8* T
cell response, a feature which confers therapeutic potential to this vaccine [108]. The Ps\V
delivery system is theoretically much safer than traditional attenuated viruses, thus this is a
promising strategy that should be explored in higher order animals and potentially clinical
trials.

In an impactful study, Shin and lwasaki demonstrated an unconventional “prime-pull”
vaccination strategy using subcutaneous vaccination with attenuated HSV-2 followed by
topical vaginal application of CXCL9 and CXCL10 chemokines [102]. These chemokines
recruit CXCL3* T cells of the TH1 type as well as cytotoxic CD8* T cells. Thus, this
strategy was designed to prime lymphocytes systemically with HSV-2 antigen and pull
activated effector cells to the vaginal mucosa. Results showed high concentrations of CD4*
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and CD8* T cells in the vaginal mucosa after the chemokine pull and tissue resident
memory CD8* T cells persisted four weeks after treatment. This approach prevented

lethal HSV infection in mice and demonstrated that T1-effector molecules alone are
capable of coordinating a protective CD8" T cell response. This study emphasizes the
significance of orchestrating cellular-mediated immunity in vaginal tissue by local delivery
of immunogenic agents and it may be extensible to other infections and pathogenic states
that occur in restricted microenvironments. A drawback of this method is that it does not
induce local amplification of recruited T cells, which may limit its efficacy. This limitation
may be addressed by intravaginal boosting with antigen in addition to CXC chemokine
application. Interestingly, this may be a promising approach for HIV vaccination as well,
wherein induction of local CD4* T cell expansion may increase risk of infection and viral
amplification, but their effector chemokines are necessary for CD8* T cell mobility to the
vaginal mucosa.

3.3.3 Delivery systems for vaginal HSV vaccines—A few innovative studies have
focused on advanced drug delivery systems for vaginal HSV vaccination. In an early study,
He et al. used calcium phosphate (CAP), an adjuvant alternative to aluminum that is less
irritating when applied topically, as a polymeric nanoparticle delivery vehicle for an HSV-2
protein [109]. This delivery system resulted in a near 5-fold increase in vaginal IgA and

IgG lasting more than a month after vaccination, as well as a 5-fold decrease in clinical
severity of disease upon vaginal challenge. The nanoparticles allowed for improved antigen
retention and penetration in the vaginal mucosa, and self-adjuvanting properties of the
polymer matrix offered a safe and effective means of enhancing immunogenicity. This study
was limited in that it did not address cell-mediated immunity, though its authors posited that
the size of CAP NPs is ideal for APC uptake and generation of Ty1-type immunity. More
research is warranted to prove this feature of CAP NP delivery. To more directly facilitate
desirable MHC class I antigen presentation, Wang et al. recently developed microneedle
arrays for vaginal delivery of protein-loaded liposomes [110]. This vaginal adjuvant-dual
delivery system was administered by vaginal patching and resulted in enhanced penetration
through the upper layers of the cornified epithelium. Released cargo exhibited a unique
APC simulation profile in which mannosylated lipid-A liposomes (MLLSs) were taken

up by mucosal DCs and PEG-ylated stealth lipid A liposomes (SLLs) trafficked to DLN-
resident APCs. SLLs were loaded with ammonium bicarbonate (NH4HCO3) in addition

to antigenic cargo. Upon endosomal entrapment and liposome breakdown, the acidic
endosomal environment catalyzed NH4HCO3 breakdown into NH4* and CO,, the pressure
of which caused endosomal rupture and release of antigen into the APC cytoplasm for MHC
class | presentation. The resulting presentation of antigen by MHC class | and MHC class |1
molecules allowed for a mixed Ty1/TH2 response and potent stimulation of CD8* cytotoxic
T cells. This approach also elicited a strong humoral response and generated memory B cells
as well as Ty, and Tgp CD4* and CD8* T cells upon antigen restimulation. The use of a
microneedle array in combination with strategically engineered liposomes to direct antigen
presentation illustrates a well engineered system that not only elicits effective immunity but
may enhance patient comfort with a needleless delivery system.
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Advances in delivery systems may allow us to realize not only prophylactic vaginal
vaccination, but therapeutic vaccines as well. Agelidis et al. described a novel microbicidal
and vaccine-like platform (termed microbivac) to combat primary and secondary female
genital herpes infection [111]. The therapeutic vaccine-like technology uses zinc oxide
tetrapod nanoparticles (ZOTEN) that entrap HSV-2 virions, prevent cell entry in the vaginal
epithelium, and present antigen to APCs to generate an appropriate immune response.
They found that vaginal treatment with ZOTEN-HSV-2 resulted in virus neutralization and
a significant decrease in viral shedding marked by diminished vaginal lesions. However,
they reported a decrease in intravaginal CD11* DCs and CD45* T cells in response to

