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Sexually transmitted infections (STIs), especially HIV/AIDS and HSV-2,
continue to be a devastating burden on societies around the world. The close link between
HSV-2 and HIV-1, the role of inflammation in driving these infections, and the limited
success and availability of prophylactic and therapeutic measures underscore the need for
continued search of alternative means of protection. Characterization of endogenous
antimicrobials, especially those local to the female genital tract and actively regulating
inflammatory and antiviral responses, could be beneficial for microbicidal trials.
Although regulators of mucosal immunity, such as serine antiproteases, trappin-2 and
elafin (Tr/E), have been associated with resistance to HIV-1, their antiviral activity
remains poorly understood. Thus, the research presented in this thesis centers on
characterization of antiviral properties of Tr and E individually and their potential
mechanisms in defense against HSV-2 and HIV-1 in the female genital mucosa. Chapter
2 examines T1/E contribution to antiviral host defense responses elicited by a synthetic
mimic of viral dsSRNA, polyl:C. Chapter 3 documents the presence and characteristics,
including potential mechanisms, of antiviral activity of Tr/E against in vitro and in vivo
HSV-2 infection. Chapters 4 and 5 determine the contribution of Tr/E to the natural anti-
HIV-1 protection of CVL and structural characteristics, mode(s) of action, and cellular
distribution/localization of antiviral Tr/E proteins. Therein, we present novel properties of
each Tr/E by demonstrating their inhibitory and multiple effects against both HSV-2 and
HIV-1. These effects appear to be mediated either through virus or cells and be
associated with altered viral attachment/entry, transcytosis and infection, innate viral
recognition, modulated inflammation and increased antiviral protection of cells. Reported
antiviral activity of Tr/E was also contextual and exerted, at least in HEC-1A cells, via
autocrine/paracrine mode and depended on elafin’s nuclear localization and its
unmodified N-terminus. Tr/E may represent viable candidates for further studies in the

field of STIs.
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Introduction



Sexually Transmitted Infections

Sexually transmitted infections (STIs) remain a major public health concern and a
great cause of morbidity, financial burden, infertility, and even mortality in both
industrialized and developing countries (UNAIDS, 2007; WHO, 2001). In total, over two
dozen of bacterial, viral and parasitic infections are known to be transmitted via sexual
encounter, and they account for almost 340 million STI cases annually around the globe
(WHO, 2001). It is believed, though, that STIs numbers are underestimated, as social
stigma prevents people from seeking medical health, and there is also no single
organization gathering statistics for STIs worldwide regularly, while many countries have
their own ways of reporting infection rates.

These STIs include infections, such as those caused by Neisseria gonorrhoeae,
Chlamydia trachomatis, human papilloma virus (HPV), and Treponema pallidum that can
be successfully treated when diagnosed at the right time (CDC, 2010). However, at the
other end of the spectrum are infections with limited success in treatment/cure as well as
in common availability and effectiveness of preventive measures. The latter infections are
human immunodeficiency virus type 1 (HIV-1), a causative agent of acquired
immunodeficiency syndrome (AIDS), and herpes simplex virus 1 and 2 (HSV-1 and

HSV-2) that cause human herpetic ulcerative infections.

HSV-2 and HIV-1 interplay

HSV-2 and HIV-1 often co-exist, with HSV-2 facilitating HIV-1 infection
(Cohen, 2004; Sobngwi-Tambekou et al., 2009). Preexistence of HSV-2 establishes local
milieu that is more conducive to the acquisition and increased transmission and
progression of HIV-1 (Celum, 2004; Sheth et al., 2008). Such a milieu is likely a result of
collective events, including breached integrity of mucosal barrier due to genital
ulcerations (O'Farrell, 1999), microbial stimulation through innate sensing (Kurt-Jones et
al., 2005; Kurt-Jones et al., 2004), increased target cell influx (Koelle et al., 2000), and
altered levels of protective antimicrobial innate factors and endogenous flora (Fakioglu et

al., 2008; Kaul et al., 2008). Following HSV-2 and HIV-1 acquisition, these events can



be further maintained, in part, through immune activation and inflammation due to
dysregulated immune responsiveness and increased activation of cellular transcription
factors activating protein (AP)-1 (Jang et al., 1991; Spandidos et al., 1989) and nuclear
factor kappa B (NF-xB) (Equils et al., 2004; Li et al., 2009a). The immune activation and
inflammation may occur at any point throughout the course of each HSV-2 and HIV-1
infections. But perhaps, these events are most pivotal during the early events of virus-
host interaction and surrounding the establishment of primary HSV-2 or HIV-1 infection.
Hence, in our studies, we primarily focused on the early events as well as inflammatory
and antiviral responses following HIV-1 and HSV-2 stimulation in the female genital

epithelial cells (ECs) and mucosa.

Current prophylactic and therapeutic measures against HSV-2 and HIV-1

Considering the overall globally limited availability and accessibility to anti-
HSV-2 and anti-HIV-1 drugs and their high costs, as well as their ineffectiveness in
curing already established diseases, having a preventive vaccine would clearly represent a
better option for controlling the spread of HSV-2 and HIV-1. However, despite our
understanding now that HSV-2 and HIV-1 are predominantly mucosally transmitted
pathogens (Al-Harthi and Landay, 2001; Cunningham et al., 2006), we are still far from
clearly defining the characteristics of protective immune responses at mucosal surfaces,

which hinders the development of effective prophylactic and therapeutic measures.

Vaccines

Indeed, despite many attempts at designing effective vaccines in the HSV-2 field,
including those with glycoprotein subunits, genetically modified live virus, replication-
impaired mutants, DNA-based products, and vector-based vaccines (Stanberry and
Rosenthal, 2005), their overall success is inconsistent and limited (Belshe et al., 2012;
Cohen, 2010). Such results could be attributed, at least in part, due to efficient

manipulation of and escape from the host’s immune surveillance by virus.



Similar to HSV-2, an overall success of HIV-1 vaccines remains limited, although
recent findings may hold promises for having successful prophylactic and therapeutic
vaccines in the near future (McMichael and Haynes, 2012; Rappuoli and Aderem, 2011).
Indeed, previously, many attempts with prophylactic HIV-1 vaccines (Flynn et al., 2005;
Pitisuttithum et al., 2006) failed, potentially reflecting our poor knowledge of the
pathogenesis of HIV/AIDS, as well as of viral complex structure, its global diversity, and
mutagenicity. Recently, however, a community-based RV 144 trial in Thailand finally
showed some protection (Rerks-Ngarm et al., 2009). Albeit offering only modest 30%
protective effect, this trial provided an insight for future vaccine trials suggesting that the
induction of both cell- and antibody-mediated responses might offer the ultimate
protection. Additionally, another vaccine trial just commenced in January of 2012 in the
USA; being led by a Canadian researcher Dr. Kang, this vaccine is based on a whole
genetically-modified inactivated virus as an antigen and has high expectations in the HIV
field. The results of this trial are not available yet, but expected to be released soon.

Excitingly, a p24-like peptide (Vacc-4x)-based HIV-1 therapeutic vaccine from
Bionor Pharma (Jones, 2010) has finally shown beneficial results in a phase IIb trial,
demonstrating a statistically significant 64% reduction of viral load "set point" in patients
receiving Vacc-4x compared to those given placebo. Collectively, although these
advances in vaccine trials are encouraging, it will take time for these measures to become
widely available and accessible. Hence, to gain a better and faster control over the spread
of HSV-2 and HIV-1 infections in the absence of vaccines, a different approach is needed

to complement currently available therapeutic options.

Microbicides

An alternative to vaccines would be the use of substances called topical
microbicides designed for vaginal or rectal application that can either inactivate virus or
prevent its binding, entry, and replication mucosally (Nikolic and Piguet, 2010).
Microbicides have to be effective, non-toxic, non-inflammatory at mucosal sites, and not

inducing disturbances in the endogenous flora. In this respect, naturally occurring



antimicrobial factors may represent a better alternative or complimentary option to
synthetic microbicides, given their nontoxicity and compatibility with the host’s mucosa.
Although multiple synthetic compounds have been proposed for anti-HSV-2 and anti-
HIV-1 use, many did not get clearance in the clinical trials. Some were even found to
have increased the risk for HIV-1, likely due to their toxicity and inflammation-inducing
effects in vivo as was shown for nonoxynol-9 (N-9) (Fichorova et al., 2001; Lederman et
al., 2006; Nikolic and Piguet, 2010; Van Damme et al., 2002).

Two major classes of microbicides have been established on the basis of their
properties: (i) nonspecific compounds with broad antiviral activity; and (ii) specific
molecules targeting essential viral or host cell proteins (Nikolic and Piguet, 2010;
Zydowsky, 2008). Nonspecific microbicides, detergents and pH-modifying compounds,
usually act in the first steps of viral contact with the mucosal barrier and can inactivate
virus. Specific compounds impair viral binding/entry into cells, whereas highly specific
microbicides can act at later stages, such as reverse transcriptase inhibitor-based
microbicides against HIV-1. In addition, microbicides based on the delivery of
genetically-modified commensal bacterial strains (Liu et al., 2007; Zydowsky, 2008)
have also been proposed. For example, the probiotic Lactobacillus reuteri (L. reuteri) RC-
14 that safely colonizes the human vaginal tract, has been genetically modified to
produce anti-HIV proteins blocking multiple steps of HIV entry into human peripheral
blood mononuclear cells. One such substance is CD4D1D2-antibody-like fusion protein
that was able to bind single or dual tropic coreceptor-using HIV-1 primary isolates. The
HIV entry or fusion inhibitors were fused to the native expression and secretion signals of
BspA, Mlp or Sep in L. reuteri RC-14 and the expression cassettes were stably inserted
into the chromosome. L. reuteri RC-14 expressed the HIV inhibitors in cell wall-
associated and secreted forms. This is the first study to show that a human vaginal
probiotic strain can be modified to express functional viral inhibitors and thus to

potentially lower the sexual transmission of HIV.



For HSV-2 prevention, a number of microbicidal compounds, including
surfactants and detergents, N-9, inhibitors of viral binding/entry into neurons or
keratinocytes, PRO 2000 and cellulose sulfate, as well as an RNA-interference-based
approaches have been proposed and tested in animal and clinical trials (Nikolic and
Piguet, 2010). A combination of Carraguard and zinc (PC-710) was investigated by the
Population Council and found to be potent in animal models (Nikolic and Piguet, 2010).
Similarly, a derivative of mandelic acid, PPCM, was also recently shown to prevent
HSV-2 in a murine model (Mesquita et al., 2008). Further, an RNA-interference-based
microbicides against HSV-2, targeting HSV-2 UL27 and UL29 genes, have also been
investigated (Nikolic and Piguet, 2010; Palliser et al., 2006). However, none of the
compounds had been approved for an official use as a microbicide against HSV-2, as of
2010. Therefore, in the absence of an effective prophylactic vaccine, the two established
prevention methods for HSV-2 transmission are: condoms (Wald et al., 2005) and HSV-2
antiviral drugs (Corey et al., 2004).

For HIV-1, as of 2010, there were 11 non-specific microbicides, including PRO
2000, ACIDFORM, Invisible Condom, and entry inhibitor VivaGel, that were
undergoing clinical evaluation and more than 50 compounds were still in preclinical
development (Nikolic and Piguet, 2010). Pertaining to specific microbicidal compounds,
essentially every group of highly active antiretroviral therapy (HAART) regimen was
extensively investigated in animal studies as well as in safety and efficacy clinical trials.
Protease inhibitors appeared to provide more pressure to HIV-1 and led to the least of
drug-resistance, whereas the use of tenofovir demonstrated exciting results (Kelly and
Shattock, 2011; Nikolic and Piguet, 2010). Indeed, several proof-of-principle trials of
pre-exposure prophylaxis for HIV-1 prevention have been implemented in different
populations. In these trials, tenofovir was used in various combinations: either as a
topical 1% gel before and after sexual exposure supplemented with oral tenofovir alone
or with other antiretrovirals, or just oral combination of tenofovir, as reviewed elsewhere
(Celum and Baeten, 2012). Tenofovir is a nucleotide reverse transcriptase inhibitor

targeting early steps of HIV-1 replication. In the CAPRISA 004 study, vaginal tenofovir



gel application had significantly reduced the risk of HIV-1 acquisition in participants by
39%, with even higher efficacy of 54% in a high-adherence group (Abdool Karim et al.,
2010). Interestingly, in this study an unexpected 51% reduction in HSV-2 incidence in
the tenofovir arm was also found, concurring to the earlier data demonstrated in vitro
(Andrei et al., 2011). Indeed, tenofovir was shown to inhibit the replication of HSV
clinical isolates in multiple cell lines, including human embryonic fibroblasts,
keratinocytes, and organotypic epithelial 3D rafts, to decrease HSV replication in human
lymphoid and cervicovaginal tissues ex vivo, and to delay HSV-associated pathology and
mortality in topically treated HSV-infected mice. It is believed that the active tenofovir
metabolite inhibits HSV DNA-polymerase in addition to targeting HIV reverse-
transcriptase (Andrei et al., 2011).

Results from other three trials, albeit with oral tenofovir regimen, were in line
with results from the CAPRISA 004 study (refer to reviews (Celum and Baeten, 2012;
Kelly and Shattock, 2011); however, the results from other two studies, with vaginal and
oral tenofovir, did not show any efficacy. Overall, a significant protection by vaginally
applied tenofovir gel demonstrated in the CAPRISA 004 study had provided a proof of

principle that microbicides could be effective against STIs.

Therapeutic approaches

The introduction of acyclovir in the early 1980s, and subsequent release of its
prodrug, valacyclovir, has dramatically changed the outcome of HSV-2 infection (Conant
et al., 2002; Corey et al., 2004; King, 1988). The use of these drugs is associated with
significantly reduced viral shedding and HSV-2 reoccurrence frequency (Corey et al.,
2004). In addition, treatment with acyclovir shows not only a consistent effect on herpes
suppression, but also on reduction in HIV-1 viral load and disease progression (Lingappa
et al., 2010; Ouedraogo et al., 2006). Acyclovir is a nucleoside analogue that targets the
HSV-2 kinase and DNA polymerase (King, 1988). In clinic, acyclovir and its derivative,
valacyclovir, have been a common anti-HSV-2 therapy (Corey et al., 2004; King, 1988;

Koelle and Corey, 2008). However, these medications only reduce HSV-2 replication and



neither cure the disease, nor affect HSV-2 entry, although valacyclovir therapy was
shown to significantly reduce HSV-2 acquisition by reducing viral shedding in the HSV-
2 heterosexual discordant couples (Corey et al., 2004). Nonetheless, potential acyclovir-
associated hepatic and renal toxicity (King, 1988), and the emergence of resistant HSV-2
strains with the long-term use of acyclovir have been a concern (Griffiths et al., 2003;
Piret and Boivin, 2011) and a constant reminder of the necessity for having alternative
measures to compliment common therapy.

Similar to HSV-2, the introduction of antiretroviral therapy has dramatically
reduced HIV-associated health burden. Specifically, mortality, morbidity and occurrence
of opportunistic infections have been significantly reduced (Palella et al., 1998; Quinn,
2008). Five major groups of drugs constituting HAART and targeting several
steps/structures in HIV life cycle were introduced and used to control HIV-1 infection
over the years: inhibitors of the reverse transcriptase (RTI): nucleoside/nucleotide RTI
(NRTT) and non-nucleoside RTT (NNRTI); the integrase strand-transfer inhibitors
(INSTIs); the antagonists of CCRS; the protease inhibitors (PI); and the entry, or fusion,
inhibitors (FI), as reviewed elsewhere (Peters and Conway, 2011; Sierra et al., 2005;
Wainberg et al., 2012); but new drug candidates have also been undergoing testing
(Asahchop et al., 2012). However, the use of HAART does not eliminate virus reservoirs
throughout the body and does not cure already established infection. Furthermore, the
long-term use of HAART is also associated with the emergence of HIV resistance (Wei
et al., 2002) and side effects involving metabolic dysfunction, immune reconstitution
inflammatory syndrome, neurocognitive and renal disorders, and cardiovascular events
(Blot and Piroth, 2012; Bonham et al., 2008; Laurence, 2004). Collectively, these
findings indicate that the search for complimentary strategies and factors, capable of
targeting both HSV-2 and HIV-1 and their transmission/infection steps, should be
continued. Perhaps, special consideration could be given to the host’s endogenous
antimicrobials. Being naturally a part of the local mucosal milieu, such antimicrobials
will unlikely cause the toxicity and adverse effects on mucosal barrier and endogenous

flora.



The mucosal environment

HSV-2 and HIV/AIDS are largely maintained by sexual transmission through
mucosa of the genital and rectal areas and the FGT accounts for about 30-40% of new
HIV-1 infections in women (Hladik and McElrath, 2008). To gain access to target cells,
HSV-2 and HIV-1 must successfully cross the mucosal barrier in the FGT. However, the
unique morphological and functional characteristics of the FGT can influence the

outcome of this host-virus interaction.

The female genital tract and epithelial cells

The FGT is a unique immunological site with its main role to protect genital
mucosa from invading pathogens and to ensure the successful reproduction of the species
(Hickey et al., 2011). These roles are achieved by the FGT tolerating the allogeneic
sperm and allowing the successful development of semiallogeneic foetus, while inducing
efficient antimicrobial immune responses protective against pathogens. All of these
processes are possible due to well coordinated efforts between unique structural,
morphological, and physiological characteristics, innate and adaptive immune responses
of the FGT, and their tight regulation by reproductive hormones, estradiol and
progesterone, as extensively reviewed in references (Hickey et al., 2011; Wira et al.,
2005a).

Instead of typically organized lymphoid structures (Johansson and Lycke, 2003),
like those present in the gut or the lungs (Kunisawa et al., 2005), human uterus possesses
unique lymphoid aggregates that are made up predominantly by CD8+ T cells that
surround a central B cell core that are further encapsulated by macrophages (Yeaman et
al., 1997). Having such an organization of lymphoid tissue may largely contribute to
more compartmentalized immune responses in the FGT (Johansson et al., 2001;
Kozlowski et al., 2002). The predominance of IgG over IgA in the lumen (Johansson and
Lycke, 2003) and the presence of TGFp-mediated inhibition of antigen presentation by
estradiol in the lower FGT (Wira et al., 2002) are additional features that make the FGT a



unique mucosal site, as reviewed elsewhere (Johansson and Lycke, 2003; Wira et al.,
2005a),

Additionally, while hormonal changes during the menstrual cycle allow for the
successful ovulation, implantation and pregnancy resolution, they also create a window
of vulnerability 7-10 days post ovulation. During this brief period around ovulation, sex
hormones directly or indirectly affect the mucosal barrier and immune protection, thus
increasing the susceptibility of the FGT to STIs (Wira and Fahey, 2008). Indeed, for
example, progesterone has been shown to suppress proliferative capacity of lymphocytes
(Lewis, 2004), which could lead to compromised innate and adaptive immune responses
within the FGT and consequently inefficient microbial clearance. Further, the expression
of pathogen recognition receptors (PRRs) (Lin et al., 2009) and viral binding cellular
receptors, for HIV-1 (Yeaman et al., 2003) and HSV-2 (Linehan et al., 2004), has also
been shown to be regulated by sex hormones. Taken together, the features presented
above play a significant role in normal and pathogenic conditions of the FGT and
therefore must be taken into consideration when designing the protective measures for the
FGT.

In women, the mucosal barrier is represented by primary genital ECs from the
upper (Fallopian tubes, uterus, and endocervix) and the lower (ectocervix and vagina)
FGT that are covered by a mucus layer and bathed in the genital fluid containing immune
cells and protective factors, such as compliment, immunoglobulins,
cytokines/chemokines, and natural antimicrobial factors (Hickey et al., 2011), including
cationic proteins that will be discussed later in this chapter. The genital fluid has a low
pH due to the lactic acid —produced by commensal bacteria residing in the lower FGT
(Antonio et al., 1999; Mirmonsef et al., 2011); the presence of such commensals makes

genital mucosa an unfavorable milieu for pathogens to thrive.
Genital epithelial cells

Genital ECs are considered as primary sentinels and defenders of the FGT

(Kaushic et al., 2010; Wira et al., 2005b), since they are located at the interface between
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the hostile environment and the FGT. Genital ECs are immunologically active organ,
regulating the passage of microorganisms across the mucosa as well as the induction of
innate and adaptive immune responses to microorganisms. Specifically, genital ECs can
sense invading pathogens and their pathogen associated microbial patterns (PAMPs)
through innate sensors or pattern-recognition receptors (PRRs); ECs can directly respond
to pathogens through the induction of immune mediators, as well as innate and adaptive
responses (Quayle, 2002); ECs can also transmit this information to other cells by
recruiting the latter through secreted chemoattractants (Kaushic et al., 2010; Wira et al.,
2011a; Wira et al., 2005b).

The first-aid antiviral responses are triggered in ECs following PRRs activation
and culminate in the induction of inflammatory mediators and antiviral type I interferons
(IFN), leading to the containment of viral infection and its spread (Samuel, 2001;
Yoneyama and Fujita, 2010). Through the secretion of such innate factors, ECs induce
the adaptive immune responses, as chemokines and cytokines would facilitate the
recruitment and activation of additional immune cells, including antigen-presenting cells
such as dendritic cells (DCs). These adaptive immune responses will be necessary upon
re-exposure to the pathogen (Samuel, 2001) for the generation of swift and robust recall
responses.

Morphological and functional characteristics of genital ECs can significantly
influence the outcome of the host-HIV encounter. Indeed, the lower genital tract is
covered by a thick multi-cell layer of non-keratinized stratified squamous ECs that
continuously slough off over the menstrual cycle (Wira et al., 2005a), thus making it
more challenging for the virus to cross, despite offering a larger surface area for the host-
virus interaction. In contrast, the upper FGT appears to be more vulnerable to viral
transmission due to only a thin layer of columnar ECs covering the structures. Despite the
tight junctions between the cells, making the healthy monolayer impermeable to
pathogens and large molecules, this single-cell layer may allow viral transmission more
readily, especially in the presence of post-coital abrasions. The transitional

(transformation) area between ectocervix and endocervix is another and perhaps the most
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susceptible transmission site for pathogens, including HSV-2 and HIV-1, due to its
propensity to being susceptible to cervical ectopy and thus having protrusions of
columnar epithelium (Kaul et al., 2008) as well as being enriched with submucosal CD4+

T cells, the primary HIV- target cells (Pudney et al., 2005).

Pathogen recognition receptors (PRRs)

Viral recognition through innate sensors occurs during viral attachment and entry
into a target cell and is critical to the outcome of host-virus encounters. When induced in
a timely and well-controlled manner, such responses serve to control or eradicate viral
infection. As primary defenders in the genital mucosa (Wira et al., 2005b), ECs are
equipped with distinct types of innate sensors, including Toll-like receptors (TLRs), with
endometrial ECs expressing TLRs 1-9 and cervical and vaginal ECs expressing TLRs 1,
2,3,5,and 6 (Kaushic et al., 2010; Nazli et al., 2009; Schaefer et al., 2005). The
presence of retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs), including
retinoic acid inducible gene I (RIG-I) and melanoma differentiation associated gene 5
(MDAJS), has also been reported, but in human endometrial HEC-1A cell line (Drannik et
al., 2012c¢).

Membrane-bound TLRs 1, 2, 4, 5, and 6 are involved in the recognition of
extracellular bacterial, fungal, and viral (for TLRs 2 and 4) PAMPs. In contrast, TLRs 3,
7, 8,9, localized inside the cell in endosomes, participate in the recognition of nucleic
acids of bacterial and viral origin, namely double-stranded (ds)RNA for TLR 3, single-
stranded (ss)RNA for TLR 7/8, and CpG DNA for TLR 9 (Yoneyama and Fujita, 2010).
Furthermore, for those PAMPs that have not been transported into endosomes and were
left in the cytoplasm, RIG-I and MDAS primarily participate in the detection of various
forms and lengths of viral dsSRNA (Yoneyama and Fujita, 2010). Thus, through these
PRRs, genital ECs can recognize HIV-1 and HSV-2 and their multiple PAMPs, or
evolutionary-conserved motifs associated with pathogens’ structural components such as
glycoproteins, lipidglycans, as well as DNA and RNA nucleic acids (Finberg et al., 2005;
Mogensen et al., 2010; Yoneyama and Fujita, 2010) .
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Ligation of such innate sensors leads to the activation of different transcription
factors, including NF-kB, AP-1, mitogen-activated protein kinase (MAPK), and
interferon-regulated factors (IRFs) (Mogensen et al., 2010). These processes culminate in
the transcription of pro-inflammatory and antiviral type I IFN genes. Indeed, genital ECs
have been shown to secrete chemokines such as -chemokines macrophage inflammatory
protein (MIP)-1a, MIP-1B, MIP-3a, regulated upon activation, normal T-cell expressed,
and secreted (RANTES), as well as cytokines IL-1p, IL-6, IL-8, tumor necrosis factor
(TNF)a, and stromal-derived factor (SDF)-1 (Andersen et al., 2006; Drannik et al.,
2012c; Fahey et al., 2005; Fichorova et al., 2002; Ghosh et al., 2009; Schaefer et al.,
2004). Type I IFNs are among antiviral factors secreted by genital ECs (Nazli et al.,
2009). These factors contribute to the containment of viral infection through multiple
mechanisms, including the recruitment and activation of specialized cells like DCs, NK
and CD8+ T cells, the production of host’s antiviral factors such as apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like 3G APOBEC3G (Chen et al., 2006)
and the induction of interferon-stimulated genes (Bauer et al., 2008).

Among many genes facilitating the host’s antiviral protection, studies have
repeatedly confirmed the beneficial role of several ISGs. For example, ISG15 and ISG56
have been shown to contribute to the regulation of virus-induced type I IFN responses (Li
et al., 2009b); 2°,5’-olygoadenylate synthetase (2°,5’-OAS) was shown to inhibit protein
synthesis through the induction of endoribonuclease (RNase) L and subsequent
degradation of cellular and viral RNAs (Clemens and Williams, 1978). Protein kinase R
(PKR) (Karpov, 2001), inducible nitric oxide synthase (iNOS), and myxovirus (Mx)-
family proteins are other IFN-induced proteins implicated in antiviral protection (Nazli et
al., 2009; Schaefer et al., 2005). Collectively, these observations confirm that genital ECs
are important regulators of the cross-talk between innate and adaptive antimicrobial
responses. In addition, the important attribute of genital ECs, the possession of PRRs, can
be a logical target for prophylactic and/or therapeutic approaches that could improve our

efforts in controlling HSV-2 and HIV-1 infections.

13



Polyl:C: a potent antiviral factor with a caveat

Strong efforts have been made to induce potent protective responses by
stimulating innate immune receptors with various adjuvants or microbial ligands,
including polyinosinic-polycytidylic acid (polyl:C) (Ashkar et al., 2004; Nazli et al.,
2009). PolyI:C is a synthetic viral ligand and a mimic of viral dsSRNA. Viral dsRNA is a
PAMP generated during a life cycle of most, if not all, viruses (Alexopoulou et al., 2001;
Yoneyama and Fujita, 2010). Polyl:C, similar to dsRNA and viral dsRNA, is recognized
by TLR 3 (Nazli et al., 2009; Schaefer et al., 2005) as well as MDAS (Yoneyama and
Fujita, 2010; Yoneyama et al., 2004), and RIG-I (Kato et al., 2008). Following
recognition of dsRNA, activated PRRs trigger phosphorylation, homodimerization and
translocation into a nucleus of a set of transcription factors like IFN regulatory factor 3
(IRF3), IRF7, NF-xB, and ATF2/c-jun (c-Jun) (Alexopoulou et al., 2001; Bauer et al.,
2008; Wathelet et al., 1998; Yoneyama et al., 2004). Inside the nucleus, these
transcription factors either work independently or interact (Maniatis et al., 1998).
Specifically, IRF3 alone can directly bind to the IFN-stimulated response element (ISRE)
in the promoter region of ISGs and activate a set of ISGs in the absence of type I IFN
production (Mossman et al., 2001; Paladino et al., 2006). Such antiviral cascade is devoid
of excessive inflammatory responses and is induced when a low viral stimulation is
detected. Alternatively, in response to a high viral load, IRF3 associates with NF-kB and
c-jun, forming an enhanceosome complex on the ISRE in the promoter region of IFNP.
This complex triggers the production of IFNf and induction of ISGs in an IFN-dependent
mode (Lin et al., 1998; Maniatis et al., 1998; Merika et al., 1998; Wathelet et al., 1998).
Although such a response may be necessary, simultaneous induction of several cascades
leads to a robust inflammation, target cell recruitment, and/or tissue damage due to the
production of pro-inflammatory cytokines and chemokines along with antiviral type I
IFNs molecules (Nazli et al., 2009; Paladino et al., 2006).