this treatment, reflecting a decline in immune surveillance and immune memory. This
finding is in contrast to a previous study by this research group which showed that
ZOTEN facilitated antigen uptake by ex vivo cultured DCs, and vaginal instillation caused
proliferation of CD4* and CD8* T cells. Such data would reflect adjuvant properties and
the potential of ZOTEN to transform live virus into a vaccine [112]. Authors reasoned that
new reports of reduced immune cell activation is the result of decreased inflammation and
viremic control, a product of the therapeutic activity of this microbivac. It is unclear how,
then, ZOTEN may enhance adaptive immunity to HSV. Further elucidation of the nature
of antigen sequestration and presentation is warranted to better understand the immune
cascade responsible for bolstering adaptive immunity to HSV, thereby making this approach
a true therapeutic vaccine, rather than prophylactic microbicide. This technology holds
immense potential given further study, as the use of viral-sequestering oxidative material
to neutralize live virus and transform it into an immune-bolstering vaccine may have
significant implications for patients facing secondary infection with HSV-2.

4. Immunology and vaginal vaccination against bacterial sexually
transmitted infections

Bacterial infections of the genitourinary tract contribute largely to the STI burden among
women and individuals with FRT anatomy. Infections caused by Chlamydia trachomatis and
Neisseria gonorrhoeae can have detrimental effects on the female reproductive tract; both
pathogens can cause pelvic inflammatory disease, increased risk of ectopic pregnancy, and
result in tubal-factor infertility. Though these bacterial infections manifest most severely
if they ascend into the upper reproductive tract, lower FRT infection is common and may
be preventable by vaginal vaccination strategies. To date, very little investigation has gone
into intravaginal vaccine delivery to combat these two pathogens, which is likely due to
unique difficulties in eliciting protective immunity against reinfection and the prominence
of effective antibiotic treatment options. Here, we will discuss the mechanisms by which
C. trachomatis and N. gonorrhoeae fail to induce adaptive immune responses to provide
background for the modest body of research focused on overcoming this challenge to
develop vaginal mucosal vaccines.

4.1 Chlamydia trachomatis

4.1.1 Pathogenic infection and natural immune response—Chlamydia
trachomatis is a gram-negative, intracellular parasitic bacteria that, much like other STIs
discussed here, initially targets epithelial cells in the FRT via extracellular elementary
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body binding to the cell surface. Upon entry into a target epithelial cell, the bacteria
becomes metabolically active and divides by binary fission, eventually occupying the
majority of the host cell cytoplasm and ultimately causing cell lysis. Epithelial cells

warn of infection after detection by TLRs via upregulation of proinflammatory cytokine
expression, including IL-8, GROa,, GM-CSF, IL-6, and IL-1a [113]. Unlike other mucosal
infections, this inflammatory signaling is not transient, rather it is self-perpetuating and
causes chronic inflammation marked by high-density neutrophil infiltration, tissue damage,
and pathological scarring that is responsible for associated sequalae [114]. Studies indicate
that adaptive T cells, specifically MHC class-II restricted CD4™ T cells, are required

for protective immunity against C. trachomatis infection [115,116]. However, adaptive
immunity responsible for natural clearance of C. trachomatis is not durable. Studies of
vaginal inoculation in guinea pigs show that despite abbreviated cellular and humoral
response time upon secondary infection, immunity waned when secondary exposure was
delayed, resulting in repeated primary inflammation [117]. In natural infection, CD8* T
cell and antibody responses do not correlate with protective immunity, and the adaptive
CD4™* T-cell response that does occur is of the Ty17-type, which is associated with IL-17
production and neutrophil recruitment [114]. The lack of a productive immune memory
upon C. trachomatis reinfection results in compounding tissue damage caused by recurrent
inflammation and scarring. In order to combat the immunopathology of C. trachomatis
infection, vaccination must lead to the induction of tissue-resident Tyl and T2 responses
which can dampen pro-inflammatory Ty17 cells through INFy and 1L-12 secretion and
resolve infection in a less destructive fashion. Based on data in animal models and
available studies of human infection, recruitment of chlamydia-specific CD4* lymphocytes
to the vaginal mucosa and the presence of local neutralizing 1gG antibodies are likely
central correlates of protective immunity [118]. Considering deficiencies in human immune
memory to Chlamydia, protective immunity is analogous to therapeutic vaccination with a
goal of minimizing the duration of infection, enhancing immune response to reinfection, and
reducing viral shedding to improve epidemiological outcomes.

4.1.2 Vaginal vaccine delivery for Chlamydia trachomatis—\WVaginal vaccination
against Chlamyadia trachomatis must exhibit sufficient immunogenicity to elicit an adaptive
immune response while avoiding immune mediation that results in Ty17-type inflammatory
signaling, which may worsen disease outcomes upon infectious challenge. Two studies have
used subunit vaccines as a means of striking this immunogenic balance and directing a
productive Tyl response. Singh et al. used a fusion protein consisting of C. trachomatis
major outer membrane protein (MOMP) MoPn Niggll linked to cholera toxin [119]. They
saw very modest mucosal and systemic 1gG, specifically 1gG2a, with no IgA secretion

after vaginal vaccination. Alternatively, intranasal immunization increased mucosal antibody
responses and resulted in a lower viral IFU after vaginal challenge. Similarly, Carmichael et
al. attempted mucosal vaccination with a C. murigarum MOMP with CpG and montanide
adjuvants in mice using a combined administration approach [120]. Primary mucosal
immunization in the vagina and colon was followed by an identical mucosal booster or

a systemic booster comprised of intramuscular and subcutaneous injections. They showed
that systemic and mucosal antibodies, which favored 1gG over IgA, as well as T-cell
responses, were only elicited after the systemic booster. Further, systemic boosting was
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the only approach that provided protection against infertility after chlamydial challenge.
These studies show that vaginal delivery of protein-based vaccines has been ineffective at
eliciting even modest humoral responses and has not been protective against Chlamydia

in mice models. Genetic immunization with viral vectors and plasmid DNA has proven
more successful. Ekong et al. tested vaginal immunization in mice with a Vibrio cholerae
ghost vector expressing C. trachomatis MOMP and CTA2B, a nontoxic CT adjuvant [121].
Vaccination elicited high systemic 1gG2a titers and modest IgA with significant serum
IFN-y concentration indicative of a Tyl response; a similar response was seen in the
vaginal mucosa with a preference for IgA over 1IgG2a. Mice immunized with antigen

and adjuvant effectively cleared C. muridarium infection, a significant finding as animals
were vaccinated with a human serovar-D derived MOMP. Thus, this vaccine offered cross-
protection against a heterologous chlamydial serovar, indicating potentially broad protection
by conserved neutralizing B cell epitopes. Slightly less success was observed in Schautteet
et al.”s study investigating vaginal prime and boost in pigs with plasmid DNA expressing
C. trachomatis E MOMP [122]. Vaccination with CM-CSF, LTA/B, and CpG induced high
serum IgM, 1gG, and IgA titers as well as PBMC proliferation after vaginal challenge.
However, mean production of IFN-y in lymphocyte cultures from the spleen, pelvic lymph
node, and cervical lymph node were equivalent to unvaccinated animals or even reduced,
indicating the lack of a productive Tyl response. Indeed, systemic IL-10, an anti-IFN-y
cytokine, expression increased modestly over a 72 hour time course after vaccination. Upon
vaginal challenge with C. frachomatis, vaginally immunized pigs experienced significantly
less macroscopic lesions, vaginal excretion and viral replication; however, all animals
failed to completely clear infection. This study illustrates the importance of eliciting a
local Tl response to combat chlamydial infection as a strong humoral response was
insufficient. Ultimately it seems genetic immunization holds the most promise for effective
vaccination against Ch/amydia, and the choice of genetic delivery vector may play a role
in eliciting sufficient cell-mediated immunity. Incorporating adjuvants that stimulate TLRs
which preferentially initiate a Ty1-type response should also be further investigated.