IRF3 was shown to be important not only for polyl:C-mediated protection (Bauer
et al., 2008), but also in experiments with replication-competent viruses, including HSV

(Yao and Rosenthal, 2011). Further, Vero cells deficient of IRF3 were unable to mount
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an IRF3-dependent and IFNB-independent responses against either incoming virus
particles or a dSRNA mimetic, polyl:C (Chew et al., 2009), and IRF3-deficient animals
were less protected from a viral challenge with encephalomyocarditis virus (EMCV) and
showed reduced IFN levels in serum compared to their wild-type controls (Sato et al.,
2000). However, DeWitte-Orr et al. showed that fibroblasts remained 60-90% protected
against viral challenge even in the absence of IRF3 and its adaptor molecule, IFN
promoter stimulator-1 (IPS-1) (DeWitte-Orr et al., 2009). These observations would
suggest that the involvement of IRF3 could be critical, but not essential, for antiviral
protection, depending on cell and virus type as well as the length of dsSRNA (DeWitte-Orr
et al., 2009). Nevertheless and most importantly, viruses, like HSV (Paladino et al., 2010;
Yao and Rosenthal, 2011) and HIV-1 (Doehle BP, 2009), specifically target and disrupt
functional activity of IRF3 as part of their strategy in making cells more susceptible to
infection, thus further confirming the importance of IRF3 in antiviral protection.
Treatment with polyl:C has been shown to induce a potent antiviral protection in
vitro and in vivo, making polyl:C an attractive candidate for microbicide or vaccine
adjuvant trials against STIs (Ashkar et al., 2004; Nazli et al., 2009; Schaefer et al., 2005).
However, in addition to an antiviral activity, polyl:C was also shown to trigger the
release of pro-inflammatory mediators (Nazli et al., 2009; Schaefer et al., 2005) and to
increase the susceptibility of target cells to HIV infection (De Jong et al., 2008).
Additional research is required to reconcile whether polyl:C can be used for HIV-1
prevention in the future. Taken together, the above findings support that the FGT is a
dynamic mucosal site contributing to the host’s protection through antiviral and
inflammatory responses. These immune responses, however, may appear as a double-
edged sword: while being generally beneficial to the host, they may become detrimental
when not efficiently regulated or exploited by a pathogen, and therefore contribute to
disease progression. Thus, it is important to have means of active regulation of immune

responses in the target organ, including the FGT.
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HIV: structure, life cycle, pathogenesis

HIV is a member of the Retroviridae family (Lentivirus subfamily), characterized
by causing a slow and long-progressing infection (Sierra et al., 2005). It is thought that
HIV has been introduced to humans as a result of multiple zoonotic infections carried
over from non-human primates infected with different strains of Simian
Immunodeficiency Virus (SIV) (Wolfe et al., 2004), thus giving rise to different HIV
strains, in turn. The most prevalent HIV-1 strain is related to SIV infecting Chimpanzees
(Gao et al., 1999), whereas the less prevalent and less pathogenic HIV-2 strain is related

to SIV infecting sooty mangabeys (Korber et al., 2000).

In 2010 it was estimated that since the early 1980s, HIV-1 infections led to more
than 25 million deaths and additional 33 million of infected people globally (UNAIDS,
2010). HIV-1 is primarily a mucosal pathogen, since over 80% of people living with
HIV/AIDS became infected through the exposure of genital and intestinal mucosal
surfaces to the virus (Royce et al., 1997). Moreover, the risk of viral transmission and
infection associated with different routes of exposure varies, with the FGT contributing
between 30% and 40% of transmission (Hladik and McElrath, 2008). Given that the
proportion of women living with HIV remains around 52% of global estimates (UNAIDS,
2010), understanding HIV-1 transmission and defense immune responses in the female
genital mucosa is critical for gaining control over HIV infection. Furthermore, despite the
overall global stabilization of the HIV-1 pandemic in many previously hard-hit countries,
the rise of HIV-1 in other sectors, especially in counties of Eastern Europe and Central
Asia continues (UNAIDS, 2010). Of great concern is also the high rate of HIV-1
infections in some industrialized cities, as it is evident by almost 3% of infection rate in
Washington DC compared to 5 to 25% in some African countries (Greenberg et al.,
2009).

The pathogenesis of HIV/AIDS and HIV life cycle are closely intertwined, in that
the development of the disease begins with early direct interaction between the host and

HIV, setting the stage for the establishment of a primary infection. Such an interaction is
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largely based on pathogen’s binding and recognition when crossing the genital or
intestinal mucosal barrier, as well as the host’s responsiveness to these processes. In turn,
the latter events are predetermined by the virus and its life cycle as well as the
environment, female genital mucosa in our studies. These events are also true for HSV-2

and will be discussed further in the corresponding section.

HIV structure

HIV is a spherical RNA retrovirus of around 100 nm in diameter. Mature virions
consist of a lipid bilayer membrane with envelope glycoproteins (gp) on its surface.
These glycoproteins are arranged as heterodimers of the external gp120 non-covalently
attached to the transmembrane domain gp41 and are organized in 72 triangular-shaped
spikes (Gelderblom, 1991; Ozel et al., 1988). HIV lipid membrane surrounds dense
truncated cone-shaped nucleocapsid (core), which contains two identical copies of the
positive single stranded (ss) genomic RNA, viral protease (PR), viral reverse
transcriptase (RT), integrase (IN), some viral regulatory proteins such as Vpu, Vif, Vpr
and Nef, and other cellular and viral factors, including tRNAs (Knipe et al., 2007). The
core is supported by a number of proteins constituting Gag pS5 complex: matrix protein
(MA or p17), which binds to and stabilizes the outer lipid membrane (Wu et al., 2004);
capsid protein (CA or p24), constituting the actual capsid (Briggs et al., 2003);
nucleocapsid protein (NC of p7/9) that is crucial for the formation and stabilization of the
genomic RNA dimers and in the NC assembly (Goel et al., 2002); and p6 that has been
shown to be important for viral assembly and release from the cell as well as
internalization of the Vpr protein into the assembled virion (Derdowski et al., 2004;
Kondo et al., 1995; Sandefur et al., 2000).

Further, the HIV viral genome contains 9 genes that transcribe 15 proteins (Knipe
et al., 2007).The genes are divided into two major groups: three are structural genes,
including gag, pol, and env; and six are regulatory/accessory genes, namely vif, vpr, tat,
rev, vpu, and nef. Further, each end of the genome contains long-terminal repeat (LTR)

sequences with promoters, enhancers, and other gene sites used for binding cellular
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transcription factors such as NF-kB, AP-1, and nuclear factor of activated T cells
(NFAT). Normally, upon cell activation, these factors lead to the transcription of
inflammatory and antiviral genes as a first-aid response to either microbial or
inflammatory stimulation (Kawai and Akira, 2010). However, when activated in the case
of HIV, these factors will induce not only the transcription of these protective factors, but
also the generation of HIV provirus and several viral proteins through binding to viral
LTR, consequentially leading to increased viral replication (Berkhout and Jeang, 1992;
Chen-Park et al., 2002; Huang and Jeang, 1993; Knipe et al., 2007). HIV LTR also
contains trans-activation response element (TAR) implicated in Tat-mediated trans-
activation of viral genes transcription. As a result, tat can induce viral replication not only
via tat-NF-kB-LTR interaction, but also via binding to the TAR element, ultimately also
leading to viral replication and production of viral proteins (Richter et al., 2002).
Collectively, these findings indicate that HIV has evolved several mechanisms to
effectively target the cell to continue the generation of virus progeny, which might be

dependent on microbial and inflammatory events in the host.

HIV life cycle

HIV replication is a well coordinated and sophisticated process that involves
several steps as reviewed by Sierra et al (Sierra et al., 2005): (i) viral binding and fusion
with a target cell; (ii) reverse transcription of viral RNA; (iii) integration of proviral
DNA; (iv) viral DNA transcription and (v) mRNA translation; and finally (vi) assembly,
budding and maturation of virions. To better understand and compliment the material
presented in Chapter 4 and 5 related to viral binding/entry, HIV-1 attachment will be

discussed in greater detail than the rest of the life cycle.

HIV-1 attachment is a complex and dynamic event that could be a turning point in
the HIV-cell encounter. HIV-1 entry and infection are initiated with viral attachment to a
target cell surface through the engagement of canonical HIV receptors, namely the CD4

and one of the chemokine receptors CCR5 or CXCR4. Binding between HIV-1 envelope
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gp120 and CD4 (Dalgleish et al., 1984; Klatzmann et al., 1984) initiates this process,
bringing about the conformational change in gp120 and allowing for its subsequent
attachment to a secondary binding molecule, CCRS or CXCR4 (Alkhatib et al., 1996;
Feng et al., 1996). Subsequently, a gp120-CD4-CXCR4/CCRS interaction leads to
additional conformational changes resulting in the exposure and energetic insertion of the
gp41 fusion domain into a permissive cell, and ultimately in virion entering the cell.

HIV-1 coreceptors CXCR4 and CCRS5 are members of the chemokine receptor
family and represent binding partners to naturally occurring ligands RANTES, MIP-
lalpha and MIP-1beta for CCRS and SDF-1 for CXCR4 (Alkhatib et al., 1996; Feng et
al., 1996). The significance of CCR5/CXCR4 discovery as HIV-1 coreceptors comes
from the fact that the use of these factors can block or reduce HIV infection in target cells
(Kawamura et al., 2000). Further and perhaps even more importantly is that the
homozygous mutation in the CCRS gene almost always results in HIV-1 resistance (Liu
et al., 1996). In addition, the preferential use of chemokine receptors also represented the
basis in the last classification of HIV-1 strains (Grivel et al., 2010). The use of either
CCRS or CXCR4 determines the susceptibility of different cell populations to HIV-1
infection and replication, and predetermines viral tropism. That is, CCRS5 is a coreceptor
for monocyte/macrophage-infecting, non- syncytium-inducing R5 (M)-tropic HIV
primary isolates, whereas CXCR4 is a coreceptor for T cell-infecting and syncytium-
inducing X4 (T)-tropic viral isolates. There are isolates, however, that exhibit dual R5X4
tropism (Grivel et al., 2010).

The deciphered interaction between gp120/gp41 and canonical HIV-1 receptors
was historically believed to be a prerequisite for a successful infection, since it was
initially described for the main CD4+ HIV-1 target cell such as CD4+ T cells that
become infected and largely depleted during the course of infection. However, this
traditional view was challenged when cells with low or no CD4 surface expression or
differential pattern of chemokine receptors expression (Bobardt et al., 2007), such as
dendritic cells (DC), macrophages, or primary genital epithelial cells (ECs) (Saphire et
al., 2001; Tremblay, 2010), were also found permissive to HIV-1 attachment/entry. This
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posed the question of how HIV-1 gains access to these cells and whether or not it uses
alternative attachment molecules or perhaps a combination of the latter and canonical
receptors.

Indeed, a number of alternative, or non-canonical, HIV-1 binding receptors have
been identified on cells susceptible to HIV-1 attachment/entry or infection, including
DCs and genital ECs, and shown to be important in HIV-1 pathogenesis. These
molecules vary vastly depending on a cell type and include C-type lectins such as
langerin in LC, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin (protein) DC-SIGN (Geijtenbeek et al., 2000), the type Il membrane glycoprotein
DCIR (dendritic cell immunoreceptor) (Lambert et al., 2008), and syndecans (Bobardt et
al., 2007; Bobardt et al., 2003), to name a few. Studies show that these receptors can
function separately in the absence of CD4/CCRS/CXCRA4, or together and/or in the
presence of canonical receptors, and the implication of the latter mechanism was recently
described for integrin a4B7 (Arthos et al., 2008), as will be discussed later.

Furthermore, alternative HIV-1 receptors have been also implicated in both
passive transmission of HIV in trans-infection (Bobardt et al., 2007; Bobardt et al., 2003;
Gallay, 2004; Geijtenbeek et al., 2000), and a productive cis-infection (Gringhuis et al.,
2010; Mondor et al., 1998), depending on the receptor and the cell type. An example of
the latter was recently identified in DCs, when gp120-DC-SIGN binding triggered a
productive HIV-1 infection by augmenting the initially insufficient TLR8-ssRNA-
mediated induction of NF-«xB activation (Gringhuis et al., 2010) in a Raf-1-dependent
way. The role of alternative HIV-1 receptors in viral attachment/entry into the genital
ECs will be discussed in the following sections. Taken together, these observations
indicate that HIV-cell interaction during viral attachment is much more complex than
previously thought. HIV-1 attachment has a significant bearing on the outcome of HIV-
cell encounter, depending on virus and a cell type, which should be considered when
designing protective antiviral measures. Alternative HIV-1 receptors may significantly
alter the dynamics of the HIV-cell interaction by amplifying the stimulation that could

result in a different quality of HIV-1 transmission. More research is needed to better
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understand the interaction between canonical and non-canonical HIV receptors and on

different cell types and its implications on HIV/AIDS pathogenesis.

Pathogenesis of HIV/IAIDS: from early events to acute and chronic phases

HIV-associated immune dysfuction has long been associated with
immunodeficiency, a hallmark of HIV/AIDS pathogenesis. Further, there is growing
evidence supporting the idea that it is the immune activation, rather than a loss of CD4+
T cells, that is driving immune dysfunction in HIV/AIDS pathogenesis. Despite the fact
that the first mention of this idea appeared in the late1980s (Ascher and Sheppard, 1988;
Grossman et al., 1993), we are still far from having a clear understanding of what is
really fueling HIV/AIDS pathogenesis and in particular how chronic immune activation
is sustained and caused immunodeficiency. Since anti-HIV defense involves both innate
and adaptive arms of the immune system, it is likely that multiple mechanisms are
underlying sustained immune activation. Whereas historically adaptive immune
responses were better investigated and understood, the role of innate immune responses
in HIV/AIDS was largely overlooked. However, being the first line of defense against
invading pathogens, including HIV, innate responses may play a paramount role in
determining the outcome of HIV-host encounter.

Innate immune activation begins with HIV attachment to cells, as well as the
recognition of viral and other PAMPs and subsequent triggering of innate inflammatory
and antiviral responses. These responses are generally beneficial to the host, but may
become detrimental, when dysregulated, and thus contribute to disease progression partly
through NF-kB-mediated immune activation, cell recruitment and activation. These
events lead to sustained immune activation and inflammation, viral replication and high
cell turnover that result in functional immune exhaustion and progression to AIDS
(Broliden et al., 2009; Haase, 2011; McMichael et al., 2010; Mogensen et al., 2010).
Although the evidence of immune activation can be found during both acute and chronic

stages of HIV/AIDS as well as locally and systemically, the events surrounding the host-
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HIV initial encounter in mucosa might be the most crucial in determining the

susceptibility or resistance to HIV; yet, they remain poorly understood.

Early events

The natural course of HIV-1 infection includes two stages: an acute, or primary,
infection and a chronic phase, with each of them having characteristic viral and immune
patterns. To gain access to HIV-1 cell targets, including CD4+ T cells, subtypes of DCs,
and monocytes/macrophages, HIV must successfully cross the mucosal barrier in the
FGT. From the studies using human ex vivo tissue cultures/explants and animal models,
we now know that virions can cross the female genital mucosa in both lower and upper
part of the FGT (Howell et al., 1997; Joag et al., 1997; Kell et al., 1992; Miller et al.,
1992; Miller et al., 2005; Zussman et al., 2003). However, specifically how HIV crosses
the mucosal barrier remains unclear, since the heterogeneity of experimental models,
conditions, and tissue/cell types used in those studies preclude from reaching a
consensus. Indeed, several modes/routes of HIV transmission across the mucosal barrier
have been proposed based on in vitro models and ex vivo explants and include: direct
infection (Howell et al., 1997); HIV passage through tissue abrasions (Norvell et al.,
1984); viral capture by dendrites of intraepithelial DC/Langerhans cells (Kawamura et
al., 2000; Turville et al., 2002); HIV paracytosis between the cells due to disrupted
barrier integrity (Nazli et al., 2010); and transcytosis (Bobardt et al., 2007; Bomsel, 1997;
Saidi et al., 2007; Wu et al., 2003).

The transcytosis model, in particular, has been studied extensively over the years.
This model was first proposed by Bomsel, M. in 1997 (Bomsel, 1997). Ever since,
different variations of this model have been utilized to study the mechanisms involved in
the transmucosal passage of HIV and the early events of cell-HIV interaction (Bobardt et
al., 2007; Bomsel, 1997; Bouschbacher et al., 2008; Hocini et al., 2001; Wu et al., 2003)
as well as the HIV inhibitory effect of various compounds (Bobardt et al., 2010; Hocini et
al., 1997; Lorin et al., 2005; Saidi et al., 2006). In most studies utilizing this model, cell-

free and cell-associated virions were endocytosed and transmitted across polarized
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epithelial monolayer, albeit at low rate, without causing a productive HIV infection of
genital ECs (Bobardt et al., 2007; Wu et al., 2003). However, some reports have shown a
productive infection of ECs (Howell et al., 1997), while others have demonstrated that,
instead of productive infection, genital ECs sequester large amounts of virus (Wu et al.,
2003) and thus can be a reservoir of HIV-1 (Dezzutti et al., 2001; Saidi et al., 2007).
Transcytosis as a mode of HIV transmission was shown in primary EC cultures (Bobardt
et al., 2007; Bouschbacher et al., 2008) and cell lines (Saidi et al., 2007), but neither in
tissue explants nor in vivo. Furthermore, HIV-1 transmission was shown to be augmented
under pro-inflammatory conditions (Carreno et al., 2002), indicating that inflammation
promotes HIV-1 transmission across ECs monolayer.

Interestingly, another study recently confirmed the detrimental role of pro-
inflammatory conditions in HIV-1 passing through an epithelial monolayer and proposed
a novel mechanism of viral transmission across genital ECs (Kaushic et al., 2010; Nazli
et al., 2010). In this study, the researchers demonstrated that a direct interaction between
HIV-1 gp120 and primary genital ECs triggered an acute (within 4h) event resulting in
secretion of pro-inflammatory factors, including TNFa. The induction of TNFa, in
particular, led to breaching the integrity of ECs monolayer through disruption of tight
junctions between ECs and allowing for HIV and bacterial translocation across the
monolayer (Nazli et al., 2010). These findings demonstrate that genital ECs can play a
pivotal role in regulating the permeability of the genital mucosa for HIV and other
luminal microbes. These findings also imply that despite genital ECs contributing to the
natural mucosal protection through secretion of antimicrobial factors, they can also alter
the permeability of this barrier by inducing a TNFa-mediated immune activation and pro-
inflammatory milieu, meaning they can change the outcome of the host-HIV encounter.
However, these events are likely either insignificant or infrequent in in vivo HIV
transmission, which is supported by low rates of HIV-1 transmission via vaginal
intercourse (Mastro and de Vincenzi, 1996) and that only a single or few isolates cross

the barrier and establish the infection (Zhu et al., 1996).
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Although the actual binding partner of HIV gp120 was not reported in this study,
it might be interesting to see whether or not these events are mediated through the
recognition of viral gp120 by cellular membrane-bound TLRs, for example TLR 2 and 4
or some alternative receptors. Hypothetically, given that genital ECs express a variety of
TLRs and that during HIV-1 replication cycle a multitude of PAMPs can be generated
(Mogensen et al., 2010), it is plausible that other sensing receptors, as was shown for
TLR 7/8 and HIV ssRNA in DCs (Gringhuis et al., 2010), might also be involved in viral
recognition during its passage through genital ECs.

In addition to inflammatory conditions, the role of HIV-1 interaction with genital
ECs via binding/entry HIV-1 receptors has also been recently highlighted, suggesting a
role in HIV-1 pathogenesis (Gallay, 2004). Studies demonstrate that genital ECs express
a variety of HIV-1 attachment/entry receptors, including canonical CD4, CXCR4, and
CCRS5 receptors and a variety of non-canonical HIV-1 binding structures. The expression
of both CXCR4 and CCRS5 receptors has been repeatedly confirmed and shown to vary
throughout the menstrual cycle (Bobardt et al., 2007; McClure et al., 2005; Yeaman et al.,
2003). In contrast, the data demonstrating CD4 expression in the FGT has been
inconsistent, with some studies showing its presence and dependence on hormonal
regulation (Yeaman et al., 2003), and others not confirming its presence at all (Bobardt et
al., 2007; McClure et al., 2005). Taken together, these results would support the role and
the presence of alternative HIV receptors on genital ECs involved in promoting viral
migration across genital mucosa.

Indeed, studies demonstrate that in addition to canonical HIV-1 receptors, a
number of non-canonical HIV binding molecules are also present on genital ECs. Some
of the better studied receptors are proteoglycans (PG) with chondroitin sulfate (CSPG)
chains; syndecans, the most abundant PGs with heparan sulfate (HS) chains (Bobardt et
al., 2007; Mondor et al., 1998); B1 integrin (Maher et al., 2005); galactosylceramide
(Bomsel, 1997); and a variant of salivary agglutinin gp340 (Stoddard et al., 2007). These
receptors have been implicated in facilitating HIV-1 attachment, entry, and transmission

across both primary cervical and vaginal ECs (Bobardt et al., 2007; Stoddard et al., 2007),
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as well as immortalized cell lines (Bobardt et al., 2007; Gallay, 2004; Saidi et al., 2007).
Interestingly, syndecans have been also implicated in attachment of not only HIV-1
(Gallay, 2004), but other viruses as well, including HSV-2 (Cheshenko et al., 2007), thus
further highlighting their significance in promoting viral infections and perhaps even
providing additional link between HSV-2 and HIV-1 infections.

Despite the demonstrated importance of these receptors in facilitating HIV-1
transmission across mucosa, precisely how syndecans work remains unclear. Recently,
however, it was demonstrated that HIV-1 gp120 can recognize similar motifs on
syndecans and CCRS (de Parseval et al., 2005). This finding raises questions about the
relative contribution of each of the HIV binding receptors and their potential interaction
on HIV-1 transmission in different cell types. This finding also implies that syndecans
may facilitate HIV-1 attachment/transmission across genital ECs in a similar way as was
shown for integrin 047 and CD4+ T cells (Arthos et al., 2008). In this study, Arthos et
al. showed integrin 047 to interact with gp120 (and possibly simultaneously with CD4
and CCRS) in CD4+CCRS5+ T cells that led to the rapid activation of LFA-1 through an
as yet unidentified signal, subsequently facilitating the formation of virological synapses
and more efficient cell-to-cell HIV-1 spread (Arthos et al., 2008). Since among
CD4+CCR5+ T cells found in mucosal tissues there are also those T cells expressing
a4p7, this mechanism may partly explain why predominantly RS, and not X4, HIV-1
isolates transmit infection. Similarly, it is plausible that gp120/syndecan/CCRS
interaction in ECs might be one of the reasons why preferentially R5-tropic HIV-1
isolates cross the mucosal barrier and transmit the infection to the immune cell targets
(Keele et al., 2008; Zhu et al., 1996). It is unclear at the moment why preferentially RS
HIV isolates become the transmitter-founder viruses, but it is likely a result of collective
pressure from several factors. Such factors may include mucosal innate antibacterial
factors, HIV target cell availability and their appropriate receptor expression, and fitness
of the virus, especially pertaining to its gp120-CCRS interaction and subsequent signal
transduction events (Arthos et al., 2008) (Grivel et al., 2010). Taken together, these

findings indicate that genital ECs play a critical role in viral transmission across genital
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mucosal barrier by directly recognizing and responding to HIV-1. Thus, the regulation of
pro- and anti-inflammatory factors at the EC level might be crucial for controlling the

passage of HIV and other pathogens across genital epithelial monolayer.

Acute and chronic phases

After direct interaction between HIV-1 and ECs and subsequent viral transmission
across the mucosal barrier, more HIV target cells are recruited to submucosa and become
activated. These events likely occur due to initial secretion of pro-inflammatory and
antiviral cytokines and chemokines, such as MIP3-a, by genital ECs in response to viral
encounter (Haase, 2011; Nazli et al., 2010; Ochiel et al., 2010) and subsequent release of
MIP-1B by CCR6+ plasmocytoid DC (pDC) that consequently attract more HIV-1 target
cells, such as T cells and macrophages (Haase, 2011). Despite the induction of antiviral
type I IFNs and APOBEC factors, as well as LC destroying captured HIV through
langerin (McMichael et al., 2010), HIV-1 target cells become infected with
predominantly R5 HIV isolates (Keele et al., 2008; Saba et al., 2010; Salazar-Gonzalez et
al., 2009; Zhu et al., 1996). Based on studies in humans and non-human primates (NHPs),
we know that virus establishes a few focal infections in submucosal LCs and DC-SIGN+
DCs (Hu et al., 2000), but mostly in resting CD4+ T cells (Miller et al., 2005; Zhang et
al., 1999). No viral load is detected in plasma during the eclipse phase that lasts up to 10
days from the initial exposure (Haase, 2011). Virus is locally amplified in order to
expand productive infection (Haase, 2010). During this window of time, virus appears to
be the most vulnerable and could be an easy target for antiviral interventions (Haase,
2011). A week later, viral RNA appears in plasma. At this point, despite type I IFNs
being released to contain local infection, overall immune activation and pro-
inflammatory mediators facilitate the migration of virus and virus-infected cells to local
lymphoid tissues and draining lymph nodes, where DC-SIGN+ DCs further amplify the
infection by transmitting the virus to CD4+CCRS5+ T cells, many of which also express
integrin a4f37. Subsequently, in order to combat viral replication, DCs activate and recruit

NK and NKT cells and begin to induce HIV-specific T cell responses. However, these
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events further augment immune activation and replication in CD4+ T cells, leading to
viral systemic dissemination and distribution to the peripheral lymphoid organs, with
preferential targeting of gut-associated lymphoid tissue (GALT), where activated
CD4+CCR5+ memory T cells reside in abundance (Brenchley and Douek, 2008;
Brenchley et al., 2004; McMichael et al., 2010). Plasma viral load continues to rise, and a
massive depletion of CD4+ T cells occurs in mucosal tissue, primarily in the gut, where
the majority of these cells reside. Within the first three weeks of infection, up to 80% of
CD4+ memory T cells are depleted from the gut (Brenchley et al., 2004; McMichael et al.,
2010), likely due to their high activation status and expression of CCRS5 and also by
virtue of a direct viral lytic effect or Fas-mediated apoptosis, or NK cell-mediated killing
of HIV-infected cells (Haase, 2011; McMichael et al., 2010; Mogensen et al., 2010).
Although subsequently the numbers of circulating in blood CD4+ T cells rebounce, the
mucosal pool of CD4+ T cells remains depressed. Despite DCs, NK and NKT cells
activation and the formation of HIV-specific antibodies, plasma viremia continues to rise,
peaking by 21-28 days and is associated with massive immune activation, which is also
evident from the appearance of an acute retroviral syndrome: acute-phase inflammatory
markers in blood and flu-like symptoms (McMichael et al., 2010). At this point, viral
reservoirs are already established in resting cells and will not be sensitive to HAART
therapy (detailed reviews are references (Haase, 2011; McMichael et al., 2010; Mogensen
et al., 2010)).

Over 4-5 months, the disease becomes chronic and viremia reaches a set point,
with CD8+ T cells playing a role in controlling the virus (Haase, 2011; McMichael et al.,
2010; Mogensen et al., 2010). However, during this virtually asymptomatic phase, the
most damage to the immune system is inflicted by sustained immune activation,
established reservoirs of actively and latently infected cells (Mogensen et al., 2010;
Schweneker et al., 2008), dysregulated expression and responsiveness of innate sensors,
specifically TLRs 2, 3, 4, 6, 7/8 in PBMCs (Lester et al., 2008; Lester et al., 2009; Meier
et al., 2007; Sachdeva et al., 2010; Sanghavi and Reinhart, 2005), and high cell (primarily

CD4+ T) turn over, as evidenced by the presence of activation markers HLA-DR and
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Ki67, with CD38 being considered the most predictive of disease progression (Haase,
2011; McMichael et al., 2010; Mogensen et al., 2010). Ultimately, such a sustained
immune activation leads to functional immune deficiency and AIDS.

Several lines of evidence suggest that in addition to virus (Lester et al., 2008;
Lester et al., 2009), per se, other factors, such as translocating pathogens and their
PAMPs like LPS (Bafica et al., 2004a; Equils et al., 2001), can be directly contributing to
the disease progression. Indeed, we and others have proposed a direct contribution of
HIV-1 itself to immune activation, as the initiation of HAART therapy leads to almost
immediate decline in correlates of immune activation, which was also associated with
significantly reduced viraemia (Lester et al., 2008). Arguably, HIV-1 can activate cells,
including genital EC (Nazli et al., 2010), initially during its attachment and recognition of
viral PAMPs by cellular PRRs, or later through Tat- or NF-kB-mediated induced viral
replication (Mogensen et al., 2010; Schweneker et al., 2008). However, it is unlikely that
immune activation is solely dependent on viral load, since naturally SIV-resistant
monkeys, sooty mangabeys, have limited immunopathology and immune activation
despite high levels of viraemia (Silvestri et al., 2003). Indeed, microbial translocation,
which could occur early in HIV transmission when the epithelial integrity is breached
upon ECs interaction with HIVgp120 (Nazli et al., 2010) or later with a “leaky gut” after
massive depletion of CD4+ T cells from the gut (Brenchley et al., 2004), has also been
implicated in bolstering immune activation through PAMPs recognition (Bafica et al.,
2004b), since LPS was shown to activate LTR-dependent HIV replication through TLR4
(Equils et al., 2001).

Collectively, it is clear that HIV/AIDS pathogenesis is a complex and dynamic
process, and we still don’t have a clear understanding of all the events occurring in vivo.
Despite the activation of inflammatory and antiviral immune responses, the immune
system is “spinning its wheels” in efforts to contain the virus, yet only further fueling this
activation. HIV/AIDS pathogenesis involves multiple players that, although being
naturally beneficial, can be detrimental to the host in favoring the virus and the immune

activation, which further limits our view of the correlates of protection against HIV-1.
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Lessons learnt from HIV-resistant hosts

Perhaps, the most convincing evidence on the immune activation contributing to
the establishment and disease progression comes from observations of naturally resistant
SIV hosts (Silvestri et al., 2003) as well as individuals who remain HIV-1 seronegative
despite repeated high-risk exposures to HIV-1 (Tomescu et al., 2011).

Indeed, sooty mangabeys, a natural SIV host, demonstrate attenuated SIV-
mediated immune activation and immunopathology that protect them from developing
AIDS, despite high-level viraemia (Silvestri et al., 2003). In contrast, a non-natural host
and SIV-susceptible rhesus monkeys, show marked SIV-triggered type I IFN and
chemokine inflammatory responses in lymph nodes that are associated with accelerated
disease progression (Bosinger et al., 2009; Durudas et al., 2009). These findings indicate
that SIV-induced immune activation and responsiveness are associated with disease
development and progression, whereas less robust or moderated immune responses to
virus are more beneficial for a better disease outcome.