4.2 Neisseria Gonorrhoeae

4.2.1 Pathogenic infection and natural immune response—Negisseria
gonorrhoeae infection exhibits many similarities to that of Chlamydia. The gram-negative
diplococci bacteria infects non-cornified epithelium in the lower genitourinary tract,
primarily the cervix. Upon gonorrheal exposure, TLR4 on epithelial and local immune cells
recognize the lipid A moiety of N. gonorrhoeae lipooligosaccharide [123]. Recognition
results in upregulation of local proinflammatory signaling, causing a drastic influx of
neutrophils and recruitment of a Ty17 T cell response characterized by TGF-p and 1L-10,
much like Chlamydia. Despite its propensity for immunostimulation, N. gonorrhoeae is
adept at evading host antibody-mediated immunity due to antigenic variation and dampening
the Tyl and T2 pathways, thereby manipulating cellular responses towards a nonprotective
neutrophilic response. Not only does neutrophil infiltration result in tissue damage via
protease and histone-mediated extracellular matrix degradation, any productive role it holds
in combatting N. gonorrhoeae infection is thwarted by unique features of the bacteria which
limit granule fusion between phagosomes and the cellular membrane [124]. Because of

its ability to evade and diminish a natural immune response, gonorrheal infection requires
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antibiotic treatment to prevent ascension into the upper FRT, where it may cause serious
complications in the fallopian tubes including tubal factor infertility. Vaccination against V.
gonorrhoeae has become increasingly desirable due to the escalation of antibiotic resistance,
however, there are several unique challenges to developing a systemic or mucosal vaccine.
Like C. trachomatis, one exposure to N. gonorrhoeae does not confer protective immunity
upon reinfection in humans. Additionally, determinants and correlates of immunity are
unknown, and N. gonorrhioeae displays highly variable antigenicity, adding complexity to
assessing specific immune responses to pathogenic variants of the Ne/fsseria species [125].

It is likely that, in accordance with chlamydial vaccination strategies, polarizing a local Tl
response and suppressing the proinflammatory Ty17 is necessary for protective immunity.
A strategy that addresses gonorrheal tropism with multivalent antigens, for example, may be
necessary to resolve challenges with antigenic variation. Further investigation is needed to
inform precise correlates of mucosal immunity for the bacterial STIs described here.

4.2.2 Vaginal vaccine delivery for Neisseria Gonorrhoeae—There exists only
a modest body of work focused on prophylactic vaginal vaccines to prevent N.
gonorrhoeae infection. Liu et al. demonstrated the use of locally administered chemokines
to induce a protective immune response to gonorrhea [126]. IL-12, a potent stimulator

of Tyl-associated cellular activity, was formulated in polylactic acid microparticles and
delivered intravaginally. Polymeric encapsulation allowed for topical delivery of IL-12
that was nontoxic to the genital mucosa and resulted in dramatically enhanced local

Tyl and antibody activity. The sustained release formulation allowed for a durable
response that effectively defended against gonococcal challenge. The group also showed
that microencapsulated anti-TGF-p and anti-1L-10 antibodies can effectively augment a
productive immune response to N. gonorrhoeae, likely due to inhibition of suppressor
functions. Vaginal instillation of encapsulated agents was significantly more effective in
preventing infection at lower doses than parenteral injection and induced resistance to
secondary infection. This study potentiates the use of microencapsulated cytokines as
mucosal adjuvants capable of converting gonococcal infection into a live vaccine. In a
later publication, this group combined their IL-12 microencapsulation strategy with a
protein vaccine consisting of gonococcal outer membrane vesicle. Vaginal delivery of
these agents resulted in a Ty1-driven response with high mucosal and systemic IgA and
IgG titers, specifically 19G2a, corresponding to T1-mediated immunity. This immunity
persisted for several months and conferred resistance to multiple heterologous strains of
N. gonorrhoeae. Liu et al.’s work confirms the importance of augmenting a Tyl immune
response and suppressing Ty17 cell mediated immunity to prevent gonococcal infection,
an approach which may be extensible to combatting Chlamydia as well. Significantly, they
also elucidated a primary correlate of immunity to N. gonorrhioeae, which was shown to be
centrally dependent on IFN-y secretion. Thus, vaccine strategies that elicit local memory
CD4* T cell production of IFN-y should be prioritized for prevention of bacterial STls.
Further, polymeric encapsulation of immunomodulatory agents is a promising strategy for
vaginal delivery to elicit local recruitment of effector lymphocytes.
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4.3 Vaginal vaccine delivery for other genitourinary infections

Several other common genital infections may be prevented or remediated by vaginal
mucosal vaccination, though efforts to develop such vaccines have been less frequent

and robust than the STIs discussed here. Of particular significance is a vaginal vaccine
against urinary tract infection which was investigated by the Uehling group and culminated
in multiple Phase 2 clinical trials [127,128]. This group modified the delivery of a

UTI multivalent vaccine called Urovac, which was developed in Europe for parenteral
administration and consists of a mixture of heat killed bacteria from 10 human
uropathogenic £. coli strains. In their latest study, UTI-susceptible women were treated with
Urovac administered in a PEG-based vaginal suppository. Patients given six vaccinations
over the four month trial period showed delayed time until reinfection and 54% of
participants in this group experienced no UTI’s by the final booster. Though this was a
significant improvement over the untreated group and resulted in minimal side-effects, this
study was not followed by a Phase 111 trial likely due to the modest efficacy at protecting
against non E. coliinfections and the need for a high number of treatments. These results
indicate the relatively low immunogenicity of this vaccine when delivered vaginally and
implies the need for further investigation of appropriate delivery systems and mucosal
adjuvants to enhance immunity. Due to the increase in antibiotic resistance, the use of a
vaccine to prevent recurrent UTIs is highly desirable and will likely see continued interest in
the future.

5. Mucosal adjuvants for vaginal vaccination

Mucosal adjuvants play a critical role in successful vaccination. Effective adjuvants

contain immune stimulatory motifs that bind host cell PRRs which upregulate pro-
inflammatory signals and co-stimulatory molecules on APCs to activate naive lymphocytes.
At mucosal surfaces enriched with TGF cytokines, such as TGFp in the vaginal

mucosa, pro-inflammatory signaling typically induces a Ty17-type response [129]. As
previously discussed, this is a harmful consequence of natural infection with sexually
transmitted pathogens. Thus, mucosal adjuvants for vaginal vaccination must achieve
sufficient potency to stimulate long-lasting immune memory while not exacerbating
harmful inflammation or damaging vulnerable mucosa. Mucosal adjuvants fall under
several categories, including TLR agonists, cytokines, attenuated bacterial enterotoxins,
and bioadhesives. The mechanisms by which these agents enhance mucosal immunity

have been reviewed in full elsewhere [129]. Common adjuvants such as cholera toxin

and granulocyte macrophage colony stimulating factor (GM-CSF) are often administered
intravaginally with weakly immunogenic peptide and subunit antigens; both have been
shown to enhance cell-mediated immunity and an ADCC response in the vagina [130-132].
CpG oligodeoxynucleotide (ODN), a TLR9 stimulant, has also been used as a mucosal
adjuvant in several vaginal vaccination studies where it is associated with a protective

Tnl response in vaginal tissue, increased NK cell activity, and enhanced Ab secretion [133-
135]. Additionally, co-administration of polymeric penetration enhancers polyethyleneimine
and chitosan has been shown to enhance trans-mucosal bioavailability of intravaginally
administered vaccines, effectively augmenting Ag-specific IgG titers [136]. Adjuvants that
specifically recruit memory T cells to mucosal tissue may be the most advantageous in
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preventing viral sexually transmitted infections. Tan et al. explored the use of all-trans
retinoic acid (ATRA) as an adjuvant to enhance recruitment of effector and memory CD8*