Furthermore, data from human studies with highly HIV-exposed seronegative
(HESN) individuals would support the results from studies with SIV-resistant sooty
mangabeys. Although millions of people become infected following HIV-1 exposure,
some people, albeit rarely, remain HIV-1-uninfected despite repeated exposures to the
virus (Fowke et al., 1996). Several groups of such cohorts have been identified around
the globe, and they include: discordant couples, where one partner remains HIV-
uninfected despite being repeatedly exposed to virus through unprotected intercourse;
infants born to HIV-positive mothers and subsequently exposed to HIV through breast
feeding; haemophiliacs who received HIV-infected blood treatments; and individuals
engaged in a high-risk sexual behavior or commercial sex workers (CSWs) (Tomescu et
al., 2011). Collectively, HESN individuals are characterized as subjects without any
detectable in serum anti-HIV-1 IgG and without any evidence of infection despite
frequent exposure to HIV-1 and/or repeated high-risk behavior in areas with high HIV-1

prevalence (Tomescu et al., 2011). Evidence demonstrates that HIV-1 resistance in
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HESN individuals likely stems from a compilation of factors including genetic
predisposition (Lacap et al., 2008; Sironi et al., 2012), increased levels of certain
antivirals and antiproteases in the CVL (Burgener et al., 2011; Igbal et al., 2005; Igbal et
al., 2009; Zapata et al., 2008), potent anti-HIV-1 mucosal IgA (Broliden et al., 2001;
Devito et al., 2000a; Devito et al., 2000b) and T cell responses (Kaul et al., 2000), and
increased expression of genes regulating tight junction (Songok et al., 2012). Importantly,
however, is that HIV-1 resistance in these subjects has also been associated with
“immune quiescence” and decreased cellular activation (Begaud et al., 2006; McLaren et
al., 2010; Songok et al., 2012). These findings are in line with earlier results from the
monkey studies, demonstrating the lack of sustained immune activation and inflammation
in naturally-resistant to SIV animals (Silvestri et al., 2003). Notably is that this immune
quiescence in HESN subjects is not absolute and continuous, since robust, but transient,
early activation of innate antiviral responses have been demonstrated ex vivo in HESN
CSWs from Kenya (Su et al., 2011). Specifically, while PBMC from HIV-susceptible
individuals in response to IFN-y stimulation showed a biphasic and prolonged increase in
IRF1 expression, HIV-resistant individuals demonstrated a robust, but transient IRF1
expression, suggesting that early and transitory IRF1 responsiveness is crucial for HIV-1
resistance (Su et al., 2011). This observation is in line with results from the study by
Clericci et al., demonstrating increased immune responsiveness to TLR agonist by PBMC
from another cohort of CSWs from Italy (Sironi et al., 2012). Interestingly, acute SIV in
sooty mangabeys was also associated with early robust ISG responses and immune
activation in blood and lymph nodes, but they were rapidly resolved and were not
associated with disease progression (Bosinger et al., 2009). The relative significance of
these systemic responses, however, remains unclear, since high viremia in sooty
mangabeys persists regardless the dynamics of immune responses, and PBMC from
HESM CSW remain susceptible to HIV-1 infection (Messele et al., 2001). In contrast,
these findings are rather highlighting the importance of mucosal responses, especially
considering the presence of broadly neutralizing mucosal IgA that are capable of

inhibiting HIV-1 transcytosis across human ECs (Broliden et al., 2001; Devito et al.,

30



2000a) and our recent finding that cervical mononuclear cells (CMCs) from HIV-
resistant (HIV-R) CSWs have altered PRRs mRNA expression compared to HIV-
susceptible (HIV-S) controls (X.D. Yao, personal communication, unpublished data). It is
unknown though how these CMCs from HIV-R group would respond to in vitro
stimulation.

Collectively, these findings indicate that continuous exposure of HESN
individuals to the virus induces active mucosal anti-HIV-1 responses that render these
individuals resistant to mucosal HIV-1 infection. Further, since dysregulated PRRs
expression/responsiveness and prolonged immune activation accompany HIV/AIDS
progression (Lester et al., 2008), and since “immune quiescence” (McLaren et al., 2010;
Songok et al., 2012) and robust, but transient, antiviral responses (Su et al., 2011) appear
to be associated with HIV-1 resistance, it is possible that active immune regulation, rather
than down-regulation, of pathogen recognition and inflammatory responses can be more
beneficial in determining the fate of HIV-host encounter and disease establishment. Thus
factors modulating inflammatory responses while increasing antiviral protection might be
beneficial in controlling HIV and other STIs such as HSV-2 with pronounced

inflammatory component driving their pathogenesis.

HSV-2

While the majority of HIV-1 encounters do not result in productive infection
(Royce et al., 1997), some factors may enhance the susceptibility to HIV-1 infection.
Indeed, co-infection HSV-2 is very common among HIV-positive persons (Schacker et
al., 1998), and preexisting HSV-2 has been clearly implicated as a risk factor for HIV-1
(del Mar Pujades Rodriguez et al., 2002; Sobngwi-Tambekou et al., 2009).

HSV-2 belongs to a large Herpesviridae family (Arvin et al., 2007; Esmann,
2001); together with herpes simplex virus (HSV)-1, they are the most studied members of
alpha-herpesvirinae subfamily and the primary causal agents of recurrent genital and
facial herpetic lesions, respectively (Ahmed et al., 2003; Esmann, 2001). Nearly 60% of
US adults are infected with HSV-1, and the estimated seroprevalence of HSV-2 in North
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America is around 20%; it is even higher, 30-80%, in some developing countries and sub-
Saharan Africa (Chen et al., 2000; Xu et al., 2006). These numbers make genital herpes
one of the leading and most prevalent STI worldwide, although the role of HSV-1 in
genital lesions is increasing and possibly underestimated. Even more alarming is the fact
that most sexual and perinatal transmissions of HSV-2 occur during asymptomatic
mucocutaneous viral shedding (Koelle and Wald, 2000), and that HSV-2 closely
interplays with HIV-1 infections. Indeed, increasing epidemiological evidence indicates
that HSV-2 is a risk factor for HIV-1 acquisition, transmission, and disease progression
(Corey, 2007; Kapiga et al., 2007; Ouedraogo et al., 2006; Sheth et al., 2008; Todd et al.,
2006; Wald and Link, 2002). Thus, it is of great importance to have efficient measures of
HSV-2 prevention and treatment in order to gain control over the spread of both HSV-2

and HIV-1 infections.

HSYV-2 structure, life cycle, and invasion mechanisms

The lack of preventive measures, discussed earlier in this chapter, is largely
attributed to the structural and functional complexity of the virus and its pathogenesis.
Virions of herpesviridae family range in size between 80 and 250 kbp and contain large
double-stranded (ds) DNA genomes (Arvin et al., 2007; Mossman, 2002). The genome is
surrounded by a viral envelope with multiple glycoproteins and spikes (i.e., gD, gB). The
tegument contains both the envelope and the capsid. The HSV envelope contains at least
11 different membrane glycoproteins, of which five (i.e., gD, gH, gL, gC and gB) are
critical for the viral entry (Novak and Peng, 2005; Spear, 2004).

In HSV virions, many among the encoded 100-200 genes are used not only to
ensure proper HSV-2 replication, but also to evade the host’s defense mechanisms.
Examples of such evasion strategies include the ability to down-regulate the induction of
protective type I IFNs and ISG-mediated responses (Mossman, 2002; Mossman et al.,
2001; Yao and Rosenthal, 2011), to decrease DCs maturation and antigen presentation

(Novak and Peng, 2005; Raftery et al., 2006), to suppress NK cell function (Orange et al.,
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2002), and to establish latency in neuronal tissues through the expression of latency-

associated transcripts (LATs) (Arvin et al., 2007; Chen et al., 2002; Corey et al., 1983).

Human ECs and neuronal cells are considered principle targets in HSV primary
infection, although other cells can also be affected (Mikloska et al., 2001; Mikloska and
Cunningham, 2001; Smiley et al., 1985). Primary infection of a new host is initiated after
the attachment of viral gB and/or gC to the cell surface glycosaminoglycan (GAG) (Spear
et al., 1992). Heparan sulfate proteoglycans, including key constituents, syndecan-1 and
syndecan-2, are widely expressed among HSV target cells, such as ECs and neuronal
cells. These HS moieties are predominant sites for herpes virus attachment (Lindahl et al.,
1994; Tal-Singer et al., 1995), although chondroitin sulfate molecules can also be
employed by the virus (Mardberg et al., 2002). For the viral entry to occur, however,
further binding between viral gD and one of the cell surface entry co-receptors is required
(Spear, 2004). Studies indicate that several receptors, including HVEM (herpes virus
entry mediator) (Whitbeck et al., 1997) or members of the poliovirus receptor-related
(PRR) immunoglobulin superfamily such as nectin-1(Geraghty et al., 1998) and nectin-2
(Lopez et al., 2000; Warner et al., 1998) have been implicated in the binding with gD.
HVEM belongs to the TNF family and activates NF-xB and AP-1 via TNF receptor-
mediated mechanisms (Harrop et al., 1998). Finally, the fusion between all four viral gB,
gD, gL, and gH and the host cell membrane results in viral entry and release of tegument
proteins and viral capsid into the cytosole (Jenssen, 2005). Viral attachment, entry, and
infection are unique processes in that they often are governed by tissue-specific
microenvironment, molecular interactions and the use of additional co-receptors as a
result of activities of various tissue-specific enzymes (Spear, 2004).

Following viral attachment and entry, HSV-infection continues with the synthesis
of a-proteins (i.e., ICP0O, ICP4, ICP22 and ICP27), products of immediate-early genes;
these proteins subsequently induce the synthesis of B-proteins (i.e., ICP6, ICPS, gB),
products of early genes, and y-proteins (i.e., UL56), products of late genes (Arvin et al.,

2007; DeLuca et al., 1984; Koshizuka et al., 2002). The early genes transcribe viral
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proteins necessary for the replication of HSV genome. And the late genes are responsible

for providing the structural components of the virion (Novak and Peng, 2005).

Pathogenesis of HSV-2

Both innate and adaptive immune responses are activated during HSV-2 infection,
with the innate immune system serving to control the initial events, and the adaptive - to
execute viral clearance (detailed reviews are in references (Chan et al., 2011;
Cunningham et al., 2006; Keele et al., 2008; Novak and Peng, 2005)). It is clear,
however, that neither innate nor adaptive immune responses are efficient enough in
dealing with HSV-2, as it is evident from the establishment of latency (Chen et al., 2002;
Koelle and Corey, 2008) and the occurrence of periodic disease reactivations (Corey et
al., 1983).

Following attachment and entry of HSV-2 into a target cell, virions and their
multiple PAMPs (i.e., glycoproteins and nucleic acids, including dsSRNA, dsDNA, and
potentially ssRNA) (Finberg et al., 2005; Weber et al., 2006) are exposed to a variety of
PRRs, namely TLRs 2, 3, 7/8, and 9, RNA helicases RIG-I and MDAS, and
inflammasomes (Finberg et al., 2005; Rasmussen et al., 2009; Yu and Levine, 2011).
Such an exposure triggers a series of signaling events, leading to activation of pathways
and transcription factors, namely NF-kB, MAPK, AP-1, and the IRF, that initiate
antiviral and inflammatory responses (Kawai and Akira, 2006, 2010; Mogensen and
Paludan, 2005). Among key antiviral responses mediated through these transcription
factors and their corresponding pathways are the induction of Type I IFNs (Kawai and
Akira, 2006; Yoneyama and Fujita, 2010; Yu and Levine, 2011) and various ISGs that
were discussed earlier (Bauer et al., 2008; Li et al., 2009b).

A representative of type I IFNs, IFNP, has been considered as one of the
correlates of protection against HSV-2 infection (Gill et al., 2006; Nazli et al., 2009).
IFNB-mediated signaling limits viral replication and spread by activating additional
antiviral pathways/factors, such as protein kinase R that phosphorylates elF2a and limits

viral translation, or OAS/RNase L pathway leading to RNA degradation and ultimately
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inhibition of viral translation and replication, as reviewed in reference (Stetson and
Medzhitov, 2006). The induction of type I INFs and ISGs following viral exposure is the
host’s attempt at preventing the establishment of primary viral infection and its spread
and reactivation (Cunningham et al., 2006; Kawai and Akira, 2006). Viruses, however,
evolved strategies to overcome host’s immune surveillance. The apparent redundancy in
these antiviral responses is necessary to enable the host to counteract HSV-2 evasion
mechanisms, like those involving the inhibition of type I IFNs or IRF3 and IRF7-
mediated responses. In the latter mechanisms, ICP0O and virus host shut-off (vhs) HSV
proteins have been shown to play a role (Paladino et al., 2010; Yao and Rosenthal, 2011).
In addition to innate antiviral responses, viral recognition also triggers the
induction of innate inflammatory responses that are often associated with activation of
NF-kB and the release of pro-inflammatory factors (Kawai and Akira, 2006; Yoneyama
and Fujita, 2010; Yu and Levine, 2011). Interestingly, in addition to targeting and
disarming antiviral responses, viruses, including HSV, have also been implicated in
altering the expression and functional activity of innate viral sensors (Yao and Rosenthal,
2011), main regulators of immune responses (Kawai and Akira, 2006; Yoneyama and
Fujita, 2010; Yu and Levine, 2011). Viral manipulation of PRRs expression and
functioning leads to dysregulated host’s immune inflammatory responses, which become
detrimental to the host and further contribute to HSV infection and pathogenesis
(Morrison, 2004; Mossman, 2002; Mossman et al., 2001). Studies demonstrate that HSV
challenge has been associated with altered expression of TLR2 (Kurt-Jones et al., 2004)
and TLR4 (Bottcher et al., 2003), as well as activation of NF-kB, and the release of
TNFa (Thapa and Carr, 2008), IL-1p, and IL-6 (Gill et al., 2006; Li et al., 2009a). The
significance of HSV innate recognition through viral PRRs and the role of dysregulated
antiviral responses were highlighted by Bottcher et al. and Kurt-Jones et al. (Kurt-Jones
et al., 2005; Kurt-Jones et al., 2004), demonstrating that a murine encephalitis was
associated with increased levels of TLR4 mRNA (Bottcher et al., 2003), and that TLR2-/-
mice had reduced HSV-1-mediated brain inflammation and mortality (Kurt-Jones et al.,

2004). Kurt-Jones and colleagues also showed that cord-blood derived cells from human
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neonates exhibited more vigorous responses to HSV stimulation compared to adult
PBMC s, as was evident by higher levels of IL-6 and IL-8. In their study, the researchers
concluded that these findings could potentially explain the sepsis syndrome seen with
HSV infections in human neonates that could also be linked to TLR2 dysregulation
(Kurt-Jones et al., 2005). HSV-induced immune activation can also contribute to
breeching the blood-brain barrier and allowing HSV to translocate into the central
nervous system (CNS) (Pasieka et al., 2011; Thapa and Carr, 2008).

HSV-2 enters the CNS through the dorsal roots and establishes a life-long and
latent infection in dorsal roots and sensory ganglia with recurrent episodes of reactivation
and symptomatic or asymptomatic viral shedding. At this point, many adaptive immune
responses are activated, including those involving CD4 and CD8 T cells, in an attempt to
clear the virus (Chan et al., 2011; Cunningham et al., 2006; Koelle and Corey, 2008).
HSV-2-specific CD8+ T cells play a role in surveillance to limit disease reactivation and
viral replication in ganglia and skin (Koelle and Corey, 2008).

Most of HSV-2 infections and reactivations have minor and self-limiting
symptoms, unless in immunocompromised or neonates, while viral shedding can be often
even asymptomatic, thus making it difficult to screen, diagnose, treat, and prevent these
events. There is no currently approved vaccine for HSV-2 (Cohen, 2010), and most
antiviral treatments are primarily based on acyclovir nucleoside derivatives that target
viral replication, but not the entry or multiple steps in herpes life, as was discussed
earlier. Such inefficient targeting makes the control over the acquisition of primary HSV-
2 infection and subsequent viral shedding and transmission difficult. A productive
primary HSV-2 infection ultimately initiates a vicious cycle leading to the establishment
and episodic reactivations of latent herpes infection, further resulting in continuous
spread of infectious virus across the population, and also presenting a risk factor for HIV-
1. In this context, naturally-occurring or synthetically-derived antiviral molecules, and
especially those possessing immunomodulatory properties, could offer a promising

alternative.
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Antimicrobial armada in the FGT

Overview of multiple groups

In spite of the magnitude of the HIV-1 epidemic, 99.5% of unprotected sexual
encounters do not result in productive HIV-1 infections (Gray et al., 2001), suggesting
that viral transmission and spread are tightly controlled within the FGT through a
complex and efficient interplay between physical barriers, immune responses, and
mucosally secreted natural protective factors (Kaul et al., 2008; Kaushic et al., 2010;
Wira et al., 2011b).

Of the estimated 800 antimicrobial peptides (AMPs) known to exist in nature,
many have been shown in humans and at various mucosal sites (Izadpanah and Gallo,
2005), including the FGT (Wira et al., 2011b). Although a complete repertoire of
endogenous AMPs present in the FGT is unknown, many of them have been identified
and functionally characterized in the cervicovaginal lavage (CVL) fluid (Burgener et al.,
2011; Cole and Cole, 2008; Hickey et al., 2011; Shaw et al., 2007; Venkataraman et al.,
2005; Wira et al., 2011b); but many still remain underinvestigated. Based on structural
and functional commonalities, these factors are grouped into several major families,
including chemokines (Rancez et al., 2012), defensins (Ganz and Lehrer, 1994; Kagan et
al., 1994; Klotman and Chang, 2006), cathelicidins (Larrick et al., 1995a; Larrick et al.,
1995b; Yang et al., 2004), serpins and cystatins (Burgener et al., 2011; Fahey et al., 2011)
as well as serine antiproteases (Sallenave, 2010; Schalkwijk et al., 1999).

Human genital ECs are major contributors of endogenous antimicrobials, since
ECs can constitutively or in response to microbial or inflammatory stimulation secrete a
variety of such protective factors that include defensins, secretory leukocyte protease
inhibitor (SLPI), elafin and its precursor trappin-2 (Tr/E) (Fahey and Wira, 2002; Ghosh
et al., 2010; King et al., 2002; Schaefer et al., 2005; Wira et al., 2011a), and many others
(Wira et al., 2011b).

In addition to their regulation by inflammatory and microbial stimuli, the
expression of these antimicrobials in the FGT can be also regulated by the sex hormones,

estradiol and progesterone, and vary throughout the menstrual cycle (Fahey et al., 2008;
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King et al., 2003b; King et al., 2003c). Indeed, levels of endogenous antimicrobials, such
as SLPI, lactoferrin, and several defensins, were shown to transiently, yet significantly,
decrease in the CVLs around ovulation, before returning to constitutive levels near the
end of the secretory phase (Horne et al., 2008; Keller et al., 2007; Wira et al., 2011b).
Such fluctuations in levels of endogenous antimicrobials may partly explain the window
of vulnerability in the FGT in the later half of the menstrual cycle (Wira and Fahey,
2008).

Many of these peptides, such as cathelicidins, defensins, and antiproteases, are
small cationic proteins with broad antibacterial, antifungal, and antiviral activities (Cole
and Cole, 2008; Klotman and Chang, 2006; Sallenave, 2010), including against HSV-2
and HIV-1 (Drannik et al., 2012b; Ghosh et al., 2010; John et al., 2005; MasCasullo et
al., 2005; Venkataraman et al., 2005; Wahl et al., 1997).

Cathelicidins are a family of peptides with only one member found in humans,
called cathelicidin hCAP-181.L-37 (Levinson et al., 2009; Tjabringa et al., 2005). LL-37
is a mature protein and a product of proteolytic cleavage of a C-terminus domain of its
precursor, hCAP-18 (Sorensen et al., 2008). LL-37 exhibits many activities that include
antimicrobial, chemotactic, and immunomodulatory (Larrick et al., 1995a; Mookherjee et
al., 2006) Some of these activities have been attributed to LL-37 direct targeting of
microbial cell wall (Ramanathan et al., 2002), binding to nucleic acids (Hasan et al.,
2011) and LPS (Larrick et al., 1995a), and the ligation of formyl peptide receptor like
(FPRL)-1 moiety, one of LL-37 cellular receptors (Brown and Hancock, 2006; De et al.,
2000). Anti-HIV-1 activity of LL-37 has also been demonstrated; however, it may or may
not involve FPRL-1 ligation and signaling (Bergman et al., 2007; Steinstraesser et al.,

2005; Wong et al., 2011). Anti-HSV-2 activity of LL-37 has not been reported.

Among human defensins, there are two main subfamilies: a and 3 defensins.

There are six o defensins, such as human neutrophil peptide (HNP) 14 and human
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defensin (HD) 5 and 6, and six better studied -defensins HBD1-6, with only four of
them identified in the FGT (Cole and Cole, 2008; Klotman and Chang, 2006). Based on
in vitro studies, defensins were shown to act either through virus, by interacting with viral
envelop, or through cells, by altering cell surface expression of viral receptors or
blocking cellular binding sites (Hazrati et al., 2006; Klotman and Chang, 2006;
MasCasullo et al., 2005; Quinones-Mateu et al., 2003; Sun et al., 2005; Wang et al.,
2004; Weinberg et al., 2006; Yasin et al., 2004). However, despite the reported anti-
HSV-2 activity for human defensins 5 and 6 (Hazrati et al., 2006), they were shown to
increase host’s susceptibility to HIV-1 infection (Rapista et al., 2011). A similar pro-
HIV-1 activity was also documented for prostate stromal protein 20 kDa (ps20) (Alvarez
et al., 2008), from the whey acidic proteins (WAP) family. Interestingly, despite that ps20
appears to negatively correlate with HIV-1 infection, the other members of this WAP
family, namely SLPI and Tt/E, have been shown to exhibit antiviral activities (Ghosh et

al., 2010; Shugars et al., 1997).

Serine protease inhibitors SLPI, as well as elafin (E) and its precursor, trappin-2
(Tr), are among other cationic endogenous antimicrobials that have been linked to
mucosal protection against sexually transmitted pathogens, such as HSV-2 and HIV-1
(Hazrati et al., 2006; MasCasullo et al., 2005; Moreau et al., 2008). SLPI is a small non-
glycosylated protein with two WAP domains that was initially isolated from bronchial
secretions by Thompson and Ohlsson in 1986 (Thompson and Ohlsson, 1986). SLPI is
induced in different cell types and at many mucosal sites, including the FGT, as reviewed
elsewhere (Drannik et al., 2011; Moreau et al., 2008; Sallenave, 2010)). In addition to its
inhibitory activity against neutrophil serine proteases, cathepsin G and neutrophil elastase
(Eisenberg et al., 1990), SLPI also possesses anti-inflammatory (Ding et al., 1999;
Henriksen et al., 2004) and antimicrobial properties (Hiemstra et al., 1996), similar to Tr
and E, as reviewed elsewhere (Drannik et al., 2011; Sallenave, 2010).

Regarding anti-inflammatory activity of SLPI, this protein was shown to reduce

NF-«B activation either through binding to bacterial PAMP, LPS (Ding et al., 1999), or
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to inhibitors of NF-xB, IkBa or IkBf3 (Lentsch et al., 1999) or through binding to DNA
and competing specifically for NF-kB DNA binding sites (Taggart et al., 2005).

Studies indicate that low HIV-1 transmission through breast milk (Wahl et al.,
1997), saliva, and CVL was correlated with high levels of SLPI in the mucosal fluids
(Lin et al., 2004; McNeely et al., 1995; Pillay et al., 2001), and reduced SLPI levels in
CVLs were associated with increased risk of HIV-1 infection (Novak et al., 2007). SLPI
was shown to exhibit antiviral activity in vitro against both HIV-1 and HSV-2, which
appeared to be independent of antiprotease activity of SLPI and dependent on the
protein’s direct interaction with cells, rather than virus (MasCasullo et al., 2005;
McNeely et al., 1997). Further, SLPI has been demonstrated to reduce HIV-1 infection in
monocytes/macrophages (Hocini et al., 2000; Ma, 2004) and lymphocytes (Py et al.,
2009), but not to interfere with transcytosis of cell-associated HIV-1 across polarized
monolayer of ECs. SLPI was shown to target HIV-1 before the viral reverse transcription
step in monocytes (McNeely et al., 1997) and to interact with cell surface HIV-1 binding
partners scramblase 1 and 4 in T cells (Py et al., 2009), as well as annexin II in
macrophages (Ma, 2004). Considering functional and structural (40% sequence identity
between elafin and each SLPI domain (Moreau et al., 2008)) similarities between SLPI,
Tr, and E, it could be argued that their antiviral features would also be similar. Compared
to SLPI, however, antiviral activity of Tr/E, especially in the FGT, has been much less

investigated, and only recently received some attention.

Trappin-2 and elafin

Antiviral activity

Indeed, increased levels of Tr/E were recently found in CVLs from highly-
exposed HIV-resistant (HIV-R) commercial sex workers (CSWs) in Nairobi, Kenya
(Igbal et al., 2009). Despite repeated HIV-1 exposures, these women had no signs of
infection; yet they had HIV-specific immune responses (Broliden et al., 2001; Kaul et al.,
2001; Kaul et al., 2000). These findings suggest that the repeated viral exposure, at least

in part, is inducing potent HIV-specific and non-specific protective responses and a local
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milieu in the genital mucosa of these HESN women that would collectively prevent HIV-
1 translocating across the epithelial barrier. Utilizing SELDI-TOF mass spectrometry,
Igbal and colleagues identified increased levels a 6 kDa protein elafin in CVLs of HIV-R
CSWs, compared to HIV-susceptible (HIV-S) controls (Igbal et al., 2009). Although in
their patent the authors showed that recombinant elafin prevented HIV-1 infection of T
cells in vitro (Ball, 2006), no in vitro HIV-inhibitory activity was reported in the original
study (Igbal et al., 2009). Interestingly, however, when HIV-S CSWs were followed
prospectively, the authors reported that elevated levels of both Tr/E were associated with
HIV-1 protection, thus suggesting that both proteins might be required for optimal

protection against HIV-1.

Another recent study also focused on antiviral activity of Tr/E in the FGT. Ghosh
et al. showed that recombinant E had an inhibitory effect against both R5 and X4 HIV-1
in TZM-bl target cells in vitro, but only when the virus, and not the cells, was pretreated
with E. In this study, the researchers proposed a direct anti-HIV-1 activity of E as the
mechanisms behind its antiviral activity (Ghosh et al., 2010).

Other studies also elucidated antiviral effects of Tr/E; these studies, however, did
not focus on the genital mucosa or STIs. Nevertheless, these reports demonstrated that in
a model of viral myocarditis, Tr/E-expressing animals had increased survival, reduced
tissue damage and organ dysfunction, compared to control animals (Zaidi et al., 1999).
And another study showed that Tr/E-expressing mice, compared to their counterparts,
had increased number and activation of lung DCs that were associated with augmented
Th1-polarized virus-specific lung and spleen adaptive immune responses and increased
viral (Ad-LacZ) clearance from the lungs (Roghanian et al., 2006).

Despite that both Tr/E have been associated with anti-HIV-1 effect in the FGT,
there was no clear understanding of how this activity was mediated and what was the
contribution of T1/E to the total anti-HIV-1 activity of CVL, considering that CVL
contains a wide range of antimicrobial molecules (Hickey et al., 2011). Furthermore,

equally unknown is whether or not each Tr and E individually possess anti-HIV activity
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and whether they are equipotent in this antiviral activity. Moreover, although
accumulated evidence highlighted the role of Tr/E in defense against HIV-1 (Ghosh et
al., 2010; Igbal et al., 2009), their contribution to defense against another sexually-
transmitted and linked to HIV-1 pathogen, HSV-2, remains undefined. All of these points
have led us to the research presented herein.

The following sections in the introduction will provide additional background
information on trappin-2 and elafin that will facilitate the reader’s understanding of the
nature and activities of these proteins. Some of this information might be repeated in the

introductions to each of the following chapters.

History

Tr/E are alarm serine antiproteases that, in contrast to systemic antiproteases, are
secreted in tissues to offer more localized protection (Sallenave, 2010). The fact that
these molecules can be isolated from sites affected by chronic inflammatory conditions,
including atherosclerosis and chronic lung and skin diseases (Sallenave and Ryle, 1991;
Schalkwijk et al., 1990; Sumi et al., 2002), would further support this notion. Of the two
proteins, E was discovered first, when in 1990 two groups, independently, isolated E
from the skin of patients with psoriasis (Schalkwijk et al., 1990; Wiedow et al., 1990) and
called it skin-derived antileukoprotease (SKALP). Subsequently, in 1991, Sallenave and
colleagues purified and characterized E as elastase specific inhibitor (ESI) from human
lung sputum (Sallenave and Ryle, 1991). These discoveries resulted in multiple names
given to the same protein. It was during the cloning of the E cDNA that was discovered
that the molecule was larger than anticipated, due to the presence of the N-terminal non-
inhibitory, or cementoin, domain with a binding site for transglutaminase. The whole
molecule of E precursor was then given the name trappin-2, with “trappin” being an
acronym for TRansglutaminase substrate and wAP domain containing ProteIN (for
nomenclature refer to reference (Schalkwijk et al., 1999)). In the literature, however,
some do not differentiate between the proteins and use the terms Tr and E

interchangeably, perhaps adding ambiguity to the field.
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Structure

Tr/E are small cationic proteins that share an evolutionary-conserved four-
disulfide core domain (FDC). The FDC domain is shared by other WAP family members,
SLPI and ps20; but it is also common to other unrelated to WAP family proteins, as
reviewed elsewhere (Bingle and Vyakarnam, 2008; Drannik et al., 2011). Better known
as WAP domain, the FDC structure is rich in cystein residues that stabilize four disulfide
bonds involved in protease inhibition (Tsunemi et al., 1996). Tr is secreted as a cationic
unglycosylated (95-aa) 9.9 kDa protein consisting of two parts: N- and C-terminal
domains. Proteolytic cleavage of the N-terminal cementoin domain liberates the C-
terminal 57-residue with the inhibitory WAP domain (5.9 kDa), which becomes a soluble
E (Guyot et al., 2005a). In the N-terminus of Tr, there is a transglutaminase substrate-
binding domain (TSBD) with four repeated motifs of Gly-GIn-Asp-Pro-Val-Lys
sequences (Nara, 1994), thus explaining the name. The N-terminus of E also contains one
such a motif (Baranger et al., 2008), hence allowing both Tt/E to be covalently linked to
extracellular matrix proteins like heparin by a tissue transglutaminase, most likely

contributing to wound healing (Guyot et al., 2005b).

Antiprotease and antibacterial activities

Tr/E are pleiotropic molecules exhibiting antiproteolytic, antimicrobial, and
immunomodulatory properties, as reviewed in references (Drannik et al., 2011; Moreau et
al., 2008; Sallenave, 2010), all of which, however, could be affected by Tr/E
susceptibility to oxidation and protease degradation (Guyot et al., 2008; Guyot et al.,
2005a; Nobar et al., 2005). Tr/E were demonstrated to inhibit human neutrophil elastase
(HNE), proteinase 3, and endogenous vascular elastase (Cowan et al., 1996; Moreau et
al., 2008).

Notably, antibacterial activity of Tr/E has been studied and understood much
better, compared to their antiviral effects. Tr/E were shown to directly inhibit the growth

of a number of fungal, as well as Gram-positive and Gram-negative bacterial pathogens,
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both in vitro and in vivo (McMichael et al., 2005a; Moreau et al., 2008; Sallenave, 2010;
Simpson et al., 1999), but sparing Lactobacillus (Fahey et al., 2011). This direct
antimicrobial effect of Tt/E is believed to be largely mediated through their cationic
charge (Baranger et al., 2008; Hiemstra et al., 1996); however, binding to microbial DNA
(Bellemare et al., 2010) has also been proposed. In in vivo experiments with P.
aeruginosa and S. aureus, antibacterial activity of adenovirally-expressed Tr was
associated with reduced bacterial load and inhibited neutrophilic inflammation

(McMichael et al., 2005a; Simpson et al., 2001b).

Immunomodulatory activity

In addition to their antibacterial effect, Tr/E have been also shown to modulate the
host’s immune responses. Indeed, similar to SLPI, Tt/E were demonstrated to target
binding, recognition, and mounting of inflammatory responses against microbial and
inflammatory stimuli (Butler et al., 2006; Drannik et al., 2012c; Henriksen et al., 2004;
McMichael et al., 2005b; Roghanian et al., 2006; Simpson et al., 2001b; Taggart et al.,
2005). Specifically, in in vitro studies, Henriksen et al. demonstrated that Ad-mediated
delivery of Tr/E reduced endothelial IL-8 release in response to oxidized low density
lipoprotein, LPS, and TNFa and macrophage TNFa production in response to LPS. In
both endothelial cells and macrophages, these inhibitory events were associated with
reduced activation of NF-kB, through up-regulation of its inhibitor, IkBa (Henriksen et
al., 2004). In another study, Butler and colleagues demonstrated that E-pretreated
monocytes secreted reduced levels of MIP-1 in response to LPS stimulation (Butler et al.,
2006). Reduced levels of MIP-1 were associated with inhibited activation of AP-1 and
NF-kB and attenuated degradation of IkBa and IkBp. Interestingly, it was found that
reduced AP-1 activation was mediated through the inhibition of proteosomal degradation
of IxkBa, but not its phosphorylation, in presence of E (Butler et al., 2006). In line with
the previous study, another group has shown anti-inflammatory effect of Tr/E by
demonstrating that each Tr/E were capable of binding to LPS and preventing its signaling

in murine macrophages, resulting in reduced secretion of TNFa. However, in serum-free
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conditions, Tr/E were shown to stimulate TNFa release (McMichael et al., 2005b),
suggesting a dual activity of Tr/E on cellular immune responses under certain conditions.
The latter findings are reminiscent of results from in vivo studies, where in mice with
adenovirally expressed human Tr, local pulmonary LPS-induced immune responses were
augmented, or primed, and associated with increased influx of neutrophils; whereas
systemic responses were dampened and characterized by lower levels of TNFa, MIP-2,
and MIP-1 compared to the lungs (Sallenave et al., 2003; Simpson et al., 2001a). In line
with the previous findings, Wilkinson and colleagues demonstrated that Tr had an
opsonizing effect on P. aeruginosa clearance through CD14-dependent activation of
macrophages and recruitment of neutrophils (Wilkinson et al., 2009). Collectively, these
observations demonstrate a dual activity of Tr/E with both immunomodulatory and
immunostimulatory effects. It has been proposed that in the host’s defense against
bacteria, Tr/E might be priming local immune responses by promoting opsonisation,
phagocytosis, and direct killing of bacteria through the recruitment and activation of
immune cells, while regulating and dampening the magnitude and spread of systemic
inflammatory responses (Sallenave, 2010). Notably, similar dual immunomodulatory
properties were shown for other endogenous cationic antimicrobials, such as defensins
and cathelicidins, perhaps highlighting the pleiotropic nature and a broad repertoire of
their activities, through which these factors effectively contribute to the host’s

antimicrobial defense (Brown and Hancock, 2006).

Sources and expression

Being present in various mucosal secretions (Tjabringa et al., 2005), including
CVLs (Igbal et al., 2009), tissues, such as skin, colon, placenta, lungs, the FGT, and cells
like neutrophils, macrophages, T cells, and epithelial cells (Dalgetty et al., 2008; King et
al., 2003a; King et al., 2007; Marischen et al., 2009; Mihaila and Tremblay, 2001; Motta
et al., 2011; Pfundt et al., 1996; Sallenave et al., 1992; Sallenave et al., 1993; Wiedow et
al., 1990), Tr/E are strategically placed to regulate mucosal immune responses. In vitro

studies demonstrate that genital ECs (Fahey and Wira, 2002), together with keratinocytes,
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bronchial, and alveolar ECs (Sallenave et al., 1994), constitutively produce low amounts
of Tr/E, unlike SLPI. In contrast, Tr/E secretion can be greatly induced in response to
various stimuli, such as TNFa, IL-1p, LPS, defensins, and neutrophil elastase (Pol et al.,
2003; Sallenave et al., 1994; Simpson et al., 2001a; van Wetering et al., 2000),
suggesting that SLPI and Tr/E play differential roles, with SLPI providing a constitutive
baselines antiprotease/anti-inflammatory protection, while Tr/E - following stimulation
(Sallenave, 2010). Interestingly, we and others have recently found that Tr/E secretion
from the genital ECs was induced in response to a synthetic mimic of a viral dSRNA,
polyl:C (Drannik et al., 2012c; Ghosh et al., 2010), hence confirming a significant role of

Tr/E in antiviral immune inflammatory responses in the FGT mucosa.

Hypothesis

Based on the evidence presented above, we hypothesized that Tr/E may play a
significant role in defense against HIV-1 in the FGT, and that their presence in the CVL
might be critical for the natural anti-HIV-1 activity of CVLs. Given that both Tr/E were
identified in the CVLs, we further hypothesized that each Tr and E individually might
possess antiviral activity. Taking into account that HSV-2 represents a significant risk
factor for HIV acquisition and transmission, and since no previous reports focused on
anti-HSV-2 activity of Tr and E, we also considered characterizing the contribution of
each Tr and E to the host’s defense against HSV-2 in the female genital mucosa.
Considering previously demonstrated antibacterial and immunomodulatory effects of
Tr/E, we also hypothezised that Tr/E antiviral activity could be targeting viral infectivity
and/or modulating host’s recognition and mounting of antiviral and inflammatory
immune responses. To better test both antiviral and immunomodulatory activities of each

Tr and E, we utilized viral ligand, polyI:C.

Objectives

The research presented in Chapters 2, 3, 4, and 5 was designed to test our

hypothesis and to elucidate and expand our knowledge on the antiviral properties of each
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Tr/E individually and their potential mechanisms and targets in defense against HSV-2
and HIV-1 in the female genital mucosa.

In the first manuscript in this thesis (Chapter 2), we characterized whether or not
and how each Tr/E individually contributed to antiviral host defense in the genital ECs
elicited by polyl:C, a synthetic mimic of viral dsSRNA, capable of inducing not only an
antiviral state in target cells, but also strong inflammatory responses. To accomplish this,
we used human endometrial ECs, HEC-1A line, a replication-deficient adenovirus
expressing the human Tr gene, recombinant tagged and untagged Tt/E proteins, polyl:C,
and a target VSV-GFP virus. We specifically determined whether Tr/E alone or in the
context of polyl:C pretreatment were able to augment antiviral protection of cells in
response to a challenge with VSV-GFP. We also determined whether in doing so, Tt/E
acted directly on virus or indirectly through cells by blocking viral entry or modulating
viral sensing, or inflammatory or antiviral responses and pathways. We focused on the
expression of innate viral sensors, namely TLR 3, RIG-I, and MDAS, activation of
transcription factors NF-kB, AP-1, IRF3 and ISGs, and the induction of IFNf and pro-
inflammatory factors IL-8 and IL-6.

In the second manuscript (Chapter 3), building on findings from the previous
chapter, notably that Tr/E enhance antiviral protection and reduce inflammatory
responses elicited by polyl:C, we sought to determine the contribution of Tr/E to antiviral
defense against HSV-2 using in vitro and in vivo models. We determined whether or not
each Tr/E individually acted directly on virus or indirectly through cells by increasing
cellular antiviral protection mediated through IRF3 and IFNB. We also determined
whether Tr/E exerted antiviral effect by altering NF-kB-mediated inflammatory
responses. In the in vivo model of lethal HSV-2 genital infection, we utilized Tr-
transgenic mice that expressed the human Tr gene and evaluated their survival, pathology

scores, as well as viral loads in the genital tract and viral translocation into the CNS.
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The third manuscript (Chapter 4) builds on the work presented in Chapters 2 and
3, showing that Tr/E augment antiviral protection induced by polyl:C as well as in
response to HSV-2. Here, we sought to determine the presence and characteristics and
mechanisms of antiviral activity of each Tr/E against HIV-1. To this end, we examined
the contribution of Tr/E to the natural anti-HIV-1 protection of CVL and also
comparatively assessed antiviral activity of each of the recombinant Tr/E proteins. We
also investigated whether Tr/E anti-HIV-1 activity was virus or cell-dependent and
whether Tr/E had equally potent antiviral activities. In this study, we also attempted to
identify whether Tr/E acted through particular HIV-binding receptors by altering their

expression.

In the last manuscript in this thesis (Chapter 5), based on collective evidence from
the previous chapters indicating that E was more potent compared to Tr against HSV-2
and HIV-1, we sought to investigate the specific mechanisms and prerequisites of anti-
HIV-1 activity of mostly E and in genital ECs expressing non-canonical HIV receptors.
Here, using tagged and untagged Tr/E proteins, we determined specific structural
characteristics, mode(s) of action, and cellular distribution/localization of antiviral E. We
also determined whether or not there were several potential mechanisms and levels of
anti-HIV-1 activity, including the modulation of HIV-triggered innate viral recognition
and pro-inflammatory responses. Importantly, we sought out to confirm our in vitro data
with observations utilizing cervico-vaginal cells from HIV-R and HIV-S cohorts from

Kenya.
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Summary and central message:

With the lack of widely available and effective preventive and therapeutic
vaccines or microbicides against HSV-2 and HIV-1, strong efforts have been made to
induce potent protective responses by stimulating innate immune receptors with various
adjuvants or microbial ligands, including polyl:C. A synthetic viral ligand and a mimic of
viral dsRNA, polyl:C was shown to induce a potent antiviral protection in the female
genital mucosa. However, polyl:C was also implicated in inducing potent pro-
inflammatory responses and increasing susceptibility of target cells (DC) to HIV-1
infection, all of which could limit the therapeutic potential of this molecule. Furthermore,
and perhaps even more importantly, with viral dsSRNA being a by-product of replication
of many if not all viruses, it can be argued that dsRNA, similarly to LPS, can be present
in tissues and/or circulation during viral replication and potentially contribute to immune
activation driving the pathogenesis of STIs like HIV-1 and HSV-2. Thus, polyl:C was
considered suitable as an innocuous and clinically relevant to the realm of STIs viral
stimulant to be used to elucidate whether or not and how endogenous innate factors Tt/E

contribute to antiviral host’s defense mechanisms.
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Using a replication-deficient adenovirus expressing the human Tr gene as well as
recombinant Tr/E proteins, in Chapter 2 we demonstrated that Tr/E acted directly on a
target virus, VSV-GFP, and indirectly through cells by modulating viral sensing and
inflammation as well as enhancing polyl:C-induced cellular antiviral responses. Our
results also demonstrated that enhanced polyl:C-driven antiviral protection of Tr/E-
treated ECs was partially mediated through IRF3 activation, but not associated with
higher induction of IFNP. Finally, we reported that in Ad/Tr-treated cells, not only Tr,
but also E, was detected after polyl:C treatment. Collectively, these findings identified
for the first time that in the female genital ECs and in the context of viral ligand, Tr/E
exerted multiple antiviral mechanisms targeting several pathways and potentially

involving alternative and still unidentified factors or pathways.
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Abstract

Background: Upon viral recognition, innate and adaptive antiviral immune responses
are initiated by genital epithelial cells (ECs) to eradicate or contain viral infection. Such
responses, however, are often accompanied by inflammation that contributes to
acquisition and progression of sexually-transmitted infections (STIs). Hence,
interventions/factors enhancing antiviral protection while reducing inflammation may
prove beneficial in controlling the spread of STIs. Serine antiprotease trappin-2 (Tr) and
its cleaved form, elafin (E), are alarm antimicrobials secreted by multiple cells, including

genital epithelia.

Methodology and Principal Findings: We investigated whether and how each Tr
and E (Tr/E) contribute to antiviral defenses against a synthetic mimic of viral dsSRNA,
polyinosine-polycytidylic acid (polyl:C) and vesicular stomatitis virus. We show that
delivery of a replication-deficient adenovector expressing Tr gene (Ad/Tr) to human
endometrial epithelial cells, HEC-1A, resulted in secretion of functional Tr, whereas both
Tr/E were detected in response to polyl:C. Moreover, Tr/E were found to significantly
reduce viral replication by either acting directly on virus or through enhancing polyl:C-
driven antiviral protection. The latter was associated with reduced levels of pro-
inflammatory factors IL-8, IL-6, TNFa, lowered expression of RIG-I, MDAS and
attenuated NF-kB activation. Interestingly, enhanced polyl:C-driven antiviral protection
of HEC-Ad/Tr cells was partially mediated through IRF3 activation, but not associated
with higher induction of IFNp, suggesting multiple antiviral mechanisms of Tr/E and the

involvement of alternative factors or pathways.

Conclusions and Significance: This is the first evidence of both Tr/E altering viral
binding/entry, innate recognition and mounting of antiviral and inflammatory responses
in genital ECs that could have significant implications for homeostasis of the female

genital tract.
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Introduction

Genital epithelial cells (ECs) provide the first line of defense against sexually-
transmitted infections (STIs) (Nazli et al., 2010; Wira et al., 2005b). Upon viral sensing
through pattern-recognition receptors (PRRs), ECs initiate innate and adaptive immune
responses that serve to eradicate or contain viral pathogens (Samuel, 2001; Yoneyama
and Fujita, 2010). ECs can directly respond to viruses and viral pathogen-associated
molecular patterns (PAMPS) by secreting innate protective factors, including defensins
and cathelicidins (Erhart et al., 2011) as well as members of the whey-acidic protein
(WAP) family (Ghosh et al., 2010). Of the 18 human WAP proteins, only a few have
been well characterized to date (Bingle and Vyakarnam, 2008), and among the better
understood are serine antiproteases elafin (E) with its precursor, trappin-2 (Tr), as well as
secretory leukocyte protease inhibitor (SLPI), and prostate stromal protein 20 kDa (ps20)
(Bingle and Vyakarnam, 2008; Drannik et al., 2011).

The physiological role of serine antiproteases has been extensively studied over
the past two decades (Schalkwijk et al., 1990), mainly due to their contribution to
homeostatic equilibrium through the control of proteases, inflammation, and infections
(Moreau et al., 2008; Sallenave, 2010). Together with other proteins, such as snake
venom neurotoxins (Drenth et al., 1980) and whey acidic protein (Piletz et al., 1981),
serine antiproteases share an evolutionary conserved canonical cysteine-rich four-
disulfide core (FDC) domain, or the WAP domain, involved in protease inhibition
(Tsunemi et al., 1996). Trappin-2 (9.9 kDa) (or pre-elafin) is a secreted and
unglycosylated protein of 95-amino acids (aa) (Schalkwijk et al., 1999) that contains an
N-terminal cementoin domain (38-aa) (Nara, 1994) and elafin (5.9 kDa), a C-terminal
inhibitory WAP (57-aa) domain (Nara, 1994; Tsunemi et al., 1996). Elafin is released
from the N-terminus of Tr by proteolysis, arguably most efficiently by mast cell tryptase
(Guyot et al., 2010; Guyot et al., 2005a). Antiprotease activity and wound repair were the
first described properties of Tr and E (Tt/E), similar to SLPI. Unlike ps20, SLPI along
with Tr/E are functional neutrophil serine protease inhibitors (Bingle and Vyakarnam,

2008; Moreau et al., 2008). Inhibition of human neutrophil elastase (HNE) and proteinase
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3 by the inhibitory loop on a WAP domain allows Tt/E to control tissues proteolysis
associated with excessive inflammation in a neutrophil-rich environment. In turn, cross-
linking between repeated hexapeptide motifs (GQDPVK) on the N-terminal portion of
each Tr/E (Guyot et al., 2005b; Schalkwijk et al., 1999) and extracellular matrix proteins
arguably allows Tr/E to repair compromised tissue integrity (Guyot et al., 2005b;
Simpson et al., 2001b). In addition, due to their cationic nature, but not exclusively
(Bellemare et al., 2010), Tr/E were shown to possess antimicrobial activity against Gram-
negative and Gram-positive bacteria (Bellemare et al., 2010; Simpson et al., 1999;
Wilkinson et al., 2009) and certain fungal infections (Baranger et al., 2008). Worth
mentioning is that similar to SLPI, antibacterial activity of Tr/E appeared to be
independent of their antiprotease function (Simpson et al., 1999). Later, anti-
inflammatory features of the antiproteases were also described, showing that Tr/E and
SLPI were capable of reducing activation of NF-kB and AP-1 by altering kB activation
(Henriksen et al., 2004) and proteosomal degradation (Butler et al., 2006), respectively,
in response to inflammatory and bacterial stimulation. More recent studies, however, also
reported immunomodulatory properties of Tr/E. Indeed, depending on the environment,
Tr/E can either dampen inflammation (Butler et al., 2006; Simpson et al., 2001b) or
promote immunostimulatory events and prime the immune system (McMichael et al.,
2005b; Roghanian et al., 2006). Both Tr/E are found at mucosal surfaces (Ghosh et al.,
2010; Igbal et al., 2009), in tissues (King et al., 2003b; King et al., 2007; Sallenave et al.,
1992; Schalkwijk et al., 1991; Wiedow et al., 1990) and multiple cell types, including
genital ECs (Ghosh et al., 2010; King et al., 2003b) and regarded as alarm antiproteases,
as they are mainly produced in response to pro-inflammatory stimuli like LPS (Simpson
et al., 2001a), TNFa (Pfundt et al., 2000), and IL-1p (King et al., 2003b; Sallenave et al.,
1994). Interestingly, ECs from the female genital tract (FGT) produce Tr/E constitutively,
with uterine cells capable of producing even greater amounts of Tr/E in response to a
viral ligand, polyinosine-polycytidylic acid (polyl:C) (Ghosh et al., 2010), indicating the

significance of these molecules in controlling the local milieu in the FGT.
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Viral double-stranded RNA (dsRNA) is a PAMP generated during the life cycle
of most, if not all, viruses (Alexopoulou et al., 2001; Yoneyama and Fujita, 2010).
Double-stranded RNA, including viral dsSRNA and its synthetic mimic polyl:C, are
recognized by at least two families of PRRs: Toll-like receptors (TLRs), including TLR 3
(Nazli et al., 2009; Schaefer et al., 2005), and RNA helicases, namely retinoic acid
inducible gene-I (RIG-I) (Yoneyama et al., 2005; Yoneyama et al., 2004) and melanoma
differentiation associated gene 5 (MDAS) (Kato et al., 2008). Following recognition of
dsRNA, activated PRRs initiate a series of signaling events, triggering phosphorylation,
homodimerization and translocation into the nucleus of a set of transcription factors like
interferon (IFN) regulatory factor 3 (IRF3), IRF7, NF-kB, and ATF2/c-Jun (c-Jun)
(Alexopoulou et al., 2001; Bauer et al., 2008; Wathelet et al., 1998; Yoneyama et al.,
2004). Inside the nucleus, these transcription factors either work independently or interact
with each other (Maniatis et al., 1998) in triggering the transcription of antiviral and
inflammatory gene products, such as type I IFNs and IL-8, IL-6, and TNFa. Specifically,
IRF3 alone can directly bind to the IFN-stimulated response element in the promoter
region of interferon-stimulated genes (ISGs) and activate a set of ISGs and their products
in the absence of type I IFN production (Mossman et al., 2001; Paladino et al., 2006).
Such antiviral cascade is devoid of excessive inflammatory responses and is induced
when a low viral stimulation is detected. Alternatively, in response to a high viral load,
IRF3 associates with NF-xB and c-Jun to trigger the production of IFNf and the
induction of ISGs in an IFN-dependent mode (Lin et al., 1998; Wathelet et al., 1998),
which also triggers robust inflammation, target cell recruitment, and/or tissue damage due
to the production of pro-inflammatory cytokines and chemokines along with antiviral
type I IFNs molecules (Nazli et al., 2009; Paladino et al., 2006).

Treatment with polyl:C has been shown to induce potent antiviral protection in
vitro and in vivo, making polyl:C an attractive candidate for microbicide or vaccine
adjuvant trials against STIs (Ashkar et al., 2004; Nazli et al., 2009; Schaefer et al., 2005).
However, in addition to antiviral activity, polyl:C also triggers the release of pro-

inflammatory mediators (Nazli et al., 2009; Schaefer et al., 2005), therefore potentially
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negating its beneficial effects in the FGT. While pro-inflammatory factors are important
for immune cell recruitment and activation, if poorly controlled, they may also be
detrimental in FGT, since acquisition and pathogenesis of common STIs are associated
with immune activation and inflammation (Freeman et al., 2006; Lester et al., 2008;
Rebbapragada et al., 2007). Hence, interventions leading to better control of
inflammatory responses may prove to be more beneficial for increased antiviral
protection and overall health in the FGT. Recently, new evidence has accumulated on the
role of Tt/E in protection against viruses (Ghosh et al., 2010; Igbal et al., 2009). Indeed,
Tr/E have been associated with resistance to HIV mucosal transmission in commercial
sex workers (CSWs) in Kenya (Igbal et al., 2009). Later, Ghosh et al. reported an anti-
HIV feature of E in in vitro study (Ghosh et al., 2010). Furthermore, Roghanian et al.
documented that Tr expression increased Ad/LacZ viral clearance, as well as secondary
immune responses, in a murine model in vivo (Roghanian et al., 2006).

Collectively, these data clearly demonstrate the importance of Tr/E in antiviral
protection, although specifically how Tt/E contribute to antiviral immune-inflammatory
responses is still unknown. Thus, the objective of this study was to elucidate whether and
how Tr/E contribute to innate antiviral and inflammatory responses in uterine ECs
elicited by a viral ligand, polyl:C. Here, we describe novel antiviral and
immunomodulatory properties of Tr/E. To the best of our knowledge, this is the first
study to present evidence of Tr/E affecting host innate recognition and modulating

antiviral and inflammatory responses in genital ECs against polyl:C.

Materials and methods

Reagents

Polyl:C and lipopolysaccharide (LPS) were reconstituted in the phosphate-
buffered saline (PBS) and used at concentrations shown in figures (Sigma-Aldrich,
Oakville, ON, Canada). Human recombinant (r) proteins Tr (r'Tr) (R&D Systems,
Burlington, ON, Canada) (Schalkwijk et al., 1999) and in-house recombinant E (rE)
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(described below) were used in in vitro experiments and as reference markers for
Western blotting. The amount of Tr/E being used in this study ranges from 0.2 to 5 pg/ml
to cover the physiological levels (within 1 pg/ml) reported previously (Ghosh et al.,
2010; Igbal et al., 2009) as well as concentrations achieved in supernatants of human
endometrial carcinoma (HEC)-1A cells infected with a replication-deficient adenovirus

(Ad) expressing human Tr gene (Ad/Tr) (over 1 pg/ml).

Cell lines

HEC-1A, Caco-2 (human colonic epithelial cells), and A549 (derived from a type
II human alveolar cell carcinoma) cells (Lieber et al., 1976) were obtained from
American Type Culture Collection (Rockville, MD). HEC-1A and A549 cells were
cultured in McCoy’s 5A Medium Modified (Invitrogen Life Technologies, Burlington,
Ontario, Canada) and DMEM, respectively, supplemented with 10% fetal bovine serum
(FBS), 1% HEPES, 1% l-glutamine (Invitrogen Life Technologies), and 1% penicillin-
streptomycin (Sigma-Aldrich) at 37°C in 5% CO,, Caco-2 cells were cultured in DMEM
growth medium containing 5% FBS, 1% l-glutamine, 1% penicillin-streptomycin, SmL

NEAA, and 9.6mL NaHCO:s.

Adenoviral constructs and delivery in cell culture

The Ad constructs used in this study have been described in detail elsewhere (Bett
et al., 1994; Sallenave et al., 1997; Sallenave et al., 1998). To express human Tr, the
Ad/Tr vector, encoding gene for 95-aa human Tr, was used (Sallenave et al., 1997;
Sallenave et al., 1998). This Ad construct was previously called Ad/E. E1, E3-deleted
empty adenovirus Ad-dl703 (Ad/dl), coding for no transgene, was used as a control for
Ad/Tr (Bett et al., 1994). Both Ad vectors were prepared at the Centre for Gene
Therapeutics at McMaster University (Hamilton, ON, Canada). To generate supernatants
containing Tr, HEC-1A cells were infected with MOI 0-50 plaque-forming units (PFU)
of Ad/Tr (Ad/Tr-cells) or Ad/dl (Ad/dl-cells) overnight at 37°C in Opti-MEM® 1
Reduced Serum Medium (Invitrogen Life Technologies), washed with PBS and
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incubated for 12 h in serum-containing medium. Cells were washed again and incubated
for additional 24 h in serum-free cell culture medium. Cell-free supernatants were used
either for protein measurement by ELISA or for antiprotease activity against HNE.
Another aliquot of supernatants was further concentrated with 3 — 30 kDa MWCO
centrifugal filter units (Amicon, Millipore, Billerica, MA, USA) as per supplier’s
instructions and used in in vitro studies. For routine experiments, epithelial cells were
either treated with Opti-MEM medium alone (UT) or with MOI 50 PFU of Ad/dl or
Ad/Tr at 37°C overnight. After PBS washes and rest for 4 h, cells were incubated in

serum-containing medium alone or with polyl:C for additional 24 h.

Vesicular stomatitis virus (VSV) plaque reduction assay and antiviral
assay

Vesicular stomatitis virus (VSV-GFP), a lytic IFN-sensitive virus expressing
green fluorescent protein under the viral promoter (a kind gift from Dr. Brian Lichty,
McMaster University), was used in a plaque reduction assay (Bauer et al., 2008) to assess
the role of Tr/E in antiviral protection. This method is based on determining the ability of
VSV-GFP to replicate in cell cultures in presence of biologically active antiviral factors,
e.g., [FNs (Bauer et al., 2008). Briefly, HEC-1A cells were seeded in 96-well culture
plates and infected with Ad (Ad-cells) as described above, followed by treatment with
medium alone or polyl:C for 24 h. Induction of antiviral response was assessed by
subsequently challenging cell monolayers in serum-free medium with MOI 1 PFU of
VSV-GFP. GFP fluorescence intensity was visualized 24 h later on a Typhoon Trio
(Amersham Bioscience, GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) and

quantified using Image Quant 5.2 software.

MTT viability assay

MTT assay, described elsewhere (Nazli et al., 2009), was used as per supplier’s
instructions to determine viability of Ad-exposed and polyl:C-treated HEC-1A cells
(Biotium Inc., Hayward, CA, USA).
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ELISA assays

Cell-free supernatants were stored at -70°C until assayed for human Tr/E, IL-8,
TNFa, IL-6 with ELISA Duoset kit (R&D Systems), human IFN by ELISA kit from
Antigenic America Inc. (Huntington Station, NY, USA), and IFNa subtypes by
VeriKine™ Human Interferon-Alpha Multi-Subtype ELISA Kit (Piscataway, NJ, USA)
according to the supplier’s protocol. Analytes were quantified based on standard curves
obtained using an ELISA reader Tecan Safire ELISA reader (MTX Labs Systems Inc.).
Cut off limit for Tr/E and IL-8 was 31.25 pg/ml; for TNFa and IFNP was 15.6 pg/ml; for
IFNa subtypes was 12.5 pg/ml, and levels detected below these limits were considered as

undetectable.