T cells to mucosal tissues [137]. ATRA exerts pleiotropic effects on numerous cell types

by binding to widely expressed nuclear retinoic acid receptors. It is known to induce T cell
expansion and upregulate expression of CCR9 and the integrin a 47 on lymphocytes, both
of which mediate T cell migration to mucosal surfaces. Indeed, upon administration with a
systemic vaccine, ATRA caused increased CD8" T cell expression of CCR9 and a4f7 in the
spleen, ILN, and vaginal mucosa after intravaginal vaccina virus challenge. This approach
also facilitated establishment of a resident population of memory CD8* T cells at mucosal
sites, which contributed to better protection against vaginal challenge. This significant
influence on T cell recruitment potentiates the use of retinoic acid as an adjuvant for

vaginal vaccines against viral STIs, protection against which is correlated with local CTL-
mediated immunity. Beyond traditional vaccination, the use of adjuvants alone has been
shown to stimulate protective immunity in the vaginal mucosa. MacKay et al. demonstrated
that intraepithelial CD8* Try cells can be generated in the absence of in situ antigen
presentation. Indeed, inflammation caused by sensitizing agent 2,4-dinitrofluorobenzene and
mechanical agitation enhanced Trp lodgment and these cells offered superior protection
against mucosal infection than circulating memory T cells [101]. These findings agree with
the idea that Trp cells are crucial for mucosal protection and substantiate studies that
demonstrate the utility of inflammatory mediators as adjuvants for vaginal vaccines.

The choice of live or attenuated viral vectors can lend self-adjuvanting properties to a
vaccine; indeed, the use of more potent viral vectors for genetic immunization has been
shown to meaningfully enhance mucosal immunity. Cuburu et al. used an HPV PsV as

a delivery vector for genetic immunization and showed that vaginal prime/boost with
heterotypic HPV PsV’s overcame type-specific antibody neutralization, allowing for robust
systemic and intraepithelial CD8* T cell responses [64]. Their results demonstrated that the
potency of HPV PsV’s was responsible for inducing maturation and expansion of tissue
resident CD8" T cells in the vaginal epithelium. Thus, HPV and other more immunogenic
viral vectors can be said to have an adjuvant-like effect in directing durable immune
response and memory. Self-adjuvating subunit vaccines have also been described. Zhang

et al. showed that TLR2-stimulating lipopeptides extended with a palmitic acid moiety

and delivering HSV glycoproteins elicited protective CD8* T cell responses in the vaginal
mucosa that effectively defended against HSV challenge [107]. The ability to conjugate
adjuvant moieties directly to lipopeptides offers a safer and perhaps more effective means of
stimulating immune mediators upon vaccination.

6. Challenges and future directions

There are numerous challenges associated with vaginal vaccination that have been
highlighted here, including innate physical barriers and immune privilege of the FRT that
prevent antigen penetration and suppress immunogenicity. The vaginal mucosa is generally
considered a poor inductive site for humoral immunity, however promising evidence
suggests that adaptive cellular responses may be locally orchestrated, potentiating vaccine
strategies that leverage T-cell mediated immunity to prevent infection [28]. This represents
a general paradigm shift in defining correlates of immunity and assessing vaccine efficacy.
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Typically, serum or secreted antibody titers are the primary indicators of immune protection
generated by vaccines. It is clear that studies must assay local induction of protective CD4*
and CD8* T cell responses as well as persistence of resident memory cell populations to
fully characterize immunity in vaginal tissue. Study designs must also consider immune
regulation mediated by the menstrual cycle, which is perhaps the most formidable barrier
to effective vaginal vaccination. Administrating estrogen has been shown to significantly
reduce immune protection afforded by vaginal vaccines and even induce tolerance, whereas
progestin results in increased plasma cell localization in the vagina and enhanced antibody-
mediated protection [105,138]. It is unclear the precise mechanisms by which estrogen
commits immunosuppressive functions, but its effects are well documented — estrogen limits
antigen presentation by DCs to naive T cells and increases TGF-p production in vaginal
tissue, which in turn regulates APC, NK cell, and T cell activity.

Due to significant interference imposed by reproductive hormones on immune regulation,
controlled vaginal vaccine studies rely on exogenous hormone administration, typically
Depo-Provera, a long acting progestin, to control estrous cyclicity. Depo-provera is effective
at maintaining a cycling animal in diestrous, which correlates with an increase in mucosal
CD8* T cell localization, formation of IVALT, accumulation of CD11c™ cells, and thinning
of the vaginal epithelium to enhance antigen penetration [28]. There is, however, a limit

to the efficacy of progesterone in enhancing vaccine immunogenicity. Studies show that
prolonged exposure to progesterone prior to intravaginal vaccination can attenuate immunity
to viral pathogens. Gillgrass et al. demonstrated that exposure to Depo-Provera for 15 days
prior to vaccination resulted in significantly decreased T cell proliferation and ag-specific
IgG and IgA in vaginal secretions after HSV-2 challenge compared to exposure for 5 days
[139]. It is expected that native susceptibility to viral challenge would increase after Depo
treatment due to the thinner epithelium, but that this would be compensated by greater
vaccine-induced immune protection due to improved antigen penetration. This was the

case for a shorter interval of progesterone exposure, but longer exposure was shown to
attenuate early IFN-y secretion in the innate phase of antigen recognition. IFN-y plays a
central role in coordinating NK-cell mediated immunity and antigen presentation requisite
for a an adaptive TH1 type response; thus, sustained progesterone exposure can suppress
early signals necessary to develop a robust humoral and cell-mediated defense, thereby
dampening immunity. The choice of animal model plays a role in methodology to control
estrous cyclicity. Mice and pigs are polyestrous, thus have an estrous cycle throughout

the year; sheep are seasonally polyestrous and therefore do not always require hormonal
regulation. Conveniently, rabbits do not have an estrous cycle and only ovulate after coitus,
so vaginal vaccination can be performed irrespective of treatment or annual/cyclic timing.
However, the ability to control cyclicity in animal models does not necessarily address the
challenge of translating vaginal vaccines to human use. Previous clinical trials have tried
different approaches to either control or account for variations in menstrual cyclicity by
immunizing at the same time or throughout the menstrual cycle, respectively [75,76]. It is
difficult to extrapolate how menstrual timing affected vaccine success as neither intervention
elicited any immunity. Further complicating this challenge is the fact that many women take
exogenous hormones for contraception, which confounds epidemiological studies aimed at
gaining a fundamental understanding of the influence of sex hormones on vaginal immunity.
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It is critical to better understand and address hormonal factors affecting vaginal vaccination
success in humans such that promising vaccine candidates may move towards ameliorating
the burden of STIs. Additionally, the influence of the vaginal microbiome on adaptive
immunity is largely unknown and remains to be studied; as such, the interplay between the
microbiome and vaginal vaccination has not yet been reported.

Intravaginal vaccination is a complex challenge, therefore several studies have explored
other mucosal vaccination sites in pursuit of generating vaginal immunity. Reports
demonstrate that intranasal (i.n.) vaccination is effective at eliciting antigen-specific
antibodies in vaginal secretions [140,141]. One proposed benefit of i.n. vaccination is its
superior ability to elicit IgA responses in the vagina, which is not typically considered

an inductive site for IgA and favors a secretory IgG antibody profile. Conflicting reports
support or contradict this hypothesis and it seems that vaccine type likely plays a role

in dictating i.n. immunogenicity in the vagina [105,142]. Additionally, researchers may
leverage novel drug delivery strategies for vaginal vaccination to achieve a variety of goals,
including enhanced antigen uptake and the ability to engineer multifunctional immunogenic
components to direct host response. These features may be attained by considering
mucoadhesion, mucus penetration, inflammatory response to biomaterials, controlled release
for automated prime/boost schemes, and so on. Solid dosage forms capable of encapsulating
physiochemically diverse agents, such as electrospun nanofibers, microneedle arrays,
thermosensitive polymers, and so on, are cost effective methods of enhancing antigenic
exposure and conferring multifunctionality to vaccine delivery schemes. Eventual clinical
translation of vaginal vaccine administration will likely necessitate administration methods
that are amenable to clinician use and acceptable to patients. Strategies beyond traditional
vaccination hold immense potential to enhance adaptive immunity in the vaginal mucosa.
Cellular immunotherapy, such as adoptive transfer of immunogenic DCs, is an effective
method of overcoming challenges imposed by classical mucosal vaccine delivery in
solution such as the relatively low frequency of APC sampling. Adoptive transfer of
autologous, antigen-loaded DCs has been successful in eliciting immune responses upon
sublingual and intranasal administration [143,144]. Recently, Park et al. demonstrated that
ex vivo programming of BMDCs with GM-CSF or human fms-related tyrosine kinase