Generation of recombinant human elafin

To prepare rE protein, cDNA fragments encoding the relevant part of Tr (amino
acid residues A61-Q117) were amplified from HEC-1A cells cDNA using the following
primers: 5’-ACAGGATCCGCGCAAGAGCCAGTCAAAGGTCCA-3’ and: 5’-
CAGGAATTCTCACTGGGGAACGAAACAGGCCATC-3". The amplified elafin-
cDNA was gel purified, restriction digested, and directionally subcloned into BamH 1 and
EcoR 1 site of bacteria expression vector pHAT10 (BD Biosciences, Rockville, MD,
USA) in frame to the HAT-tag. The clone was confirmed by restriction digestion and
nucleic acid sequencing of both strands. The plasmid was transformed into Escherichia
coli BL21 strain (Codon Plus, Palo Alto, CA, USA). When the cells grew in Luria-
Bertani broth containing 100 pg/ml ampicillin to an Agg of 0.55-0.60 at 37°C, protein
expression was induced by adding isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM for 6 h. The cells were harvested by centrifugation at 2,000 xg for
5 min, and cell pellets were washed once with ice-cold PBS (pH 7.4) and resuspended in
wash buffer (50 mM Na,PO,4, 300 mM NaCl, pH 7.0). The desired recombinant protein,
rE, was found in the soluble fraction in pilot experiment. After disrupting the cells by
freeze-thaw and subsequently by sonication, the lysates were centrifuged at 20,000 xg for

20 min, and the soluble fraction was collected. The soluble recombinant protein was
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purified from this fraction by BD TALON metal affinity resin (BD Biosciences,
Mississauga, ON, Canada) according to the manufacturer’s instructions and dialyzed
against PBS at 4°C. The expressed human rE was confirmed by Western blotting
targeting the HAT-tag as well as by specific antibody for human E.

Preparation of cell extracts and Western blot (WB) analysis

Whole-cell extracts were prepared by using whole-cell extract buffer (50mM Tris-
HCI, pH 8.0, 150mM NaCl, 1%NP-40, 1%SDS, 1xprotease inhibitor (Roche,
Mississauga, ON, Canada)) as per standard protocol. Protein amount was quantified using
Bradford assay with bovine serum albumin (BSA) (Sigma-Aldrich) as a standard and
Bio-Rad Dye Reagent Concentrate as a protein stain (Bio-Rad Laboratories, Mississauga,
ON, Canada). WB was performed on a 10% polyacrylamide denaturing SDS-PAGE gel
and PVDF membranes (Amersham, Arlington Heights, IL, USA) as per standard
protocol, using the following primary antibodies: anti-human Tt/E TRAB20O (Hycult
Biotech, Uden, Netherlands), tIRF3 FL-425 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), pIRF3 Ser396 (Cell Signaling, Danvers, MA, USA), RIG-I #4520 (Cell
Signaling), MDA-5 R470 (Cell Signaling), c-Jun (60A8) (Cell Signaling), p-c-Jun
(Ser73) (Cell Signaling), TLR3 IMG-5631-2 (Imgenex, San Diego, CA, USA), NF-«xB
p65 (C-20): sc-372 (Santa Cruz), GAPDH ab9485 (Abcam) antibodies at a dilution of
1:1000, except for GAPDH (1:5000) and p-NF-kB p65 (Ser 536): sc-33020 (Santa Cruz)
(1:100). After incubation with corresponding horse-radish peroxidase (HRP)-conjugated
secondary antibody (Bio-Rad Laboratories), blots were visualized using a SuperSignal
West Femto or Pico Chemiluminescent Substrate kit (Thermo Scientific, Rockford, IL,
USA). GAPDH was used as internal loading control. Quantification of band intensities

was done using MBF_Image] for Microscopy Software.

Transfection and luciferase assay

HEC-1A cells (5 x10° per well) were transfected in 0.5 mL of Opti-MEM®
medium (Invitrogen Life Technologies) in a 24-well plate with 20 ng of DNA of each of
pgkpB-Gal and pNF-«kB-Luc or pAP-1-Luc (Stratagene, La Jolla, CA, USA) plasmids
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(total DNA 40 ng per well) and 50 MOI of Ad/dl or Ad/Tr overnight at 37°C utilizing
Lipofectamine 2000 (Invitrogen Life Technologies) as per supplier’s instructions. Pgk-f3-
Galactosidase plasmid was used as a normalization control. After transfection, cells were
extensively washed with PBS and allowed to rest for 4 h followed by stimulation with
polyl:C and LPS for 2-4 h. After ligand stimulation, cells were washed twice with cold
PBS, lysed with 1 x reporter buffer (Enhanced Luciferase Assay Kit (Cat # 556866, BD
Pharmingen) and subjected to one freeze-thaw cycle, after which cell lysates were
collected and assayed in a 96-well plate for luciferase (Enhanced Luciferase Assay Kit,
BD Pharmingen) and B-galactosidase (Luminescent B-Gal assay, Promega, Madison, WI,
USA) activities separately as per supplier’s protocol, using Opticomp I luminometer

(MGM instruments).

IRF3 knockdown by RNA interference

Small interfering (siRNA) molecule (Invitrogen Life Technologies) targeting
IRF3 (GenBank accession number NM_001571) within 247-1530 ORF through the
following sequences: IRF3-498 (start) CAACCGCAAAGAAGGGTTGCGTTTA, or
non-targeting siRNA, RNAi Negative Control (medium GC content), 12935-300,
(Invitrogen Life Technologies) were used to specifically knockdown IRF3. Transfections
of siRNA (8 pmol) were done using Lipofectamine RNAIMAX and Opti-MEM® I
Reduced Serum Medium (Invitrogen Life Technologies) as per supplier’s instructions.
HEC-1A cells, 3 x 10* in a 100 ul of total volume of complete growth medium, were
transfected in a 96-well BD Falcon culture plate (BD Biosciences) for 48 h before adding
MOI 50 PFU of Ad/dl or Ad/Tr. Knockdown efficiency was monitored using WB.

RNA extraction and real-time quantitative PCR analysis

The protocol for RNA isolation was described elsewhere (Lester et al., 2008).
Briefly, total RNA was isolated from Ad-cells cultured with medium alone or polyl:C for
6 h, using TRIzol reagent (Invitrogen Life Technologies) according to the supplier’s

protocol. RNA was DNase-treated with DNA-free (Ambion, Austin, TX, USA) and
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complementary (cDNA) was synthesized from total RNA using SuperScript reverse
transcriptase III (Invitrogen Life Technologies) as per supplier’s protocol. Real-time
quantitative PCR was performed in a total volume of 25 ul using 1x Universal PCR
Master Mix (Applied Biosystems, Foster City, CA, USA), 5 ul of diluted cDNA, 500
nmol forward primer, 500 nmol reverse primer (Mobix; McMaster University, ON,
Canada), and 200 nmol probe in a 96-well plate. TagMan oligonucleotide primers and
probes labeled with 6FAM at 5’-end and a non-florescent quencher at 3’-end were
designed using Primer Express 1.5 (Applied Biosystems) and selected following the
TagMan rules of Applied Biosystems. The sequences were as follows: RIG-I: 5°-
AGGGCTTTACAAATCCTGCTCTCTTCA-3’ (probe), 5’-
GGTGTTCCAGATGCCAGAC-3’ (forward), 5’-TTCCGCAAATGTGAAGTGTATAA-
3’(reverse); MDAS: 5’-TTTGGCTTGCTTCGTGGCCC-3’(probe), 5’-
TGATTCCCCTTCCTCAGATAC-3’(forward), 5’-TGCATCAAGATTGGCACATAGT-
3’(reverse); TLR3: 5-TGTGGATAGCTCTCC-3’(probe), 5’-
CCGAAGGGTGGCCCTTA-3’(forward),

5’-AAGTTACGAAGAGGCTGGAATGG-3’ (reverse); 18S rRNA: 5°-
CGGAATTAACCAGACAAATCGCTCCA -3’ (probe), 5’-
GTGCATGGCCGTTCTTAGTT-3’ (forward), 5’-TGCCAGAGTCTCGTTCGTTAT-3’
(reverse). The expression of 18S ribosomal RNA (rRNA) was used as an internal control.
PCR was run with the standard program: 95°C 10 min, 40 times of cycling 95°C 15 sec
and 60°C 1 min in a 96-well plate with an ABI PRIZM 7900HT Sequence Detection
System using the Sequence Detector Software 2.2 (Applied Biosystems). To determine
the expression of ISG56, a semi-quantitative RT-PCR was performed with
oligonucleotide primer sequences (Mobix): 57-GACAGGAAGCTGAAGGAGAAA-3’
(445-bp product) (forward), 5’-TcTTGCATTGTTTCTTCTACCACT-3’ (reverse). PCR
program was as follows: 94°C for 2.5 min, 30 cycles of 94°C for 20 sec, 55°C for 30 sec,
72°C fir 1 min, 72°C for 5 min. PCR products were electrophoresed on 2% agarose gel
using a 100-bp DNA ladder (Invitrogen Life Technologies) as a marker to identify PCR
products. The gel was stained with a loading fluorescent dye EZ-vision N472-Q
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(AMRESCO Inc., Solon, OH, USA) and visualized with UV transilluminator (Gel Doc
2000, BioRad, Mississauga, ON, Canada). Densities of DNA bands were quantified to

signal volumes using ImageQuant 5.0.

Immunofluorescence staining

Immunofluorescence staining was performed as described earlier (Bauer et al.,
2008; Nazli et al., 2009), but with minor modifications. Ad-cells, grown on an §-well BD
Falcon culture slides (BD Biosciences), were medium- or 25 pg/ml polyl:C-treated for 4
h, fixed with 4% paraformaldehyde, permeabilized with 0.1 % Triton X-100 in PBS for
20 min, and blocked for 1 h at ambient temperature in a blocking solution (0.1 % Triton
X-100, containing 5% goat serum/BSA). IRF3 was detected using 1:100 dilution in
blocking solution of IBL18781 (IBL, Gunma, Japan) antibody for 1 h. Negative control
rabbit immunoglobulin fraction (DakoCytomation, Glostrup, Denmark) served as an
isotype control and was diluted to match the protein content of the primary anti-IRF3
antibody. Secondary antibody, Alexa Fluor 488 conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA) was added to cells in a blocking solution for 1 h.
The nuclei were visualized by staining with propidium iodide. Images were acquired
using an inverted laser-scanning confocal microscope (LSM 510, Zeiss, Oberkochen,

Germany).

Protease inhibition assay (PIA)

This assay was performed by measuring inhibition of HNE activity by T1/E as
was described earlier (Simpson et al., 2001b), but with minor modifications. Elastase-
inhibitory activity was measured in a 96-well plate by combining cell-free undiluted
supernatant (generated as described earlier in Materials and Methods and before or after
polyl:C treatment) (final volume 10 ul/well), serially diluted each rTr and rE, or medium
alone, to a known quantity of purified HNE (50 ng in 10 ul/well) or diluent alone
(negative control), and incubating for 30 min at 37°C. Subsequently, 50 ul of HNE
substrate, N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma-Aldrich), diluted to
50 pg/ml in 50 mM Tris, 0.1% Triton, 0.5 M sodium chloride, pH 8 buffer were added
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and the hydrolysis was recorded by monitoring the increase of absorbance at 405 for 15

min using a Tecan Safire ELISA reader (MTX Labs Systems).

Statistical analysis

Data were expressed as means + standard deviation (SD). Statistical analysis was
performed with either unpaired Student’s 7 test or a one-way analysis of variance

(ANOVA) using Sigma Stat 2.03.
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Results

Ad/Tr-cells secrete Tr and both Tr/E are detected in Ad/Tr-cells
supernatants in response to polyl:C

Initial studies evaluated the expression of the secreted Tr from Ad/Tr-cells by
ELISA that detects both Tt/E (Ghosh et al., 2010). We report that Ad/Tr-cells secreted
significant amounts of Tr/E in an Ad-dose-dependent manner (Figure 1A). In contrast,
untreated HEC-1A (UT) and Ad/dl-cells expressed very low to no Tt/E (Figure 1A).
Since the antibodies used in the ELISA did not distinguish Tr from E in Ad/Tr-cells
supernatants (Ad/Tr-sups), WB was performed to clarify the presence of both Tr/E
(Vandermeeren et al., 2001). Two recombinant reference proteins, namely commercial
6xHis-Tr (r'Tr) (Schalkwijk et al., 1999) and in-house HAT-E (tE), were used as
comparative markers for Tr and E, respectively. Due to tag insertion, both reference
proteins appeared 3-4 kDa higher than the appearance of untagged proteins would be
expected. Thus, rE band appeared at ~ 10-11 kDa, and rTr at ~13-15 kDa. Additionally, a
smaller band ~10-11 kDa was also observed in the r'Tr reference protein (Figure 1B, lane
8), being most likely E present in the protein preparation. This smaller band also
appeared higher than would be expected for E, due to the His-tag insertion. Hence, we
conclude that the commercial rTr is a mixture and contains both Tt/E that are indicated as
such on WB by arrows (Figure 1B, lane 8). WB data demonstrate that supernatants of UT
and Ad/dl-cells supernatants (Ad/dl-sups) did not show any detectable forms of
endogenous T1/E in the blot (Figure 1B, lane 1 — 4). In contrast, WB of Ad/Tr-sups in the
absence of polyl:C stimulation revealed protein bands that appeared between Tr/E bands
of the reference proteins and thus were considered as Tr (Figure 1B, lane 5). The bands in
lane 5 represent secreted Tr that resulted from Ad/Tr infection of HEC-1A cells. Further,
following polyl:C treatment of Ad/Tr-cells, the intensity of the Tr bands in Ad/Tr-sups
was greatly increased, indicating a significantly higher amount of Tr (Figure 1B, lane 6)
being produced. Interestingly, a smaller protein band also appeared (Figure 1B, lane 6)

that was below the level of rE-reference marker protein, as well as the E band in the rTr
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reference protein (Figure 1B, lane 7), and thus was considered as E. Taken together, these
results indicate that Ad/Tr-cells secrete Tr, and both Tr/E are detected in the supernatants

following Ad/Tr-cells stimulation with polyl:C.

Ad/Tr-cells secrete Tr that is functionally active against HNE

Being foremost a protease inhibitor, Tr in Ad/Tr-sups was tested in protease
inhibition assay (Simpson et al., 2001b). The results of anti-protease assay showed that
Ad/Tr-sups significantly inhibited HNE activity in a dose-dependent manner, compared
to Ad/dl-sups (Figure 1C). Following polyl:C stimulation, Ad/Tr-sups, containing
presumably both Tr/E, were also tested and found functional against HNE (data not

shown), comparable to before polyl:C treatment activity.

Tr/E significantly reduce VSV-GFP infection and enhance polyI:C-
driven antiviral protection in Ad/Tr-cells

Since polyl:C stimulation of ECs triggers the induction of antiviral protection
(Bauer et al., 2008; Nazli et al., 2009), we next determined whether Tr/E could modulate
antiviral protection. Results of standard VSV-GFP plaque reduction assays show that the
delivery of Ad/Tr significantly reduced VSV-GFP replication in polyl:C-untreated cells
(Figure 2A and 2B) that was beyond the anti-viral protection induced by Ad delivery
alone (i.e., in Ad/dl group). Ad delivery is known to activate innate immune responses
(Sakurai et al., 2008), and the fact that susceptibility of HEC-1A cells to VSV-GFP
infection (Figure 2B) was already reduced by treating the cells with Ad/dl alone confirms
the Ad-induced innate activation. Since polyl:C-untreated Ad/Tr-cells secrete only Tr
(Figure 1B), we conclude that the presence of Tr was associated with significantly
increased antiviral protection of Ad/Tr-cells in the absence of polyl:C. Following polyl:C
treatment, VSV-GFP replication was further reduced across the groups in Ad-cells
(Figure 2A and 2B); viral replication in Ad/Tr-cells also remained significantly reduced

(with up to 50% reduction, p<0.05) and antiviral protection increased, compared to
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polyl:C-treated Ad/dl-cells (Figure 2A and 2B). Based on these results and those shown
in Figure 1B, we deduce that the presence of both Tt/E was associated with significantly
increased cellular antiviral protection in Ad/Tr-cells after polyl:C treatment. Altogether,
these observations clearly indicate that exogenous Tr expression in Ad/Tr-cells before
VSV-GFP challenge has a separate antiviral protective mechanism in addition to the Ad-
and polyl:C-induced responses; furthermore, both Tr/E appear to mediate enhanced
polyl:C-induced cellular antiviral protection in Ad/Tr-cells.

We next attempted to elucidate specific mode(s) of Tt/E antiviral activity. Given
the possibility of additional Tr/E being released from Ad/Tr-cells after polyl:C
stimulation and upon VSV-GFP challenge and thus potentially acting on both virus and
cells, we tested if both or each Tr/E individually were acting through two separate
mechanisms: (i) direct antiviral activity exerted during the virus/cell encounter and viral
binding/entry, targeting either virus or cells; and (ii) indirect cell-associated
immunomodulatory activity that targets polyl:C-triggered cellular antiviral responses and
protection. To minimize the Ad-associated effects, we used secreted/soluble proteins
delivered to Ad-uninfected HEC-1A cells. Because we could not use Ad/Tr-sups after
polyl:C stimulation as a source of both Tr/E, since they would contain residual polyl:C
and thus mask the effect of T1/E alone, a commercial rTr (with a C-terminus His-tag) was
used as a source of both Tr/E, based on results shown in Figure 1B. For comparative
assessment of each Tr/E individually, we used Ad/Tr-sups before polyl:C stimulation as a
source of secreted Tr (no tag), and rE (with an N-terminus HAT-tag) was used as a
source of E. All the proteins were initially compared for their antiprotease activity and
found equally potent against HNE at around 10 pg/ml (data not shown). Figure 2C shows
that when virus, but not cells, was pre-treated with recombinant rTr for 1 h before
addition onto cells, viral replication was significantly reduced by about 20% (p<0.05),
compared to media alone. Of note, no further reduction in viral replication was noticed
when a higher dose of r'Tr was used. These results clearly indicate that rTr (a mixture of
Tr/E) has a statistically significant, albeit modest, antiviral effect, which appears to be

due to direct, or virus-mediated, activity of the proteins. We further show that
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pretreatment of HEC-1A cells with rTr, followed by co-culturing with polyl:C for 24 h
before VSV-GFP challenge, significantly reduced viral replication (up to 30%, p<0.05)
and enhanced polyl:C-induced antiviral protection, compared to polyl:C alone (Figure
2D). Interestingly, when cells were pretreated with rTr, then washed and challenged with
VSV-GFP 24 h later without prior polyl:C stimulation, no significant decrease in viral
replication was observed (data not shown), suggesting that rTr does not induce potent
antiviral cellular responses without polyl:C stimulation and reduces VSV-GFP
replication only following direct contact with virus. Collectively, these results suggest
that secreted/soluble r'Tr, as a mixture of both Tr/ E, demonstrated two distinct properties:
a virus-mediated antiviral activity and the modulation/enhancement of polyl:C-induced
cellular antiviral responses, suggesting that the presence of both Tr/E is required for both
of these activities.

Next we assessed antiviral properties of individual secreted/soluble Tr/E
preparations. We show that VSV-GFP replication was reduced (up to 40%, p<0.05) in
Ad/Tr-sups-treated cells (Figure 2E), compared to controls, but only after polyl:C
treatment (Figure 2E, main graph and insert), suggesting that Tr from Ad/Tr-sups does
not exhibit potent direct antiviral activity, but is capable of enhancing polyl:C-induced
cellular responses. Insert in Figure 2E demonstrates that, although a trend toward a
decreased viral replication was noted when Ad/Tr-sups were pre-incubated with the virus,
there was no significant inhibitory effect observed from Ad/Tr-sups, compared to their
controls. Furthermore, surprisingly, in contrast to rTr or Ad/Tr-sups, rE did not exhibit
any antiviral properties (data not shown), indicating differential antiviral properties of the
tested proteins that could be potentially related to their structural differences.
Collectively, these results clearly indicate that both Tt/E appear to be required for

antiviral protection mediated via both mechanisms.
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Exogenous expression of Tr and polyI:C stimulation do not lead to
impaired cell viability or metabolic activity of Ad/Tr-cells

Considering that polyl:C can induce apoptosis (Dogusan et al., 2008), we
determined whether Ad/Tr-cells had impaired cell viability and metabolic activity, using
a standard MTT Cell Viability Assay (Nazli et al., 2009). Our results determined no
significant changes in viability and metabolic activity among the groups following either
Ad, with recovery period of 4 h versus 24 h (data not shown), or polyl:C treatment
(Figure 2F and 2G). Therefore, we can exclude the impairment in the treated cells as the

cause of differences between Ad/Tr- and Ad/dl-cells.

Ad/Tr-cells respond to polyI:C treatment with modulated production
of IFNf

We next elucidated the immunomodulatory effect of Tr/E in Ad/Tr-cells in
context of polyl:C stimulation. Type I IFNs are considered a hallmark of antiviral
response, with IFN being a key correlate of polyl:C-induced antiviral protection (Bauer
et al., 2008; Nazli et al., 2009; Schaefer et al., 2005). We determined whether enhanced
antiviral protection in presence of Tr/E was associated with higher levels of IFNP, using
quantitative real-time RT-PCR and commercial ELISA. Figure 3 demonstrates that
polyl:C treatment of Ad-cells triggered a significant induction of IFNf
expression/secretion in contrast to untreated Ad-cells. Interestingly, Ad/Tr-cells
responded to polyl:C treatment with significantly dampened, but not completely
abrogated, levels of IFN, compared to Ad/dl-cells. Since IFNP levels were reduced at
both mRNA (Figure 3A) and protein (Figure 3B) levels, it is likely that IFN expression
was affected primarily at the transcription level. A similar dampening effect was
observed when IFNP protein was assessed at earlier time point (6 h) or in response to a
lower dose of polyl:C (0.1 ug/ml) (data not shown). We have also attempted to measure
other members of type I IFNs as well. Namely, multi-subtypes of IFNa were measured

by commercial ELISA (Hobbs and Pestka, 1982); however, levels of proteins detected in
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all supernatants were below the sensitivity of the ELISA and thus considered

undetectable (data not shown).

Enhanced polyIl:C-driven antiviral protection is associated with

hyperactivation of IRF3 in Ad/Tr-cells

Phosphorylation and nuclear translocation of IRF3 are key events in the
transcriptional activation of inducible ISG cellular genes (Bauer et al., 2008; Paladino et
al., 2006), and polyI:C was previously shown to induce activation of IRF3 in vitro (Bauer
et al., 2008; Nazli et al., 2009). Qualitative and quantitative analyses of phosphorylated
IRF3 (pIRF3) showed that, compared to control cells, IRF3 phosphorylation in Ad/Tr-
polyl:C-treated cells was initially modestly reduced at 1 h, but then subsequently
increased after 2 h (Figure 4A, pIRF3 WB panel and quantifying histogram) and
remained increased for up to 24 h (data not shown). In contrast, no significant changes
were evident in the total IRF3 (tIRF3) protein amount for Ad/Tr-cells, compared to
controls (Figure 4A, tIRF3 WB panel). Confocal imaging at 4 h post polyl:C stimulation
(Figure 4B) corroborated WB findings of increased IRF3 phosphorylation in Ad/Tr-cells,
since significantly more Ad/Tr-cells appeared with IRF3 translocated into the nucleus,
compared to Ad/dl-cells (Figure 4B, polyl:C panel). Taken together, these results suggest
that exogenous expression of Tr/E promotes hyperactivation of IRF3 that is associated

with increased antiviral protection of Ad/Tr-cells against VSV-GFP challenge.

Tr/E significantly decrease mRNA expression of ISG56 in Ad/Tr-cells
following polyI:C stimulation

ISG15 and ISG56 have been implicated in antiviral protection and linked to
activation of IRF3 in response to polyl:C (Bauer et al., 2008; Noyce et al., 2006). Results
of RT-PCR demonstrated no difference in mRNA levels of ISG15 between Ad/Tr and

Ad/dl groups after polyl:C stimulation (data not shown). In contrast, mRNA expression
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of ISG56 (Figure SA and 5B) appeared significantly reduced in Ad/Tr-cells in response
to polyl:C.

Tr/E alter phosphorylation and transcriptional activity of NF-kB in
Ad/Tr-cells in response to polyl:C

We next elucidated phosphorylation and activation of other transcription factors,
including NF-xB and c-Jun, that have also been shown to contribute to antiviral responses
(Alexopoulou et al., 2001; Wathelet et al., 1998; Yoneyama et al., 2004). Qualitative and
quantitative results show that NF-xB p65 phosphorylation in Ad/Tr-cells was attenuated
after 1 h post-polyl:C exposure and remained decreased until 8 h, compared to the control
group (Figure 6A, NF-xB WB panel and Figure 6B, NF-xB quantifying histogram). Our
results further revealed that overall c-Jun phosphorylation was only transiently reduced in
Ad/Tr-cells between 1 h and 4 h and returned to levels comparable to such of controls at
8 h post polyl:C treatment (Figure 6A, pc-Jun WB panel and Figure 6B, pc-Jun
quantifying histogram). These results prompted us to next evaluate the effect of Tr
expression on transcriptional activity of NF-kB and c-Jun, which was assessed by
luciferase reporter gene assay. Data shown in Figure 6C, NF-kB/Luc panel, demonstrate
that transcriptional activity of NF-xB in Ad/dl-polyl:C-treated cells was significantly
induced at 4 h, compared to untreated and LPS-treated Ad/dl-cells. However, polyl:C-
induced NF-kB transcriptional activity in Ad/Tr-cells was significantly reduced,
compared to Ad/dl-cells. In contrast, transcriptional activity of AP-1 was not different
between the groups following stimulation with either of the ligands (Figure 6C, AP-1/Luc
panel). Collectively, our data show that Tr/E expression attenuated NF-kB activation not
only at the phosphorylation level, but also at the level of its transcriptional activity, which

was more pronounced compared to changes observed for c-Jun/AP-1.
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Tr/E significantly reduce levels of dsRNA sensors RIG-I and MDAS5 in
polyl:C-treated Ad/Tr-cells

Polyl:C-induced antiviral protection of primary genital ECs was previously
associated with heightened expression of TLR3 (Schaefer et al., 2005). Thus, we
evaluated the expression levels of dSRNA sensors in Ad/Tr-cells following polyl:C
treatment. Figures 6D-F show that in contrast to TLR3, polyl:C stimulation induced a
significant (over 40 times) increase in mRNA expression of RIG-I and MDAS (Figure
6D-E, left panels) in all UT and Ad-cells. Further, compared to UT and Ad/dl-cells,
Ad/Tr-cells surprisingly had significantly attenuated expression of RIG-I and MDAS at
both mRNA and protein levels (Figure 6D-E, left and right panels). RIG-I expression in
Ad/Tr-cells appeared to be affected at earlier time point, around 1 h, compared to MDAS
expression that was attenuated at 8 h after polyl:C stimulation. Moreover, reduced
expression levels of RIG-I and MDAS were sustained for up to 24 h following polyl:C
treatment (data not shown). The expression of TLR3, however, was not different between
the groups (Figure 6F). Collectively, these data indicate that mRNA and protein
expression of RIG-I and MDAS are increased in response to polyl:C stimulation, but the
magnitude of expression is reduced in Ad/Tr-cells. Further, that we observed differential
pattern of expression among RIG-I, MDAS, and TLR3 could indicate either a different
kinetics of responses of these sensors, or that each RIG-I, MDAS, and TLR3 respond
differentially to polyl:C, known to be a mixture of various lengths of dsRNA (Kato et al.,
2008).

IRF3 is required for polyl:C-driven antiviral protection in Ad/Tr-cells

We next determined whether IRF3 was required for enhanced polyl:C-driven
antiviral state in Ad/Tr-cells. IRF3 was knocked down by utilizing IRF3-specific small
interfering RNA and cells were subsequently treated, or not, with polyl:C before
challenging with VSV-GFP. The greatest knockdown efficiency was observed between
72 h and 96 h post transfection (data not shown). Results of WB demonstrated no
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apparent expression of tIRF3 after siRNA treatment (Figure 7A). Further, VSV-GFP
replication in polyl:C-untreated Ad/dl- and Ad/Tr-cells was not significantly altered
when IRF3 was knocked down (Figure 7B). This observation suggests that IRF3 is
dispensable for antiviral defense against VSV-GFP infection in both Ad/dl and Ad/Tr
groups in the absence of polyl:C treatment and that markedly reduced viral replication in
Ad/Tr-cells was attributed to other, yet unidentified, factor(s). In contrast, when polyl:C
was added, VSV-GFP replication was initially markedly reduced in both Ad/dl and Ad/Tr
groups in the presence of IRF3, but then significantly increased in the absence of IRF3;
yet, Ad/Tr-cells still remained more protected than Ad/dl group. This observation implies
that enhancement of polyl:C-triggered antiviral protection in Ad/Tr-cells was only
partially dependent on IRF3. Figure 7B also showed that VSV-GFP replication was
restored about 50% of the original viral load detected in each of the groups in absence of
IRF3 and polyl:C stimulation, suggesting that additional mechanisms/factors were
contributing to polyl:C-induced antiviral protection. Collectively, these findings indicate
that IRF3 plays an equally important role in antiviral protection in both Ad/dl and Ad/Tr
groups, and that the presence of IRF3 is important, but not essential, for enhanced
polyl:C-induced antiviral protection in Ad/Tr-cell, as other factors, perhaps upstream of

IRF3, may also be contributing to this protection.

Tr/E significantly reduce pro-inflammatory cytokines in ECs
following polyI:C and LPS stimulation

Polyl:C stimulation induces not only antiviral, but also pro-inflammatory factors
(Nazli et al., 2009; Schaefer et al., 2005) that are regulated by viral sensors and
transcription factors, including NF-xB and c-Jun. We therefore assessed levels of pro-
inflammatory mediators IL-8, TNFa, and IL-6 in Ad/Tr-cells treated with polyl:C.
Figures 8A-C demonstrate that Ad/Tr-cells, regardless of their origin (i.e., genital HEC-
1A or gut Caco-2, etc.), secreted significantly lower levels of IL-8 24 h after polyl:C and

LPS treatment, compared to controls; TNFa and IL-6 were similarly reduced in Ad-cells

73



in response to polyl:C (data not shown). Interestingly, stimulation of HEC-1A with LPS
did not produce a significant increase in IL-8, compared to untreated cells, possibly due
to a low baseline expression of TLR4 in the genital EC (Nazli et al., 2009). These results
clearly indicate that Tr/E controlled the release of pro-inflammatory mediators in ligand-
treated cells. Interestingly, Tt/E secreted by Ad/Tr-cells appeared to significantly
contribute to reduced IL-8 levels. Indeed, Tr/E neutralization with specific anti-T1/E
TRAB20 (HyCult Biotech) antibodies (under the control of antiprotease assay) that were
added to Ad/Tr-cells 1 h prior to 0.1 pg/ml of polyl:C treatment and subsequently co-
cultured with polyl:C for additional 24 h to neutralize any secreted Tr/E, led to
significantly higher polyl:C-induced IL-8 secretion (up to 40 %, p=0.03) in Ad/Tr-cells
(data not shown). Figures 8D and 8E further show that HEC-1A cells pre-treated with
either Ad/Tr-sups, r'Tr or rE before subsequent co-culture with polyl:C also released
lower levels of IL-8 in response to polyl:C. Of note, anti-inflammatory effects of
secreted/soluble proteins, compared to Ad/Tr-cells, appeared to be less potent and
context-dependent, which forced us to use a lower dose of 0.1 pg/ml of polyl:C.
Additionally, either Ad/Tr-sups or rTt/rE alone did not trigger any significant IL.-8
production in absence of polyl:C. Collectively, our findings indicate that Tr/E are capable
of inhibiting inflammatory responses in ECs from various sources and against both viral
and bacterial PAMPs, and that secreted/soluble Tr/E significantly contribute to reduction
in polyl:C-induced IL-8 secretion. However, stimulation of immune responses can also

be observed depending on experimental conditions.
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Discussion

WAP proteins, including antiproteases Tt/E, SLPI, and ps20, are pleiotropic
molecules known to play multiple and significant roles in health and disease (Drannik et
al., 2011; Moreau et al., 2008; Sallenave, 2010). Indeed, ps20 has been reported as a
potential diagnostic marker in prostate cancer (McAlhany et al., 2004) and as a novel
negative signature protein in HIV infection (Alvarez et al., 2008). In contrast, SLPI and
Tr/E show significant therapeutic potential in atherosclerosis as well as cardiovascular
(Alam et al., 2012; Henriksen et al., 2004; Shaw and Wiedow, 2011; Vergnolle N, 2011),
lung (McElvaney et al., 1993),(Zani et al., 2011) and gut disorders (Motta et al., 2011;
Vergnolle N, 2011). Additionally, higher levels of Tt/E in CVLs of HIV-resistant CSWs
(Igbal et al., 2009) and the testing of the Lactobacilli-based elafin delivery system for
combating STIs in the FGT (Fahey et al., 2011) would further support this notion. Our
data showed that delivery of Ad/Tr to HEC-1A cells resulted in secretion of functional
Tr, while both Tr/E were detected following treatment of these cells with polyl:C.
Moreover, polyl:C treatment further resulted in Tr/E-enhanced antiviral protection and
significantly reduced pro-inflammatory IL-8, IL-6, TNFa that were associated with lower
expression of viral innate sensors RIG-I and MDAS and altered NF-kB activation in
Ad/Tr-cells. Notably, increased antiviral protection was due in part to Tr/E ability to act
directly on virus or by modulating polyl:C-driven cellular antiviral responses.
Interestingly, such Tr/E-augmented cellular responses triggered by polyl:C were partially
mediated through IRF3 activation, but not higher induction of IFN, thus suggesting
multiple antiviral mechanisms of Tr/E and the involvement of alternative and still
unidentified factors or pathways.

This is the first study that comparatively assessed the presence and potential
mechanisms of antiviral activity of each Tr/E. Here, we presented evidence showing two
distinct, but likely complimentary antiviral properties of Tr/E: (1) direct antiviral activity
exerted during the virus/cell interaction and targeting virus, but not cells; and (ii) indirect
and cell-associated immunomodulatory activity, targeting polyl:C-triggered cellular

antiviral responses. The virus-mediated activity was observed in the absence of polyl:C

75



stimulation and in the presence of Tr in Ad/Tr-cells (presumably present in both Ad/Tr-
sups and Ad/Tr-cells). Because only Tr was detected in polyl:C-untreated Ad/Tr-cells,
and because the expression of IFNf was low and not different between untreated Ad/dl
and Ad/Tr groups, we conclude that in the absence of polyl:C, Tr alone was mediating
antiviral activity in Ad/Tr-cells by acting either directly on virus or indirectly through
cells. However, we failed to transfer this direct antiviral effect of Tr via Ad/Tr-sups,
possibly due to the absence of an additive protective effect from augmented intracellular
Tr (as would be expected in Ad/Tr-cells), or due to an inefficient delivery of Tr in
supernatants and a “diluting” effect from other antiviral factors released in response to
Ad/dl delivery (Fig. 2E, insert).

Additionally, the presence of both Tr/E, as in rTr preparation, was also protective
against VSV-GFP challenge in the absence of polyl:C treatment. Although no reports
describing direct antiviral activity of Tr are published to date and no precise mechanisms
of Tr/E direct antiviral effect have been identified, our observation with rTr is in line with
Ghosh et al. findings, describing a direct antiviral effect of E as a mode of action against
HIV (Ghosh et al., 2010). Interestingly, r'Tr also appeared to have only virus- and not
cell-mediated protective effects, similar to E mentioned earlier (Ghosh et al., 2010). In
contrast, a close WAP member SLPI, was shown to have only cell-mediated antiviral
effects, at least against HIV (Ma, 2004) and herpes simplex virus (HSV) (MasCasullo et
al., 2005). Examples of same-family members having differential antiviral mechanisms
have also been described for other innate molecules, such as human defensins against
HIV (Quinones-Mateu et al., 2003; Rapista et al., 2011) and HSV (Hazrati et al., 2006).
These reports suggest that molecules even from the same group, may possess their own,
potentially different in potency and targets, exquisite antiviral activities and yet still
uniquely contribute to overall mucosal protection against STIs.

Our results further suggest that the presence of both Tr/E might be required for
each virus- (direct) and cell-associated (indirect) antiviral effect, as was evident from our
data using Ad/Tr-cells, Ad/Tr-sups, and rTr, indicating that perhaps the most efficient

antiviral protection depends on collaborative work of both Tr/E. Interestingly, when HIV-
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susceptible, but uninfected, CSWs were followed prospectively, those who remained
HIV-negative had elevated levels of both Tr/E detected in CVLs (Igbal et al., 2009).
Additionally, when characterizing the specificity of proteins secreted after Ad/Tr
infection, our ELISA and WB results also showed that Ad/Tr-cells secreted both Tr/E
independently in response to polyl:C, while only Tr was detected without polyl:C
stimulation. Although Ghosh et al. also reported that primary uterine EC produced Tr/E
in response to polyl:C (Ghosh et al., 2010), the independent production of E was never
demonstrated. Further, only Tr (13-16 kDa) was previously identified in supernatants
from LPS-stimulated alveolar ECs (Sallenave et al., 1994). On conjuncture, these results
suggest that expression of each Tr/E could be a tissue/cell- or ligand-specific defense
mechanism against an unknown protease that was potentially activated in response to a
viral ligand. It might be important in the future to clarify whether primary genital EC
from the FGT produce each Tr/E independently in response to polyl:C, similarly to
Ad/Tr-cells.

It is unclear why tested rE failed to show antiviral activity against VSV-GFP; it
could be attributed, however, to a HAT-tag insertion at the N-terminus of rE. Indeed, all
r'Tr, rE, and secreted Tr were equally functional against HNE (data not shown) and
capable of inhibiting IL-8 production in response to polyl:C (Figure 8). Yet, while rTr
with a His-C-terminus tag exhibited antiviral activity, rE with a HAT-N-terminus tag did
not. This observation suggests that blocking N-terminus, but not C-terminus, appears to
be critical for antiviral activity of rE. An earlier study by McMichael et al. supports this
argument, since they showed that the N-terminus of Tr had a better affinity for LPS than
its C-terminus end (McMichael et al., 2005b). Additionally, it is unclear why we
observed increased levels of IL-8 with higher concentrations of rTr and rE. But one
possible explanation could be that the proteins were initially delivered and left on cells in
serum-free conditions, thus promoting the activation of pro-inflammatory events as was
previously shown for Tr/E in response to LPS (McMichael et al., 2005b).

The second antiviral property of Tr/E observed in our study was an indirect cell-

mediated immunomodulatory activity of Tr/E, targeting polyl:C-induced antiviral cellular
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responses. In contrast to responses to bacterial or pro-inflammatory stimuli (Butler et al.,
2006; Henriksen et al., 2004), the scope and specific mechanism(s) of viral ligand-
triggered immunomodulatory activity of Tr/E have never been fully investigated. Our
data demonstrate that this indirect cell-associated activity is targeting viral recognition
through modulation of RNA helicase expression as well as the induction of key
inflammatory and antiviral innate signaling pathways and mediators.

Our results showed that polyl:C-triggered antiviral cellular protection was
significantly enhanced in the presence of Tr (in Ad/Tr-sups) and Tr/E (in Ad/Tr-cells and
in r'Tr). We also showed that polyl:C-mediated activation of IRF3 was further induced in
Ad/Tr-cells, compared to controls, whereas IFNf expression was dampened.
Interestingly, human f defensin 3 (Semple et al., 2011) and cathelicidin LL37 (Hasan et
al., 2011) that were previously shown to have antiviral, including anti-HIV, activity
(Steinstraesser et al., 2005a; Zapata et al., 2008), were also reported to inhibit IFNf
production in vitro in response to LPS and polyl:C, respectively. These observations
further support our results and strengthen the earlier argument of Tr/E acting either
directly against VSV-GFP or through cells and additional factors/pathways in Ad/Tr-
cells. Furthermore, moderation of immune-inflammatory responses and thus curbing
undesirable immune activation might be one of the protective mechanisms of innate
antimicrobials at mucosal sites. Additionally, in searching for ISGs typically associated
with antiviral protection and IRF3 activation (Noyce et al., 2006), we found that
expression of ISG15 was not significantly changed, unlike ISG56 being reduced and in
agreement with [FN[ data. It is not entirely understood why such discordance was
observed; however, it could be due to the fact that ISG15 was shown to be regulated by
either IRF3 or IFNP (Bauer et al., 2008; Harty et al., 2009), unlike ISG56 that was shown
to be under the regulation of IFNP or viruses (Guo et al., 2000; Terenzi et al., 2006) and
thus following IFNP pattern of induction as shown in our study. The alternative
explanation could be that these two genes follow a different temporal pattern of

activation that was overlooked here.
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This is the first report on the involvement of serine antiproteases, T1/E in
particular, in antiviral signaling pathways. As no prior data are available on the role of
Tr/E in IFN and IRF3 induction, further and more detailed investigations might be
required to explain why in Ad/Tr-cells IFNP and ISG56 levels were reduced while IRF3
activation was increased. We hypothesize, however, that this phenomenon could be an
attempt of Tr/E to control antiviral inflammatory events through RIG-I/MDAS and NF-
kB downregulation while increasing cellular protection through activation of IRF3 and/or
alternative factors or pathways. Although most of the studies show ISG56 to be
associated with upregulated IRF3 [62], our finding is in line with data from Li et al.
showing that a knockdown of ISG56 was associated with increased IRF3 activation and
inhibition of VSV-GFP replication (Li et al., 2009b) as a result of ISG56 mediating
MITA-TBKI1 interaction and subsequent downstream activation of IRF3. It is also
possible that alternative factors/pathways, in addition to IRF3, regulate IFN and ISG56
expression and contribute to Tr/E-enhanced antiviral protection, which is also supported
by our IRF3 siRNA data. Collectively, these data indicate that in the presence of Tr/E,
antiviral protection is increased and that direct or indirect antiviral effect(s) of Tt/E
depend, but not exclusively, on IRF3 and other factors, perhaps upstream of IRF3.

Inflammation is one of the leading factors predisposing to acquisition and disease
progression of STTs in the FGT (Lester et al., 2008; Lester et al., 2009; Rebbapragada et
al., 2007). This notion is supported by the fact that “immune quiescence” and reduced
immune activation are crucial for resistance against STIs (McLaren et al., 2010), while
dysregulated TLR expression and immune-inflammatory responses are detrimental
(Lester et al., 2008; Lester et al., 2009; Rebbapragada et al., 2007). Here, we showed that
Tr/E individually or as a mixture, as well as in Ad/Tr-cells and as secreted/soluble
proteins in Ad/Tr-sups, were capable of reducing IL-8, IL-6, and TNFa expression in
response to polyl:C. Moreover, in Ad/Tr-cells we also observed significantly reduced
activation and transcriptional activity of NF-kB. The IL-8 inhibitory effect was not
specific to human endometrial ECs, or to polyl:C, indicating that similar effects could be

observed at other mucosal surfaces and in response to different microbial ligands. We
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further showed that, compared to controls, mRNA and protein levels of RIG-1 and MDAS5
(mainly at a later time point), but not TLR3, were significantly diminished in response to
polyl:C and in presence of Tr/E. Immunomodulatory properties of both Tr/E
demonstrated in models of pro-inflammatory and bacterial (LPS) stimulations were
shown to depend on inhibition of NF-kB and AP-1 activation (Butler et al., 2006;
Henriksen et al., 2004), thus further supporting our NF-kB data. However, Tr/E
inhibitory effect targeting antiviral immune responses, including viral sensing, has not
been previously reported. Hence, modulation of expression of RIG-I, MDAS, and pro-
inflammatory mediators shown here could represent novel antiviral functions of Tt/E,
possibly even executed at different levels, namely receptors and transcription factors.
That we observed differential pattern of RIG-I, MDAS, and TLR3 expression could
indicate either different temporal kinetics of responses of these sensors, or that each RIG-
I, MDAS, and TLR3 respond differentially to polyl:C, being a mixture of variable lengths
of dsRNA (Kato et al., 2008). Further, the lack of polyl:C-triggered TLR3 induction in
HEC-1A compared to primary genital ECs, also likely reflects tissue or structure-
dependent differences between the cells, suggesting that primary genital ECs may exhibit
distinct results. Collectively, these observations suggest that Tr/E can alter innate viral
recognition and mounting of antiviral immune-inflammatory responses.

The precise mechanism(s) of immunomodulatory effects of Tt/E, as both secreted
and/or intracellularly expressed proteins, on viral sensors, cytokines, and IFNf in
response to polyl:C treatment is still largely unknown. This is partly because the
existence of the cognate receptor for Tr/E remains elusive, and it is equally unknown
whether Tr/E require a receptor to function. We propose that reduced levels of IL-8, IL-6,
TNFa and IFNf in Ad/Tr cells in response to polyl:C are likely a result of overall
attenuation of RIG-I and MDAS levels, as they are known to regulate the expression of
pro-inflammatory and antiviral mediators (Kato et al., 2006; Yoneyama and Fujita, 2010;
Yoneyama et al., 2004) through activation of main signaling pathways, such as NF-xB
that is downregulated in our study (Yoneyama et al., 2004). It remains to be elucidated,

however, how T1/E specifically inhibit RIG-I1 and MDAS5 expression. It is plausible that
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Tr/E directly bind to polyl:C, as was shown for binding of LL37 to polyl:C (Hasan et al.,
2011), as well as Tr/E binding to LPS (McMichael et al., 2005b). Such an interaction
may alter binding/recognition of polyl:C by its cognate receptors, including cell-surface
scavenger receptor A or intracellular sensors RIG-I, MDAS, and TLR3, which in turn
could explain our reduced expression levels of RIG-I and MDAS. Another possible site
of inhibition by Tr/E could be downstream of receptors/viral sensors and involve Tr/E
binding to DNA and competing for specific DNA binding sites with transcription factors
including NF-xB, as was shown for SLPI as one of its anti-inflammatory mechanisms in
response to LPS (Taggart et al., 2005).

A noteworthy observation of this study is that while Tr from Ad/Tr-sups and rE
were found functional against HNE and able to inhibit polyl:C-induced IL-8 production,
they did not show any antiviral activity, suggesting that antiprotease, anti-inflammatory,
and antiviral activities of the tested proteins may not necessarily be co-dependent or
predictive of each other; nonetheless, they can be complimentary. This observation is
supported by earlier reports, showing both a protease non-inhibitory N-terminus and an
inhibitory C-terminus of Tr exhibiting comparable antibacterial and antifungal functions
(Baranger et al., 2008; Simpson et al., 1999). In contrast, Mulligan et al. showed that
SLPI Gly(72) mutant, unlike other mutants tested in that study, lost its in vivo
immunosuppressive activity against NF-kB activation and neutrophil recruitment in the
lungs that appeared to be most closely related to SLPI’s trypsin-inhibiting activity
(Mulligan et al., 2000). Although being an important property of both Tt/E, the inhibition
of HNE activity is not considered a critical function for our studies, since epithelial cells
do not make neutrophil elastase (Pham, 2006) and thus, the earlier discussed Tt/E-
mediated changes are most unlikely attributed to antielastase activity of the proteins. The
above observations indicate that perhaps additional structure-function studies might be
warranted in the future to specifically address the cross-talk between antiprotease, anti-
inflammatory, and antiviral properties of Tr/E and their specific roles in defense against

viruses.
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Overall, our data support and further extend earlier observations on
immunomodulatory effects of Tr/E (Butler et al., 2006; Henriksen et al., 2004). This
work demonstrates that in genital ECs and in response to polyl:C, Tr/E antiviral effects
are mediated through direct or virus targeting activity and indirect or cell-associated
immunomodulatory function(s) that target host innate recognition and mounting of
antiviral and inflammatory responses. While dampening of IFNf, a key antiviral
mediator, may seem counterintuitive and detrimental to antiviral defenses, our findings
suggest that directly or indirectly increased antiviral protection and moderated, or finely-
tuned, inflammation, might be more advantageous to a host in the context of viral
exposure. In conclusion, this study clearly demonstrates the importance of Tt/E in
antiviral protection. Our findings also propose the existence of multiple targets and
potentially several and unique modes of action for each of the proteins, which warrant

additional research in the future.
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Figure legends

Figure 1. Ad/Tr-cells secrete Tr that is functionally active against
HNE and both Tr/E are detected in Ad/Tr-cells supernatants in
response to polyl:C. HEC-1A cells were either treated with medium alone or with
MOI 10-50 of Ad/dl or Ad/Tr. Supernatants were collected 36 h after Ad removal and
tested for Tr/E expression by ELISA (A) or for antiprotease activity (C), where results are
expressed as percent reduction over a positive control (media alone plus HNE and a
substrate). The data are representative of two independent experiments performed in
triplicate and are shown as the mean + SD. Statistical analysis was performed using
Student’s 7 test with * representing significant difference between the groups, p<0.05. (B)
Immunoblotting analysis of supernatants from HEC-1A cells developed using TRAB20
antibodies. Cells were either left untreated (lanes 1,2) or treated with MOI 50 of Ad/dl
(lanes 3,4) or Ad/Tr (lanes 5,6) and then incubated for 24 h in presence of medium alone
(-) or 25 pg/ml polyl:C (+). Two recombinant reference proteins, namely in-house HAT-
E (rE) (lane 7) and commercial 6xHis-Tr (r'Tr) (lane 8), were used as comparative
markers for E and Tr. Bands corresponding to the forms of Ad-induced Tr and E are
indicated on the blot by arrows.

Figure 2. Tr/E significantly reduce VSV-GFP infection and enhance
polyl:C-driven antiviral protection in Ad/Tr-cells. Untreated (UT) or
treated with MOI 50 of Ad/dl or Ad/Tr HEC-1A cells were medium- or polyl:C 0.1 — 25
pg/ml-treated for 24 h, followed by MOI 1 VSV-GFP. GFP fluorescence intensity was
visualized 24 h later using a Typhoon scanner (A), and relative fluorescence intensity to
virus positive control was determined and presented as % of UT control (B). (C) VSV-
GFP load after pre-incubation of 5 pg/ml of rTr either with MOI 1 of VSV-GFP (1Tr+v)
or cells (r'Tr+c) for 1 h, followed by their washing and addition of VSV-GFP. Medium-
treated VSV-GFP (v) served as a positive control. (D) HEC-1A cells were treated with 5
ug/ml of rTr for 1 h in serum-free medium, after which medium or 0.1 pg/ml polyl:C was
added for 24 h followed by MOI 1 of VSV-GFP. This polyl:C dose was chosen because

anti-inflammatory effects of secreted/soluble proteins, compared to Ad/Tr-cells, were less
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potent. (E) HEC-1A cells were pretreated with equal volumes of supernatants from
Ad/dl-cells (Ad/dl-sups) and Ad/Tr-cells (Ad/Tr-sups, 5 pg/ml final concentration) for 1
h before medium or 0.1 or 5 pg/ml polyl:C was added for 24 h followed by MOI 1 VSV-
GFP. Lower polyl:C doses were used to better visualize VSV-GFP viral replication 24 h
later, using a Typhoon scanner. Insert in panel (E) depicts VSV-GFP load after pre-
incubation of same volumes and concentrations of Ad/dl- and Ad/Tr-sups with either
MOI 1 VSV-GFP (dl+v) or (Tr+v), respectively, or cells (dl+c) or (Tr+c) for 1 h,
followed by washing and addition of MOI 1 VSV-GFP. Medium-treated VSV-GFP (v)
served as an untreated control. The data are representative of at least two independent
experiments performed in triplicate and shown as mean + SD. Statistical analysis was
performed using ANOV A or Student’s ¢ test in (C), and * representing significant
difference, when p<0.05. (F and G) Cell growth and metabolic activity of HEC-1A cells
were determined by standard MTT Cell Viability Assay Kit following infection with
MOI 10-50 of Ad/dl or Ad/Tr (F) or after stimulation with increasing doses of polyl:C
(G). Cell viability was expressed as % of untreated cells, which served as a negative
control group, and was designated 100%; the results are expressed as % of negative

control.

Figure 3. Ad/Tr-cells respond to polyI:C treatment with reduced
production of IFNB. HEC-1A cells were either treated with medium alone (UT) or
with MOI 50 of Ad/dl or Ad/Tr and incubated for 6-24 h in presence of media or 25
ug/ml of polyl:C. (A) At 6 h post treatment, [IFNf mRNA from total RNA was
determined by real-time quantitative RT-PCR. Values are normalized to a housekeeping
gene 18S in the same sample and presented as fold induction over UT cells in absence of
polyl:C treatment. (B) At 24 h of polyl:C stimulation, supernatants were tested for [FNf3
expression by ELISA. Data are representative of at least two independent experiments
performed in triplicate and expressed as the mean + SD, shown in pg/ml. Statistical
analysis was performed using Student’s 7 test with * representing significant difference

between the groups, p<0.05.
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Figure 4. Enhanced polyI:C-driven antiviral protection in Ad/Tr-cells
is associated with hyperactivation of IRF3. (A) Western blots and their
analyses of phosphorylated IRF3, total IRF3, and GAPDH proteins were performed from
whole-cell extracts of HEC-Ad cells that were either left untreated or treated with 25
pg/ml polyl:C during indicated time points. (B) Immunofluorescence analysis of IRF3
nuclear translocation following either medium alone or polyl:C 25 pg/ml treatment for 4
h. Representative staining is shown for IRF3 (green), nuclear stain (PI) (red), and
composite (yellow) at magnification 2520x. The data are representative of three
independent experiments with similar results.

Figure 5. Exogenous expression of Tr/E significantly decreases
MRNA expression of ISG56 in Ad/Tr-cells following polyI:C
stimulation. HEC-1A cells were either treated with medium alone or with MOI 50 of
Ad/dl or Ad/Tr and incubated in presence of media or 25 pg/ml of polyl:C. (A) At6 h
post treatment, total RNA was harvested and mRNA levels of ISG56 were assessed by
conventional RT-PCR. (B) Quantification of ISG56 expression using ImageQuant
software. Values are normalized to a housekeeping gene 18S in the same sample and
presented as relative fold induction over untreated cells, shown in arbitrary units. The
data are representative of at least two independent experiments performed in triplicate
and are shown as the mean + SD. Statistical analysis was performed using Student’s ¢ test
with * representing significant difference between the groups, p<0.05.

Figure 6. Altered NF-kB phosphorylation and transcriptional activity
and reduced RIG-I and MDAS expression in polyl:C-treated Ad/Tr-
cells. Western blots (A) and their quantification (B) of phosphorylated p65 subunit of
NF-«B (pNF-kB) as well as c-Jun (pc-Jun) and GAPDH proteins were performed from
whole-cell extracts of Ad-cells that were either left untreated or treated with 25 pg/ml
polyl:C during indicated time points. Transcription activity (C) of NF-xB (NF-kB/Luc
panel) and (AP-1/Luc panel) was assessed by luciferase reporter assay by transfecting
HEC-1A cells with pgkB-Gal and pNF-xB-Luc or pAP-1-Luc plasmids (total DNA 40 ng
per well) (p) alone or together with 50 MOI of Ad/dl or Ad/Tr overnight, washing,
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allowing to rest for 4 h and stimulating with 25 pg/ml polyl:C and 1 pg/ml LPS for 4 h.
Then luciferase and B-galactosidase activities were determined in cell lysates and
expressed as relative luciferase units using galactosidase plasmid as normalization
control. Data are presented as mean + SD and are representative of three experiments for
NF-«B and two - for AP-1. (D-F, left panels) Total RNA was harvested and mRNA
expression of RIG-I, MDAS, and TLR3 was determined by real-time quantitative RT-
PCR at 6 h post treatment with polyl:C 25 pg/ml. Values are normalized to a
housekeeping gene 18S in the same sample and presented as fold induction over
untreated cells. (D-F, right panels) Western blot analysis of RIG-I, MDAS, TLR3, and
GAPDH protein was performed from whole-cell extracts of Ad-cells that were either
treated or not with 25 pg/ml polyl:C during indicated time points. The data are
representative of at least two independent experiments performed in triplicate and are
shown as the mean + SD. Statistical analysis was performed using Student’s ¢ test with *
representing significant difference between the groups, p<0.05.

Figure 7. IRF3 is required for polyI:C-driven antiviral protection in
Ad/Tr-cells. (A) HEC-1A cells were left untreated or transfected with a non-targeting
control siRNA (ctrl siRNA), or IRF3 siRNA (IRF3 siRNA) for 48 h. Two days after
siRNA delivery, HEC-1A received MOI 50 of Ad/dl or Ad/Tr followed by 25 pug/ml of
polyl:C treatment for 24 h and Western blot analyses of total IRF3 (tIRF3) and GAPDH
proteins were performed from whole-cell extracts 96 h post-transfection. (B) Twenty four
hours following polyl:C treatment, cells were infected with MOI 1 of VSV-GFP for
another 24 h. Levels of GFP fluorescence were visualized and quantified using a
Typhoon scanner. The fluorescence reading of treated cultures was normalized to
untreated (control) cultures and presented as percentage relative fluorescence. The data
are representative of two independent experiments performed in triplicate and are shown
as the mean + SD. Statistical analysis was performed using Student’s 7 test with *
representing significant difference between the groups, p<0.05.