3 ligand (FIt3-L) can differentially drive phenotypic and migratory behavior of adoptive
DCs. Adoptive transfer of FIt3-L-programmed DCs in the genital mucosal using chitosan
enhanced trans-epithelial migration and induced significant antigen-specific CD4* and
CD8* T cell proliferation in the DLN [145]. Cell-based vaccination in the vaginal mucosa
may be an effective means of overcoming physical and immunosuppressive barriers in

the FRT to elicit enhanced local immunity. Future investigation is warranted to elucidate
mechanisms by which we may control and enhance adoptively transferred DC activity.

Conclusion

Vaginal vaccination is a promising approach to alleviate the enormous burden of STIs on
individuals with female reproductive anatomy. Advances in drug delivery will undoubtedly
improve the efficacy and tolerability of immunization strategies, as will strategic codelivery
of effective adjuvants to overcome innate immune barriers. Induction of local resident

T cells is a necessary component of vaginal immunity and as such, future studies in
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animals and humans must be designed to evaluate meaningful correlates of adaptive mucosal
immunity beyond humoral responses alone. Defining clear and reliable metrics of immunity
will facilitate translation of prominent vaccine candidates, particularly for HIV and HSV,
which seem the closest to realizing clinical use, to human trials. Studies may also use
vaginal vaccines as a tool to gain fundamental knowledge about poorly understood immune
mechanisms in the vaginal mucosa, such as induction of immune memory to combat
bacterial STIs and the influence of menstrual cyclicity on vaccination. Advances in vaginal
vaccination will continue to expand our understanding of genital mucosal immunology,
prompt developments in drug delivery technology, and eventually challenge our ability to
facilitate equitable and economic deployment of vaccines globally.
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Figure 1. Differences in the immunological milieu of the upper and lower female reproductive

tract.

The upper FRT, comprised of the ovaries, fallopian tubes, uterus, and endocervix, is a
sterile environment with type | mucosa. As such, it contains organized mucosa-associated
lymphoid tissue (MALT) and exerts constitutive immune surveillance via intraepithelial M
cells. 1gA is the primary immunoglobulin secreted by the upper FRT, though 1gG and IgM
are also supplied. Antibodies and antimicrobial factors wash into the lower FRT, which is
made up of type Il mucosa. The ectocervix and vagina do not have MALT or M cells,

but possess intraepithelial Langerhans cells which periodically patrol the vaginal lumen. A
sequence of draining lymph nodes receive APCs from and prime adaptive immune cells for

the FRT.
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Figure 2. Soluble factors modulate immunogenic and tolerogenic responses in the vaginal
mucosa.

Inflammation or tolerance is largely determined by PRR signalling from specific APC
subtypes. TLRs and C-type lectin receptors (CTR) on CD14* smDCs and macrophages
preferentially initiate release of several proinflammatory cytokines and chemokines with
pleiotropic effects on immune cell recruitment and activation. On the other hand, VECs
and cvLCs commonly patrol commensal bacteria and non-pathogenic infiltrate in the
vaginal lumen and thus initiate tolerogenic signalling, primarily via release of TGF-p.
Immunosuppressive cytokines inhibit antigen presentation and induce regulatory T-cell
activation. Treg Cells detect and suppress Ty1, T2, and TH17-type responses, inhibit CTL
activity, and secrete additional cytokines to maintain a suppressive milieu.
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Figure 3: Dominant menstrual hormones affect immunity in the vaginal mucosa.
The follicular and preovulatory phases are dominated by estradiol, resulting in a general

increase in immune tolerance. The luteal phase is dominated by progesterone, which causes
significant thinning of the epithelium compensated by an increased immune secretory
profile.
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