Figure 8. Tr/E significantly reduce protein secretion of IL-8 in ECs

following polyl:C and LPS stimulation. Secretion of IL-8 in supernatants from
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HEC-1A (A), A549 (B), and Caco-2 (C) cells initially infected with MOI 50 of Ad/dl or
Ad/Tr and subsequently stimulated with either 25 pg/ml of polyl:C or 1 ug/ml of LPS for
24 h. Following stimulation, supernatants were tested for IL-8 secretion by ELISA. Data
are representative of at least two independent experiments performed in triplicate and
expressed as the mean + SD, shown in pg/ml. Statistical analysis was performed using
Student’s ¢ test with * representing significant difference between the groups, p<0.05. (D)
Secretion of IL-8 in supernatants from HEC-1A cells that were pre-treated with HEC-
Ad/dl and HEC-Ad/Tr supernatants before polyl:C stimulation. HEC-1A received 50 ul
of concentrated supernatants containing around 10 pg/ml of Tr/E in Ad/Tr supernatants
and 0.004 pg/ml of Tr/E in Ad/dl sups for 1 h, to which additional 50 ul of medium alone
or polyl:C to the final concentration of 0.1 ug/ml were added for 24 h. (E) Secretion of
IL-8 in supernatants from HEC-1A cells treated with commercial 6xHis-Tr (rTr) or in-
house HAT-E (tE) for 1 h and then stimulated with medium alone or 0.1 pg/ml of
polyl:C for 24 h. A lower dose of polyl:C was used in (D) and (E), since anti-
inflammatory effects of secreted/soluble proteins, compared to Ad/Tr-cells, were less
potent. Statistical analysis was performed using ANOVA, and * representing significant
difference between the polyl:C group and rTr groups; T representing significant

difference between the polyl:C and rE groups, p<0.05.
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Summary and central message:

Building on findings from the previous chapter, notably that Tr/E enhance
antiviral protection and reduce inflammatory responses elicited by polyl:C, in Chapter 3
we sought to determine the contribution of Tt/E to antiviral defense against a sexually-
transmitted pathogen. HSV-2 is a primary cause of genital herpes, a life-long chronic
infection with episodic reactivations of mucocutaneous viral shedding that are often
asymptomatic. HSV-2 infection is also one of the leading co-infections and predisposing
factor for HIV/AIDS acquisition and transmission and no effective preventative measures
are available to date to control HSV-2 infection. Thus, the identification of novel antiviral
factors at mucosal sites, especially the FGT as one of the main portals of viral entry, can
be a good strategy for targeting both HSV-2 and HIV-1 infections. Our in vitro studies
demonstrated that Tr/E increased antiviral protection and reduced viral load in human
endometrial ECs, HEC-1A, following HSV-2 challenge. Furthermore, we found that Tr/E
reduced viral attachment to ECs by acting on both virus and cells and that E appeared to
be more potent in its antiviral activity in comparison to Tr. Our results also demonstrated
that reduced viral replication was associated with lower secretion of pro-inflammatory
factors IL-8 and TNFa and decreased NF-kB nuclear translocation. Interestingly, the
more protected cells also demonstrated enhanced IRF3 nuclear translocation and

increased levels of secreted IFNf in response to HSV-2 challenge compared to controls.
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Finally, our in vivo studies in Tr transgenic mice (Etg), intravaginally inoculated with
lethal HSV-2 dose, showed that Etg mice had reduced viral translocation from the genital
tract into the CNS and reduced viral replication in the CNS, compared to Wt controls,
that was accompanied by significantly reduced levels of TNFa in the target organs after
HSV-2 challenge. These Etg animals also exhibited a trend of increased survival and
lower pathology scores. Altogether, this study provided first and important experimental
evidence highlighting the presence and potential targets of anti-HSV-2 activity of Tt/E in

the female genital mucosa.
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ABSTRACT

Herpes simplex virus type 2 (HSV-2) is a primary cause of recurrent genital
mucocutaneous lesions. Most sexual and perinatal transmissions occur asymptomatically,
and HSV-2 increases acquisition and transmission of HIV-1. We recently demonstrated
that antiprotease elafin and its precursor trappin-2 (Tr/E) inhibited HIV-1
attachment/entry and transcytosis across human genital epithelial cells (ECs) and
enhanced polyl:C-induced antiviral protection while modulating inflammatory responses
in ECs. Here, we assessed Tr/E contribution to the defense against HSV-2 . Our in vitro
studies demonstrate that endometrial (HEC-1A) and endocervical (End1/E6E7) ECs
pretreated with human Tr-expressing adenovirus (Ad/Tr) or recombinant (r) Tr/E proteins
were more protected against HSV-2 infection, and that rTr/E reduced viral
attachment/entry to ECs by either acting on virus or cells. Furthermore, lower viral
replication was associated with reduced secretion of pro-inflammatory IL-8 and TNFa
and decreased NF-kB nuclear translocation. Additionally, the more protected Ad/Tr-
treated ECs also demonstrated enhanced IRF3 nuclear translocation and higher secretion
of antiviral IFNP in response to HSV-2. Interestingly, E was found ~7 times more potent
against HSV-2 than Tr. Finally, our in vivo studies of intravaginal lethal HSV-2 infection
in Tr-transgenic mice (Etg) showed that, despite similar viral replication in the genital
tract (GT), Etg appeared to have delayed viral translocation from the GT, significantly
reduced viral burden and TNFa levels in the central nervous system, and a trend to
increased survival compared to controls. Collectively, this is the first experimental

evidence highlighting the anti-HSV-2 activity of Tt/E in the female genital mucosa.
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INTRODUCTION

The estimated seroprevalence of herpes simplex virus 2 (HSV-2) in North
America is nearly 20% and is even higher around 30-80% in some developing countries
and sub-Saharan Africa (Chen et al., 2000; Xu et al., 2006). These numbers make genital
herpes one of the leading and most prevalent sexually transmitted infections (STT)
worldwide. Most sexual and perinatal transmission of HSV-2 occur during asymptomatic,
or “mute”, mucocutaneous viral shedding (Koelle and Wald, 2000), when a person is
unaware of transmitting the pathogen to others. Even more alarming is the fact that HSV-
2 is closely linked to human immunodeficiency virus-1 (HIV-1) infections, by being a
risk factor for HIV-1 acquisition (Freeman et al., 2006) and transmission (Corey, 2007b;
Ouedraogo et al., 20006).

As a natural consequence of attachment, entry, and infection, viruses, including
HSV-2, become exposed to a variety of innate sensors, or pathogen recognition receptors
(PRRs), including Toll-like receptors (TLRs), RNA helicases, and inflammasomes
(Rasmussen et al., 2009; Yu and Levine, 2011). Subsequently, viral recognition triggers a
series of intracellular signal transduction events that activate key transcription factors
involved in antiviral and immune-inflammatory responses. Specifically, upon activation,
mitogen-activated protein kinase (MAPK), nuclear factor (NF)-xB (Li et al., 2009a) and
the IFN regulatory factors (IRF) (Mogensen and Paludan, 2005) coordinate the
expression of genes with antiviral and inflammatory activity. Type I interferons (IFNs)
(Kawai and Akira, 2006), with IFNP leading the way in defense against HSV-2 (Gill et
al., 2006; Nazli et al., 2009), as well as interferon-stimulated genes (ISGs) (Bauer et al.,
2008; Li et al., 2009b) are only a few examples of factors contributing to antiviral
defense.

Exposure to HSV-2 also triggers the release of pro-inflammatory mediators,
including TNFa (Thapa and Carr, 2008b), IL-1p, and IL-6 (Gill et al., 2006; Li et al.,
2009a). Such factors contribute not only to the induction of protective innate and adaptive
immune responses (Gill et al., 2006; Thapa and Carr, 2008a), but also, if poorly

controlled, to the development of systemic inflammatory reactions, as seen in neonatal
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sepsis (Kurt-Jones et al., 2005), or in breeching blood-brain barrier and HSV
translocating into the central nervous system (CNS) (Kurt-Jones et al., 2004; Thapa and
Carr, 2008b). Upon entry into the CNS, HSV-2 establishes a life-long and latent infection
in dorsal roots and sensory ganglia with recurrent episodes of re-activation and
symptomatic or asymptomatic viral shedding. While in humans this process is not usually
life-threatening, unless generalized, murine models of HSV infections demonstrate high
morbidity and mortality from viral CNS dissemination (Thapa and Carr, 2008b).
Regardless of the severity and presentation of herpetic lesions, the “mute” transmission
of HSV-2, its life-long latency and the interplay between genital herpes and HIV-1
infections (Rebbapragada et al., 2007) places HSV-2 among high priority infections,
requiring the development of novel and efficient therapeutic and preventative measures,
especially those protecting the genital mucosal.

Human genital epithelial cells (ECs), being the principle target in HSV-2
infection, respond to viral encounter by releasing innate antimicrobial factors in efforts to
eradicate or contain viral pathogens (Ghosh et al., 2010; Igbal et al., 2009). Serine
protease inhibitors elafin (E) and its precursor, trappin-2 (Tr), along with secretory
leukocyte protease inhibitor (SLPI), and defensins belong to a large family of cationic
antimicrobials that have been linked to endogenous mucosal protection against sexually
transmitted pathogens, including HSV-2 and HIV-1 (Hazrati et al., 2006; Igbal et al.,
2009; MasCasullo et al., 2005; Venkataraman et al., 2005). Trappin-2 and elafin (Tt/E),
as well as SLPI, all share the cystein-rich fold with four disulfide bonds called the whey
acidic protein (WAP) domain, involved in protease inhibition (Tsunemi et al., 1996).
Secreted as unglycosylated protein, Tr (9.9 kDa) (Schalkwijk et al., 1999) (or pre- or full-
length elafin) contains an N-terminal cementoin domain (38-aa) (Nara, 1994), and elafin
(5.9 kDa), a C-terminal 57-residue domain with a WAP structure (13-14). Inhibiting
human neutrophil elastase and proteinase 3 through the WAP domain allows Tr/E to
control excessive inflammation and tissue damage. Additionally, cross-linking between
the transglutaminase-binding motifs located on the N-terminus of each Tt/E (Baranger et

al., 2008; Nara, 1994) and extracellular matrix proteins like heparin and fibrobronectin
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makes Tr/E indispensable for repairing compromised tissue integrity (Guyot et al.,
2005b).

Tr/E possess broad-spectrum antibacterial (Simpson et al., 1999) and antifungal
properties (Baranger et al., 2008). Recently, we and others have shown that Tr/E exert
immunomodulatory activity, where depending on the environment, they can either
dampen inflammation or promote immunostimulatory events and prime the immune
system (Drannik et al., 2012c; McMichael et al., 2005b; Roghanian et al., 2006). Both
Tr/E are found at mucosal surfaces and secretions, including cervicovaginal lavage fluid
(CVL) (Ghosh et al., 2010; Igbal et al., 2009; King et al., 2003b); in tissues, like skin,
placenta, genital and gastrointestinal tract (King et al., 2003b; King et al., 2007; Pfundt et
al., 1996; Pfundt et al., 2000; Sallenave et al., 1992; Schalkwijk et al., 1991; Wiedow et
al., 1990); and multiple cell types, such as neutrophils, macrophages, keratinocytes, and
epithelial cells (23, 25-26), including genital ECs (Ghosh et al., 2010; King et al., 2003b).
Tr/E are regarded as alarm antiproteases, since they are mainly produced in response to
pro-inflammatory stimuli such as LPS (Simpson et al., 2001a), TNFa (21), and IL-1§
(King et al., 2003b; Sallenave et al., 1994). Additionally, Tr/E were recently shown to be
induced and secreted by genital ECs in response to polyinosinic/polycytidylic acid
(polyI:C ), a surrogate of a viral dsSRNA (Drannik et al., 2012b; Drannik et al., 2012c;
Ghosh et al., 2010), thus further supporting their importance in the inflammatory
environment.

We and others recently demonstrated the importance of Tr/E in increased antiviral
protection against HIV-1 as well as enhanced polyl:C-induced antiviral immune
responses (Drannik et al., 2011; Drannik et al., 2012b; Drannik et al., 2012¢; Ghosh et al.,
2010; Igbal et al., 2009). Specifically, elevated Tr/E in cervicovaginal lavage fluid
(CVLs) of HIV-exposed seronegative commercial sex workers (CSWs) were found to be
associated with mucosal HIV-1 resistance (Igbal et al., 2009) and to significantly
contribute to CVL natural anti-HIV-1 activity in vitro (Drannik et al., 2012b). However,

the contribution of Tr/E to defense against HSV-2 genital infections remains undefined.
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The objective of this study was to elucidate whether and how each Tt/E individually

contributes to anti-HSV-2 defense mechanisms in female genital mucosa.
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MATERIALS AND METHODS

Reagents. Two commercial Tr and E proteins were tested: (i) human recombinant 6xHis-
trappin-2 (Tr) (with a C terminus His-tag) (R&D Systems, Burlington, ON, Canada)
(Drannik et al., 2012b; Drannik et al., 2012c¢); (ii) commercial human recombinant elafin
(E) (with no tag) HC4011 (Hycult Biotech, Uden, Netherlands) (Drannik et al., 2012b).
Polyl:C (Sigma-Aldrich, Oakville, ON, Canada) was reconstituted in the phosphate-
buffered saline (PBS) .

Cell lines and viruses. Human endometrial carcinoma-(HEC)-1A (ATCC HTB-112,
Rockville, MD, USA) and Vero African green monkey kidney cells (ATCC CCLS81)
were maintained in McCoy’s SA Medium Modified (Invitrogen Life Technologies,
Burlington, Ontario, Canada) and in a-MEM medium (Invitrogen Life Technologies),
correspondingly, supplemented with 10% fetal bovine serum, 1% HEPES, 1% I-
glutamine (Invitrogen Life Technologies), and 1% penicillin-streptomycin (Sigma-
Aldrich, Oakville, Ontario, Canada). Endocervical End1/E6E7 cell line (kind gift from
Dr. R. Fichorova, Brigham & Women’s Hospital, Boston , MA, USA) was generated as
described before (Fichorova et al., 1997) and maintained in keratinocyte serum-free
medium (GIBCO/BRL, Life Technologies) supplemented with 50 pg/ml bovine pituitary
extract, 0.1 ng/ml epidermal growth factor, 100 units/ml penicillin, 100 pg/ml
streptomycin, and CaCl, to a final calcium concentration of 0.4 mM. All cells were
cultured at 37°C in 5% CO,. Stocks of HSV-2 (strain 333) were generated using Vero

cells and stored at -70°C until used.

HSV-2 in vitro model. For viral infections, ECs were first pretreated with Tr/E for 1 h in
serum-free medium followed by HSV-2 inoculum in same serum-free medium for
additional 2 h, after which virus was removed, cells repeatedly washed with PBS, and
complete growth medium added for 24 or 48 h. Subsequently, supernatants were
collected and stored cell-free at -70°C until further use. Viral titers were determined by

plaque assay using Vero cells grown on 12-well plates to 70-80% confluence. Virus-
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containing samples were serially diluted in serum-free medium and added to Vero cell
monolayers. Infected monolayers were incubated at 37°C for 2 h, rocked every 15 min
for viral absorption, and subsequently overlaid with complete o-MEM culture medium
further supplemented with 0.05% human immune serum globulin (Canadian Blood
Services). Infection was allowed to occur for 48 h at 37°C. Monolayers were then fixed
and stained with crystal violet, and viral plaques were counted under a light microscope

and expressed as plaque forming units (PFU) per milliliter of HSV-2.

Adenoviral constructs and delivery in cell culture. The replication-deficient adenoviral
constructs (Ad) used in this study have been described in detail elsewhere (Bett et al.,
1994; Drannik et al., 2012c; Sallenave et al., 1997; Sallenave et al., 1998). To express
human Tr, the Ad/Tr vector, encoding gene for 95-aa human Tr, was used (Sallenave et
al., 1997; Sallenave et al., 1998). This adenoviral construct was previously called Ad/E.
E1,E3-deleted empty adenovirus Ad-dl703 (Ad/dl), coding for no transgene, was used as
a control for Ad/Tr (Bett et al., 1994). Both Ad vectors were prepared at the Centre for
Gene Therapeutics at McMaster University (Hamilton, ON, Canada). ECs were either
treated with Opti-MEM® I Reduced Serum Medium (Invitrogen Life Technologies)
alone (UT) or with MOI 50 PFU of Ad/dl or Ad/Tr at 37°C overnight. After repeated
PBS washes and rest for 4 h, cells were exposed to various MOIs of HSV-2 in a serum-
free medium for 2 h, then repeatedly washed with PBS and complete growth medium was
added for additional 24-48 h. Viral titers were determined in cell-free supernatants as
described within Materials and Methods section above, pertaining to cell lines and

viruses.

Viral attachment. Viral attachment was determined as described previously (Hazrati et
al., 2006), but with slight modifications. Briefly, HEC-1A cells and virus were first
pretreated with either medium or Tr/E for 1 h at 37°C. Cells pretreated with medium,
received either virus alone or virus pretreated with proteins. Cells that were pretreated

with proteins first, were either repeatedly washed or not and exposed to HSV-2 virus of
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multiplicity of infection (MOI) 1 (1 PFU per 1 cell) for 5 hours at 4°C to allow for viral
attachment. After repeated washes with PBS to remove unbound virus, cell-associated
virus was detected by probing Western blots of whole cell lysates with anti-gD primary
antibody (P1103; Virusys, Atlanta, GA, USA) and anti-GAPDH (ab9485, Abcam) to

control for protein loading.

MTT viability assay. MTT assay (Biotium Inc., Hayward, CA, USA) was used as per
manufacturer’s instructions to determine viability of HEC-1A cells after Ad and HSV-2

exposure and was described elsewhere (Drannik et al., 2012c; Nazli et al., 2009).

Tr/E knockdown by RNA interference. Small interfering (siRNA) molecule
(Invitrogen Life Technologies) (GenBank accession number NM_002638) targeting
human Tr/E within 67-420 ORF through the following sequences, starting from position
202: CCCGUUAAAGGACAAGUUU and non-targeting siRNA, RNAi1 Negative Control
(medium GC content), 12935-300, (Invitrogen Life Technologies) were used to
specifically knockdown Tr/E. Transfections of siRNA (8 pmol) were done using
Lipofectamine RNAIMAX and Opti-MEM medium (Invitrogen Life Technologies) as
per supplier’s instructions. HEC-1A cells, 3 x 10*in a 100 pl of total volume complete
growth medium, were transfected in a 96-well BD Falcon culture plate (BD Biosciences)
for 48-72 h before challenging with HSV-2 MOI 0.1 and 1. Knockdown efficiency was
monitored using Tr/E ELISA 24 h after viral challenge.

ELISA assays. Cell-free samples were stored at -70°C until assayed for human Tt/E, IL-
8, IL-6, and TNFa with ELISA Duoset kit (R&D Systems) and for human IFN by
ELISA kit from Antigenic America Inc. (Huntington Station, NY, USA), according to the
supplier’s protocol. For animal experiments, murine TNFa, IL-6, MIP-2, and IFNy were
measured using ELISA Duoset kits (R&D Systems) and for [FNf detection ELISA was
conducted using PBL biomedical kit from PBL (Piscataway, NJ, USA). Analytes were
quantified based on standard curves obtained using an ELISA reader Tecan Safire ELISA

reader (MTX Labs Systems Inc.) as per supplier’s protocol.

107



Preparation of cell extracts and Western blot (WB) analysis. Whole-cell extracts were
prepared by using whole-cell extract buffer (50mM Tris-HCI, pH 8.0, 150mM NacCl,
1%NP-40, 1%SDS, 1 x protease inhibitor (Roche, Mississauga, ON, Canada) as per
standard protocol. Protein amount was quantified using Bradford assay with bovine
serum albumin (Sigma-Alrdich) as a standard and Bio-Rad Dye Reagent Concentrate as a
protein stain (Bio-Rad Laboratories, Mississauga, ON, Canada). WB was performed on a
10% polyacrylamide denaturing SDS-PAGE gel and PVDF membranes (Amersham,
Arlington Heights, IL, USA) as per standard protocol, using the following primary
antibodies: anti-gD primary antibody (P1103; Virusys, Atlanta, GA, USA) and anti-
GAPDH (ab9485, Abcam) to control for protein loading. After incubation with
corresponding horse-radish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad
Laboratories), blots were visualized using a SuperSignal West Femto or Pico
Chemiluminescent Substrate kit (Thermo Scientific, Rockford, IL, USA). Quantification

of band intensities was done using MBF_ImagelJ for Microscopy Software.

Immunofluorescence staining. Inmunofluorescence staining was performed as
described before, but with minor modifications. HEC-1A cells grown on an 8-well BD
Falcon culture slides (BD Biosciences) were pretreated with Tr and E proteins for 1 h
before receiving either medium, or HSV-1 MOI 1 per well for 4 h. Following treatment,
cells were fixed and blocked as described elsewhere (Bauer et al., 2008; Nazli et al.,
2009). IRF3 was detected using 1:100 dilution (in blocking solution) of IBL18781 (IBL,
Gunma, Japan) for 1 h. NF-xB p65 sc-372 (SantaCruz Biotechnologies, Santa Cruz, CA,
USA) (1:500) was used to detect nuclear translocation of NF-kB p65. Negative control
rabbit immunoglobuling fraction (DakoCytomation, Glostrup, Denmark) served as an
isotype control and was diluted to match the protein content of the primary anti-IRF3
antibody. Secondary antibody, Alexa Fluor 488 conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA) was added to cells in a blocking solution for 1 h.
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Nuclei were visualized by staining with propidium iodide. Images were acquired using an

inverted laser-scanning confocal microscope (LSM 510, Zeiss, Oberkochen, Germany).

RNA extraction and real-time quantitative PCR analysis. The protocol for RNA
isolation was described elsewhere (Drannik et al., 2012c; Lester et al., 2008). Briefly,
total RNA was isolated from HEC-1A-Ad-infected cells cultured with medium alone or
HSV-2 for 6 h, using TRIzol reagent (Invitrogen Life Technologies) and DNase-treated
(Ambion, Austin, TX, USA), as per supplier’s recommendations. RNA was quantified
using the Agilent 2100 Bio-Analyzer (Agilent, Santa Clara, CA, USA). Total RNA was
reverse transcribed into complementary (cDNA) with SuperScript reverse transcriptase
IIT (Invitrogen Life Technologies). Real-time quantitative PCR was performed in a total
volume of 25 ul using 1xUniversal PCR Master Mix (Applied Biosystems, Foster City,
CA, USA), 5 pl of diluted cDNA, 500 nmol forward primer, 500 nmol reverse primer
(Mobix; McMaster University, ON, Canada), and 200 nmol probe in a 96-well plate.
TagMan oligonucleotide primers and probes labeled with 6FAM at 5’-end and a non-
florescent quencher at 3’-end were designed using Primer Express 1.5 and purchased
from Applied Biosystems: IFNB: 5’-CGCCGCAGTGACCATCTA-3’ (forward), 5’-
CCAGGAGGTTCTCAACAATAGTC-3’ (reverse); 18S rRNA: 5’-
CGGAATTAACCAGACAAATCGCTCCA -3’ (probe), 5’-
GTGCATGGCCGTTCTTAGTT-3’ (forward), 5’-TGCCAGAGTCTCGTTCGTTAT-3’
(reverse). The expression of 18S ribosomal (r) RNA was used as an internal control. PCR
was run with the standard program: 95°C 10 min, 40 times of cycling 95°C 15 sec and
60°C 1 min in a 96-well plate with a ABI PRIZM 7900HT Sequence Detection System
using the Sequence Detector Software 2.2 (Applied Biosystems).

Animals. Female mice used in this study included wild type (WT) C57B1/6 mice
(Charles River Canada, ST. Constant, Quebec, Canada) and EcCDNA mice, also on a
C57Bl/6 background, that were generated to express the gene for human full-length elafin

(pre-elafin), or trappin-2, under MCMYV promoter as described elsewhere (Sallenave et
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al., 2003). Presence of Tr gene was routinely confirmed with genotypic analysis as per
standard protocol. All mice were 8-16 weeks old and maintained in Level B housing
conditions in a 12-hour light-dark cycle. All experimental protocols involving mice were

approved by the Animal Research Ethics Board of McMaster University.

HSV-2 in vivo model. Five days before viral challenge, mice were injected
subcutaneously with 2 mg of Depo-Provera (Depo) (Upjohn, Don Mills, Ont., Canada) to
facilitate vaginal infection, since Depo is a long-acting progesterone formulation that
induces a diestrus-like state in the genital tract. Mice were anesthetized with ketamine
(150 mg/kg) and xylazine (10 mg/kg), injected intraperitoneally (IP), and their tails were
lifted and 1x10* PFU/mouse was administered intravaginally (i.vag.) in a total volume of
10 ul in PBS. Mice were kept on their backs under the influence of anesthesia between 45
min to 1 h to allow the inoculum to be retained. Mice were monitored daily for survival
and disease progression using the following five-point scale: 0, no apparent inflammation
and infection; 1, slight redness of external vaginal os; 2, swelling and redness of external
vaginal os; 3, severe swelling and redness of both vaginal os and surrounding tissue, hair
loss in genital area; 4, genital ulceration with severe redness, swelling, and hair loss of
genital and surrounding tissue; 5, severe genital ulceration extending to surrounding
tissue or signs of paralysis. Animals were euthanized at stage 5. Vaginal washes were
collected daily over 8 days by pipeting twice consecutively with 30 ul of PBS in and out
of the vagina several times. On days 2, 6, and 8 post-inoculation, whole genital tracts as
well as spinal cords and brainstems were removed, placed in 1 ml of PBS, and processed
individually via homogenization as described earlier (Drannik et al., 2004). Viral titers

were determined in supernatants using plaque assay as described earlier in this section.
Statistical analysis. Statistical analysis was performed with either non-paired Student’s ¢

test for differences between two groups or a one-way analysis of variance (ANOVA) for

more than two groups, using Sigma Stat 2.0. Survival curves were compared with log
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rank test using GraphPad Prism Version 4.0. In all cases, data were expressed as means +

standard deviation (SD) and values of p<0.05 were considered significant.
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Results

Tr/E reduce HSV-2 replication in genital ECs. To elucidate if and how Tt/E contribute
to defense against HSV-2 challenge in genital ECs, the role of exogenous Tr/E proteins
was assessed. A replication-deficient adenovirus construct expressing the human Tr gene
(Ad/Tr) (Drannik et al., 2012c; Sallenave et al., 1997; Sallenave et al., 1998) was used to
exogenously express human Tr in endometrial HEC-1A and endocervical End1/E6E7 EC
lines. To elucidate whether each Tt/E individually exhibit anti-HSV-2 activity, as well as
to counteract detrimental side effects of adenovirus-expressed Tr, we also utilized
recombinant Tr and E with HEC-1A cells. Fig. 1A shows that supernatants from HEC-1A
cells infected with Ad/Tr (Ad/Tr-cells) had significantly (p<0.05) lower HSV-2 titers,
compared to HEC-1A cells infected with a control Ad/dl vector (Bett et al., 1994),(Ad/dl-
cells). Although viral load in Ad/dl-cells alone appeared to be reduced compared to
untreated (UT) cells, the reduction in HSV-2 shedding in Ad/Tr-cells was significantly
greater, indicating that exogenous Tr further reduced viral replication and augmented
anti-HSV-2 protection in ECs. Further, similar inhibition of Tr on HSV-2 replication was
also demonstrated in endocervical End/E6E7 ECs (Fig. 1B). To determine if each Tt/E
exhibit anti-HSV-2 activity, recombinant (r) Tr/E proteins were used to pretreat HEC-1A
cells. Data in Fig.1C and D demonstrate that each rTr/E independently significantly
(p<0.05) reduced viral titers in HEC-1A cells, compared to medium alone. The inhibition
of HSV-2 replication was dose-dependent and with physiologically relevant (0.04-1
ug/ml) protein concentrations for female genital tract (Ghosh et al., 2010). Additionally,
we ruled out impaired cell viability as a potential cause of reduced susceptibility to viral
infection by performing an MTT viability assay (data not shown). Taken together, our
results demonstrate that Tr/E each individually, in concentrations not toxic to cells, have
the capacity to inhibit HSV-2 replication and enhance antiviral protection.

E has greater anti-HSV-2 activity than Tr. We next determined the comparative
potency of each Tr/E against HSV-2 by identifying the 50% inhibitory concentration
(ICsp) values of Tr/E, given that tested recombinant Tt/E proteins possessed similar

antiprotease activity (Drannik et al., 2012b). The ICs, values for Tt/E with respect to
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infectivity of HEC-1A cells were estimated to be 0.07 + 0.01 pg/ml and 0.01 £ 0.008
ug/ml (Fig. 1E). Comparison of ICsq values for each Tt/E revealed that anti-HSV-2
efficacy of E was about 7 times greater than for Tr. Collectively, these results revealed
that E is superior to its precursor, Tr, with respect to anti-HSV-2 activity.

Tr/E are required for anti-HSV-2 protection of HEC-1A cells. To corroborate results
shown in Figure 1, Tr/E were knocked down in HEC-1A cells by Tr/E-specific small
interfering (si) RNA and cells were subsequently challenged with HSV-2. Figure 2A
shows that levels of Tr/E detected by ELISA in HEC-1A cells supernatants were
significantly (p<0.05) reduced after Tr/E siRNA knockdown and HSV-2 treatment,
compared to control siRNA- and HSV-2-treated cells. Further, cells that maintained their
endogenous Tt/E production were significantly (p<0.05) protected against HSV-2
challenge with MOI 0.1 (Fig. 2B); however, this protection was overcome when a higher
viral dose was used. Additionally, all siRNA-untreated cells had Tr/E levels within 50
pg/ml and viral loads similar to control siRNA-treated cells (data not shown). Overall,
these results suggest that endogenous Tt/E play an important role in anti-HSV-2 defense
in genital ECs, but their protective effect might be limited to lower viral doses.

Tr/E reduce binding/attachment of HSV-2 to HEC-1A cells. Binding between HSV-2
glycoprotein D (gD) and cognate cell surface receptor(s) is important for viral entry into
cells (Spear, 2004). Thus, we determined if each Tr/E interfered with viral attachment to
cell surface at the entry level. To this end, Western blotting (WB) was performed to
assess the amount of HSV-2 gD present in cell lysates as a representative of HSV-2
attached to HEC-1A cells. Fig. 3A and B demonstrate that undetectable amount of gD
was present in cells pretreated with medium alone (Fig. 3A, lanes 1&2) or with Tr/E
before virus addition (Fig. 3A, lanes 5, 6, 7, 8), compared to cells exposed to HSV-2
alone (Fig. 3A, lanes 3&4). We next elucidated whether Tr/E act on cells or the virus.
Fig. 3C and D show that no gD was detected in media-treated cells, in contrast to cells
treated with virus alone (Fig. 3C, lanes 1 & 2, respectively). Further, when cells were first
pretreated with Tr or E (Fig. 3C, lane 3&S5, respectively), repeatedly washed and exposed

to HSV-2 inoculum, reduced amounts of gD were detected, compared to the virus alone
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group (Fig. 3C, lane 2). Interestingly, when the virus, and not the cells, was first
pretreated with Tr or E (Fig. 3C, lane 4&6, respectively) and then added onto untreated
cells, similarly reduced amounts of gD were detected. Fig. 3B and D show quantifying
histograms of corresponding bands depicted in Fig. 3A and C. Notably, the inhibitory
effect of E (Fig. 3A, lanes 7&8 and Fig. 3C, lanes 5&6) was more dramatic compared to
Tr (Fig. 3A, lanes 5&6 and Fig. 3C, lanes 3&4). Collectively, these results clearly
indicate that Tr/E each individually can inhibit HSV-2 at the entry level by reducing viral
attachment to genital ECs, which was mediated through direct interaction with HSV-2
and as well as indirect interaction with the cells.

Ad/Tr-cells respond to HSV-2 challenge with increased IFNp secretion. The
protective role of IFNf against HSV-2 infection is well established (Bauer et al., 2008;
Gill et al., 2006; Murphy et al., 2003; Nazli et al., 2009). We elucidated whether Tr/E
pretreatment of genital ECs could increase IFNf expression in response to HSV-2
challenge. Fig. 4A shows that mRNA levels of IFN in Ad/Tr-cells were significantly
(p=0.007) increased at 6 h after low dose HSV-2 challenge of HEC-1A cells, compared to
Ad/dl-cells. Further, the stimulatory effect was also evident from ELISA data, showing
significantly (p=0.039) increased levels of IFNJ protein in supernatants of Ad/Tr-cells,
compared to Ad/dl-controls, at 24 h post infection (Fig. 4B). Overall, these data indicate
that genital ECs exposed to Ad-expressed Tr before HSV-2 challenge secrete higher
levels of IFNP upon HSV-2 exposure.

Tr/E-treated ECs exhibit increased HSV-2-induced nuclear translocation of IRF3.
Interferon regulatory factor (IRF) 3 is one of the key factors contributing to polyl:C
induced antiviral protection via activation of ISGs either with or without the induction of
IFNB (Bauer et al., 2008; Drannik et al., 2012c; Guo et al., 2000; Mossman et al., 2001).
Here, we determined whether Ad/Tr-cells, with reduced viral load and induced IFNJ3
secretion, would exhibit increased nuclear translocation of IRF3 following HSV-2
challenge. Immunofluorescence staining for IRF3 nuclear translocation demonstrates
that in the presence of medium alone, adenovirus-untreated HEC-1A cells (UT) or Ad/dI-

and Ad/Tr-cells did not have significant translocation of IRF3 (green) into the nuclear
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area (red), as no merged (yellow) color was present within the nuclear area (Fig. 4C and
D). In contrast, in HSV-2-treated rows, Ad/Tr-cells showed markedly increased number
of cells with IRF3 nuclear translocation compared to control cells (Fig. 4C). Additionally,
HEC-1A cells pretreated with recombinant Tr/E proteins also showed enhanced IRF3
nuclear translocation (Fig. 4D), with more notable effect observed for E-treated cells.
However, the stimulatory effect of the tested Tr/E proteins on IRF3 nuclear translocation
was less prominent, compared to Ad/Tr-cells. Taken together, these results indicate that
pre-exposure of HEC-1A cells to either Ad-expressed Tr or recombinant Tr/E proteins
enhanced nuclear translocation of IRF3 that was also associated with increased anti-
HSV-2 protection of cells.

Tr/E-treated ECs secrete significantly reduced HSV-2-induced pro-inflammatory
cytokines. A physiologically relevant outcome of the attachment, entry, and infection of
cells with HSV-2 is the release of immune-inflammatory factors (Gill et al., 2006; Li et
al., 2009a; Thapa and Carr, 2008b), which may contribute to the pathogenesis and
inflammation associated with genital herpes (Cook et al., 2004; Corey et al., 1983). Given
that Tr/E were previously shown to exert anti-inflammatory effects against bacterial
(Butler et al., 2006; McMichael et al., 2005a) and viral (Drannik et al., 2011; Drannik et
al., 2012b; Drannik et al., 2012c) ligands, we next determined whether pretreatment of
genital ECs with Tr/E affected HSV-2-induced levels of pro-inflammatory IL-8 and
TNFa. Figure 5 shows that either Ad/Tr-cells (Fig. SA) or HEC-1A cells first pretreated
with 1 pg/ml of each recombinant Tt/E before viral challenge (Fig. 5B and C) responded
to HSV-2 infection with significantly (p<0.05) reduced levels of IL-8 and TNFa at 24 h,
compared to Ad/dl- or media alone groups, respectively. The secreted TNFa in Ad-
treated cells supernatants, however, was below the ELISA detection level (data not
shown). Altogether, our data demonstrate that exogenous Tr/E modulated the secretion of
inflammatory factors by ECs in response to HSV-2 challenge, which was also associated
with reduced viral replication and attachment to cells.

Tr/E-treated ECs exhibit reduced HSV-2-triggered NF-kB nuclear translocation.

NF-«B is one of the key transcription factors that regulate production of antiviral and pro-
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inflammatory factors, like IL.-8 and TNFa, upon encounter with viral ligands (Li et al.,
2009a; Yoneyama et al., 2004), and Tr/E were previously shown to reduce NF-xB
activation in response to bacterial (Henriksen et al., 2004) and viral ligand stimulation
(Drannik et al., 2012c). Thus, given reduced secretion of IL-8 and TNFa observed in this
study, we next determined if Tr/E pretreatment of HEC-1A cells inhibits NF-xB
activation after HSV-2 exposure. Immunofluorescence staining was performed assessing
the localization of p65 subunit of NF-kB (green) in HEC-1A cells, with nuclei visualized
with propidium iodide (PI) (red) and nuclear translocation of p65 visualized as yellow.
Qualitative analysis of representative confocal images (Fig. 5D and E) shows that
treatment with medium alone did not trigger significant activation and nuclear
translocation of p65 in either HEC-1A cells untreated with Ad vector (UT), Ad/Tr- or
their controls, Ad/dl-cells, as there was no yellow visualized in the nuclear area of the
cells across the groups (Fig. 5D, medium panels). Conversely, HSV-2 treatment alone
triggered significant p65 nuclear translocation, which was reduced in Ad/Tr-, but not
Ad/dl-cells (Fig. 5D, HSV-2 panels). Although some nuclear localization of p65 was
noted in Ad/Tr- and Tr-treated groups, the intensity of the observed signal was
substantially reduced, compared to UT- or Ad/dl-HSV-2-treated groups. Additionally,
HEC-1A cells pretreated with each recombinant Tr/E (Fig. SE), also showed reduced
HSV-2-induced NF-xB nuclear translocation, with more notable effect observed for E-
treated cells. Collectively, these data indicate that pretreatment with each Tt/E before
viral challenge reduces HSV-2-triggered nuclear translocation of p65 subunit of NF-kB,
which was also associated with reduced secretion of pro-inflammatory IL-8 and TNFa.
Tr transgenic (Etg) mice have significantly lower viral load and reduced TNFa
protein levels in the CNS following intravaginal HSV-2 challenge. Considering our in
vitro findings in human genital ECs, we tested antiviral properties of Tr in a murine
model of genital HSV-2 infection. Since mice do not produce Tr/E, consequently we used
Tr transgenic mice (earlier referred to as the full-length elafin transgenic mice, thus the
name (Etg)) (Sallenave et al., 2003), but on a C57Bl/6 background, along with their

corresponding wild type C57Bl/6 counterparts (Wt). Mice were intravaginally inoculated
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with a lethal 1x10* pfu/mouse dose of HSV-2. Our data show that Etg and Wt control
mice had no significant differences in viral replication in the genital tract (GT), including
vaginal washes, throughout the time course of the genital HSV-2 infection (Fig. 6A and
B). Interestingly, despite no differences in viral load in the GT between the groups, Etg
appeared to have reduced viral load in the CNS at day 2 (Fig. 6C), possibly due to
delayed or less efficient viral translocation from the GT of Etg into the CNS. Indeed,
despite earlier viral clearance from the GT, virus appeared in Wt CNS 4 days earlier than
in Etg mice and remained at significantly higher levels on Days 6 and 8 (Fig. 6C).
Moreover, a pattern of reduced viral load in the CNS of Etg mice was continuously
observed throughout the infection, reaching statistical significance by day 8 (Fig. 6C).
Furthermore, reduced viral replication in the CNS in Etg compared to control mice was
also associated with significantly reduced levels of TNFa in the GT and CNS at day 8
(Fig. 6D), as well as significantly attenuated pathology scores at day 5 (Fig. 6E), and a
trend toward a better survival starting at day 8 (Fig. 6F). Taken together, these findings
indicate that even though viral load in the GT of Etg animals was not more efficiently
cleared compared to controls, viral spread and replication in the CNS was less efficient
and better controlled in Etg mice, likely being related to decreased released levels of
TNFa in the GT and CNS. The latter would suggest a link between reduced inflammation
and less efficient spread of HSV-2. Levels of other pro-inflammatory factors, namely
MIP-2, IL-6, IFNP, and IFNy were also measured, but only MIP-2 was consistently
elevated in Etg GT at day 0 before viral inoculation and later reduced at day 8 in the CNS
similarly to TNFa, albeit not reaching statistical significance (data not shown). Overall,
these data indicate that in the presence of human Tr, mice had a better viral containment
and control of its spread, resulting in lower levels of pro-inflammatory factors locally and

systemically.
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Discussion

High prevalence of HSV-2 infection (Fisman et al., 2002; Nahmias et al., 1990),
its serious complications in neonates and immunocompromised (Koelle and Corey,
2008), and the close interplay with HIV-1 (Corey, 2007) are worrisome and continue to
remind us of the lack of efficient control of this STI. Identification of novel molecules
capable of controlling primary HSV-2 infection and inflammatory responses at mucosal
sites may advance our efforts in designing effective measures to curb both HSV-2 and
HIV-1 infections.

We evaluated the contribution of each Tr/E to the host’s defense against HSV-2
by utilizing human genital ECs in vitro and a model of genital HSV-2 infection in Tr
transgenic mice in vivo. Our results demonstrated that Tr/E likely targeted HSV-2
infection at entry and post-entry events by acting directly on virus and indirectly on cells
by targeting viral attachment and cellular antiviral and inflammatory responses. Cells
pretreated with Tr/E secreted lower levels of pro-inflammatory factors IL-8 and TNFa
and had attenuated nuclear translocation of NF-kB following HSV-2 challenge.
Moreover, reduced viral replication was also associated with increased IFNf secretions
and nuclear translocation of IRF3. Interestingly, we found that tested recombinant E was
more potent against HSV-2 than its precursor, Tr. Finally, our results from in vivo
experiments showed that Tr transgenic animals, compared to Wt controls, showed a
consistent trend of increased survival; better disease outcome was also associated with
lower viral translocation from the GT into the CNS, as well as reduced levels of TNFa at
the target organs. Collectively, these observations describe antiviral activities of Tr/E in
defense against HSV-2 infection in the female genital mucosa.

It was not surprising to observe such complex and multifaceted antiviral activity
for Tr/E, since other innate factors, including SLPI, defensins, and lactoferrin have also
been ascribed anti-HSV-2 activity mediated through multiple mechanisms (Jenssen,
2005; Jenssen et al., 2008; MasCasullo et al., 2005; Wang et al., 2004; Yasin et al.,
2004). Although it is unclear at the moment how specifically Tr/E inhibited viral
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attachment to HEC-1A cells, our results would propose that Tr/E may act through both
virus and target cells.

Despite the fact that no published evidence is available to date on direct
interaction between Tr/E and HSV-2, this activity of Tr/E is still plausible. Indeed, a-
defensins such as human neutrophil peptides (HNP)1-3 and several synthetic defensins
were shown to bind to carbohydrate moieties, likely O- or N-linked glycans on HSV-2
glycoprotein B-2 (gB-2) and HIV-1 glycoprotein (gp)120, and thus directly interfere with
viral attachment, entry, and infectivity (Wang et al., 2004; Yasin et al., 2004). Structural
homology between Tr/E and defensins in sharing intramolecular disulfide motifs (Ganz,
1994; Grutter et al., 1988), as well as our recent observations on direct antiviral activities
of Tr/E against vesicular stomatitis virus (VSV) (Drannik et al., 2012c) and HIV-1
(Drannik et al., 2012b), (A.G. Drannik, K. Nag, X.D. Yao, B.M. Henrick, W.B. Ball,
F.A. Plummer, C. Wachihi, J. Kimani, and K.L. Rosenthal, submitted for publication)
would also strengthen this argument. We propose that binding between Tr/E and viral
carbohydrate moieties could be a potential mechanism of direct anti-HSV-2 activity of
Tr/E. Future in-depth elucidation of this inhibitory effect of Tr/E might be worth
pursuing, given that HSV-2 and HIV-1 share O- or N-linked glycans on their
glycoproteins.

Our findings also indicate that Tt/E acts indirectly through cells. Considering that
Tr/E can bind to heparin and fibronectin (Guyot et al., 2005b), the interaction between
Tr/E and cell-surface HSV-2 binding/entry receptors, including heparan sulfate (HS)
chains and nectin-1 and nectin-2 members of immunoglobulin superfamily (Spear, 2004),
can be an additional mode of Tr/E antiviral activity. This suggested mechanism could
explain why we observed decreased viral titers and attachment of HSV-2 to HEC-1A
cells, knowing that these cells, in resemblance to primary genital ECs, highly express HS
moieties (Saidi et al., 2007). Indirect inhibitory anti-HSV-2 effect of SLPI would support
our data, since SLPI was found to exert its protective antiviral effect by interacting
through ECs and not virus (Ma, 2004). However, the involvement of annexin II in anti-

HSV-2 defense, which was important for anti-HIV-1 activity of SLPI, was ruled out
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(MasCasullo et al., 2005). The observed inhibitory effect of Tr/E on HSV-2 attachment
may have significant implications, since viral attachment to ECs is one of the critical
steps required for subsequent fusion and entry of HSV-2 into ECs. Thus, our results
indicate that Tr/E may affect the pathogenesis of HSV-2 by interfering with viral entry
and potentially the establishment of primary HSV-2 infection mucosally as well as by
hindering entry/access and spread of virus in the nervous system.

The fact that Tr/E demonstrated both cell- and virus-associated protective anti-
HSV-2 effects, whereas SLPI was shown to interact only with cells, could be a result of
only a remote (40%) homology between SLPI and Tr/E. Notably, a divergent effect in
anti-HSV-2 activity among members of the same family was also shown for defensins.
For example, while a-defensins HNP1-3 and HDS5 were preferentially binding to HSV-2
gB molecules, they did not bind to cellular HS moieties; in contrast, while HBD3 bound
both gB and HS, human B-defensin (HBD) 1 and HBD2 bound neither (Hazrati et al.,
20006).

Silencing of endogenous Tr/E with siRNA further corroborated the importance of
Tr/E in anti-HSV-2 defense in the genital ECs. Our results also showed that the inhibitory
effect of endogenous Tr/E was overcome with higher viral inoculum, suggesting a
context-dependent nature of anti-HSV-2 activity of endogenous Tr/E that can be limited
by HSV-2 evasion mechanisms. One such mechanism may involve the regulation of Tt/E
production, since we found significantly reduced mRNA and protein level of Tr/E in cells
challenged with a high dose (MOI 5) of HSV-2 (data not shown). Interestingly, a similar
evasion strategy of HSV-2 was reported earlier for SLPI due to viral early-gene
expression (Fakioglu et al., 2008) as well as for type I IFNs and the expression of HSV-2
virion host shutoff (vhs) protein (Duerst and Morrison, 2004; Murphy et al., 2003). The
latter studies support our earlier findings showing that vhs, in a dose-dependent way,
inhibited innate immune sensing, IRF3 activation, and IFNf expression in human vaginal
ECs (Yao and Rosenthal, 2011). Altogether, these data indicate that although Tr/E appear

to be important in the host’s defense against HSV-2, these molecules could represent a
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vulnerable target of the viral evasion mechanisms that should be taken into consideration
when designing protective measured against STIs.

In this study, E appeared ~ 7 times more potent against HSV-2 than its precursor,
Tr. Interestingly, we reported a similar observation on E being over a 100 times more
potent than Tr against HIV-1 (Drannik et al., 2012b). These findings are also in line with
the earlier mentioned report on a divergent anti-HSV-2 effect of defensins (Hazrati et al.,
2000). It is unclear at the moment why E was more potent than Tr against HSV-2
infection. However, our data likely reflect the end result of elafin’s greater ability to
inhibit viral binding/entry and replication, to enter the nucleus, as well as to attenuate NF-
kB phosphorylation/nuclear translocation, and to modulate gene and protein expression
of pro-inflammatory mediators.

Here we found that IL-8 and TNFa, as well as NF-kB nuclear translocation, were
significantly diminished following exposure to each Ad/Tr and rTr/E, indicating that Tr/E
can moderate HSV-2-induced antiviral immune-inflammatory responses. We argue that
the observed moderation of inflammatory responses could be a result of Tt/E acting not
only at the entry level, by reducing the number of attached virions, but also at the post-
entry level, or intracellularly, perhaps directly (DNA binding) or indirectly (up-stream)
targeting NF-«xB transcriptional activity. The intracellular mechanism would be supported
by earlier reports showing Tr/E-mediated reduction in LPS-induced AP-1 and NF-kB by
targeting the ubiquitin-proteosome pathway (Butler et al., 2006) and up-regulating [kBa
(Henriksen et al., 2004). Moreover, the study demonstrating that SLPI can bind to DNA
and compete for NF-kB binding sites, thus preventing NF-kB activation (Taggart et al.,
2005), would also support the proposed intracellular mode of anti-HSV-2 action of Tr/E,
as well as our recent finding of the dependence of anti-HIV-1 activity of Tr/E on its
intranuclear localization (A.G. Drannik, K. Nag, X.D. Yao, B.M. Henrick, W.B. Ball,
F.A. Plummer, C. Wachihi, J. Kimani, and K.L. Rosenthal, submitted for publication).
Collectively, these observations may support DNA binding by Tr/E as one of plausible
mechanisms of Tr/E antiviral activity that would explain both our reduced viral titers as

well as anti-inflammatory mediators.
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In support of the argument that antimicrobial factors can act at multiple levels, a-
defensin 1 was shown, in the absence of serum, to act directly on HIV-1, but, in the
presence of serum, to inhibit HIV-1 replication by interfering with PKC phosphorylation
in primary CD4+ T cells (Chang et al., 2005). Interestingly, the latter report is similar to
an earlier study by McMichael et al. showing that in serum-containing conditions, Tr/E
had an inhibitory effect on LPS-induced release of TNFa (McMichael et al., 2005b).
However, the same study reported that in serum-free conditions and at higher
concentrations, Tr/E had a stimulatory activity on TNFa release.

IRF3 has been shown to mediate antiviral protection through the activation of
ISGs that may or not depend on the induction of IFN (Samuel, 2001; Yoneyama and
Fujita, 2010). Considering the above, it is likely that increased antiviral protection
observed in Tr/E-treated and HSV-2-exposed cells was due in part to increased IRF3
nuclear translocation and consequentially augmented IFNf induction. However, other
IRFs, including IRF7 and IRF9, could also contribute, since IRF3 was shown to act in
homo- and heterodimers (Hiscott, 2007). Overall, this is the first report of Tr/E-mediated
increased IFNP secretion and IRF3 nuclear translocation in context of a viral infection
that are also linked with increased antiviral protection of genital ECs against HSV-2
challenge. These observations clearly indicate a potential interaction between Tr/E and
IRF3 pathway, perhaps by acting through the upstream regulators of IRF3 induction.
Taking into account that viruses, including HSV-2 and HIV-1, specifically target and
disrupt functional activity of IRF3 as part of their evasion strategy (Doehle BP, 2009;
Yao and Rosenthal, 2011), such interaction might be of importance in future applications
of antiviral properties of Tr/E.

A protective role of innate and adaptive immune responses mediated by NK cells,
CD4+ and CD8+ cells, IL-15 and IFN (Chan et al., 2011; Gill et al., 2006) has been well
characterized and established in murine models of HSV-2 genital infection. However, a
beneficial role of restricted antiviral and inflammatory responses was also recently
highlighted (Duerst and Morrison, 2007; Thapa and Carr, 2008b). In vivo experiments

using a murine transgenic model of lethal HSV-2 intravaginal infection showed that Etg
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mice, expressing human Tr, had reduced viral replication in the CNS, which could be
attributed to a better containment and less efficient viral translocation/spread from the
local target organ, GT, into the CNS. It is unclear at the moment why viral clearance was
not affected in the GT of Etg mice as would be expected based on our in vitro data.
However, this lack of antiviral protection in the GT could be related to the experimental
conditions of high HSV-2 inoculum and a progesterone-driven system. Arguably, these
conditions could be dampening specifically antiviral activity of Tr, but sparing its
immunomodulatory effects as would be supported by decreased levels of TNFa in GT
and CNS in Etg group. These findings could imply that Tr-mediated protection is perhaps
conditional and can be overwhelmed by a higher viral load or other parameters of the
infection, which was also seen in our siRNA experiments.

It is also unclear why viral translocation into the CNS was initially delayed or
reduced in Etg animals at day 2, despite similar viral load in the GT. However, the
sustained lower HSV-2 replication in the CNS of Etg mice is likely related to lower
TNFa levels in the GT and CNS, thus suggesting that immunomodulatory effects might
be less conducive to viral systemic dissemination and might be better for a disease
outcome. Our results are in line with studies demonstrating that mice lacking RNAase L
or with neutralized TNFa had a better disease outcome and reduced mortality in the
genital HSV-2 infection (Duerst and Morrison, 2007; Thapa and Carr, 2008b), hence
confirming the beneficial role of Tr-mediated lower inflammation and viral translocation
in genital HSV-2 infection. However, that only a trend of increased survival and a modest
improvement in disease presentation were observed of Etg mice is a limiting factor in
interpreting the significance of our observations and their extrapolations on human
studies.

Although this is not the first study using Etg animals against viral challenge
(Roghanian et al., 2006; Zaidi et al., 1999), it is the first report pertaining to HSV-2
infection. Nevertheless, our study shares key observations with earlier publications.
Despite the differential experimental designs and suggested antiviral mechanisms of Tr,

our findings of increased antiviral protection and reduced mortality are in agreement with

123



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

Zaidi et al. with acute model of viral myocarditis and Roghanian et al. with a model of
adenoviral lung challenge assessing adaptive immunity (Roghanian et al., 2006; Zaidi et
al., 1999). That beneficial effects of Tr/E were observed in such distinct models attests to
the existence of differential mechanisms of Tr/E antiviral protection that could be
attributed to the pleiotropic nature of the molecules as well as the target organ specificity.
Taken together, our results from in vivo studies provide evidence indicating the existence
of a protective and contextual anti-HSV-2 effect of Tr/E.

In conclusion, this is the first study showing Tt/E anti-HSV-2 effect in vitro and
in vivo. This study presented novel evidence of multifactorial and complex activities of
Tr/E that targeted virus/cell interaction and attachment/entry as well as mounting of
antiviral and inflammatory cellular responses to HSV-2. These observations importantly
compliment and expand previously shown antibacterial and anti-HIV-1 activities of Tt/E,
and may translate into a broader use of microbicidal potentials of Tr/E in the female

genital mucosa.
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Figure legends
FIG 1 Tr and E reduce HSV-2 replication in genital ECs, and E has greater anti-HSV-2
activity than Tr. Genital ECs cells were left untreated or treated with MOI 0-50 of Ad/dl
or Ad/Tr and inoculated with HSV-2 MOI 0.1-5. Viral titers in supernatants were
determined 24 h post infection by standard plaque assay and presented as log-transformed
plaque-forming units per ml (pfu/ml) for HEC-1A cells (A) and for End1/E6E7 (B). In C
and D, HEC-1A cells were pretreated with Tr (C) and E (D) for 1 h and subsequently
exposed to HSV-2 MOI 1 for 2 h and, after repeated washes, cultured for additional 24 h.
Viral titers determined in supernatants by plaque assay. For all, the data are shown as the
mean + SD and are representative of three independent experiments performed in
triplicate. Statistical analysis was performed using Student’s ¢-test (A, B) or ANOVA with
Tukey post-hoc test (C, D), with significance indicated in graphs. For determining ICs
values of Tr and E anti-HSV-2 activity, readouts from dose-dependent functional studies
were used for determining efficiency parameters of relevant experimental points. The
maximum inhibitory effect was considered as 100% effect, and the other values were
computed accordingly and plotted against relevant doses of Tr (asterisk, *) and E (filled
circle, ®) as percentage of maximal inhibitory effect. The relevant ICsy values for Tr and
E are indicated with filled arrowhead and open arrowhead, respectively, pertaining to
inhibitory effects of Tr and E on HSV-2 infectivity of HEC-1A cells (E). Error bars, SD.
FIG 2 T1/E are required for anti-HSV-2 protection of HEC-1A cells. HEC-1A cells were
either left untreated (UT) or transfected with a non-targeting control siRNA (ctrl siRNA),
or Tr/E siRNA for 48-72 h with subsequent challenge with HSV-2 MOI 0.1 and 1 for 2 h.
After repeated washes to remove viral inoculum, cells were cultured for additional 24 h.
Levels of Tr/E in supernatants were measured by ELISA (A) and viral titers were
determined by plaque assay (B). The data are representative of at least two independent
experiments performed in triplicate and are shown as the mean + SD. Statistical analysis
was performed using Student’s z-test with significance indicated in graphs.
FIG 3 Tr and E reduce binding/attachment of HSV-2 to HEC-1A cells. In A, HEC-1A

cells and HSV-2 were either treated with medium alone or with 1ug/ml of Tror E for 1 h
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at 37°C before HSV-2 MOI 1 was added to cells and allowed to attach at 4°C for 5 h.
After viral challenge, cells were repeatedly washed and whole cell lysates prepared and
assessed for attached virus by immunoblotting using anti-gD antibodies and GAPDH as a
loading control. Relative intensities of WB bands were quantified using MBF_ImageJ for
Microscopy Software (B). In C, cells (C) were either pretreated with medium (med) or Tr
and E as above, repeatedly washed and received HSV-2 MOI 1 for 5 h at 4°C as above.
Alternatively, virus was either left untreated (V) or pretreated with Tr or E before being
added to media-treated cells for 5 h at 4°C. WB in C and its quantification in D were
performed as described above. The data shown are representative of two experiments.
FIG 4 Increased IFNP secretion and enhanced IRF3 nuclear translocation in Tr/E-
pretreated HEC-1A cells after HSV-2 challenge. IFNf release from HEC-Ad/Tr cells
following exposure to MOI 1 of HSV-2 (A) HEC-1A cells were left untreated or treated
with MOI 0-50 of Ad/dl or Ad/Tr and incubated for 6-24 h in presence of media or MOI
1 of HSV-2. At 6 h post treatment, total RNA was harvested and relative expression of
IFNB mRNA by real-time quantitative RT-PCR was assessed. Values were normalized to
internal control 18S (A). At 6 and 24 h post treatment with HSV-2 MOI 1, secreted IFNf3
was measured by ELISA in cell-free supernatants and presented as pg/ml (B). The data
are representative of at three independent experiments performed in triplicate and are
shown as the mean + SD. Statistical analysis was performed using Student’s #-test with
significance indicated in graphs. In C,D, immunofluorescence analysis of IRF3 nuclear
translocation is demonstrated for HEC-1A cells that were left untreated or treated with
MOI 0-50 of Ad/dl or Ad/Tr (C) or pretreated with Tr or E for 1 h (D) and subsequently
exposed to either medium alone, or HSV-1 MOI 1 for 4 h. Representative staining is
shown for IRF3 (green), nuclear stain propidium iodide (red), and composite (yellow) at
magnification 2520x. The data are representative of two independent experiments with
similar results.

FIG 5 Tr/E-treated HEC-1A cells secrete significantly reduced pro-inflammatory
cytokines and have reduced nuclear translocation of NF-«xB in response to HSV-2

challenge. HEC-1A cells were left untreated or treated with MOI 0-50 of Ad/dl or Ad/Tr
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(A,D) or 1 ug/ml of Tr or E (B,C,E) and incubated for 4-24 h in presence of media or
HSV-2 MOI 1. At 24 h post viral challenge, secreted IL-8 and TNFa were measured by
ELISA in cell-free supernatants and presented as pg/ml (A, B, C). The data are
representative of at three independent experiments performed in triplicate and are shown
as the mean = SD. Statistical analysis was performed using Student’s z-test with
significance indicated in graphs. In D,E, immunofluorescence analysis of NF-xB p65
subunit nuclear translocation is demonstrated for HEC-1A cells that were left untreated or
treated with MOI 0-50 of Ad/dl or Ad/Tr (D) or pretreated with Tr or E for 1 h (E) and
subsequently exposed to either medium alone, or HSV-1 MOI 1 for 4 h. Representative
staining is shown for NF-xB p65 (green), nuclear stain propidium iodide (red), and
composite (yellow) at magnification 2520x. The data are representative of two
independent experiments with similar results.

FIG 6 Tr transgenic (Etg) mice have significantly lower viral load and reduced TNFa
protein levels in the CNS.. Wild type (Wt) control mice or transgenic mice expressing the
gene for human Tr (Etg) were Depo-treated and five days later intravaginally inoculated
with 1x10* pfu per mouse of wild type HSV-2 strain 333. Viral titers determined by
plaque assay in vaginal washes (A), in supernatants of homogenized genital tract (GT)
(B), and spinal cord with brainstem (SC+BS) (C), as well as protein levels of TNFa
determined by ELISA in supernatants of GT and SC+BS (D), pathology score (E), and
survival (F) are shown. For survival and disease score, cumulative data (n=30-34) are
presented. For viral titers and TNFa levels, the representative data of three independent
experiments (n=3-4 per group, per time point) and are shown as the mean + SD.
Statistical analyses of survival curves were performed with log rank test using GraphPad
Prism. Statistical analyses of disease scores, viral titers, and TNFa levels were performed

using Student’s ¢-test with significance indicated in graphs.
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FIG 1 Tr and E reduce HSY -2 replication in genital ECs, and E has greater anti-HS'V-2 activity than Tr.
Genital ECs were left untreated or treated with MOI 0-50 of Ad/d] or Ad/Tr and inoculated with HSV-2
MOI 0.1-5. Viral titers in supematants were determined 24 h post infection by standard plaque assay and
presented as log-transformed plague-forming units per ml (pfu/ml) for HEC- 1A cells (A) and for

End I/EGET (B). In C and D, HEC- 1 A cells were pretreated with Tr (C) and E {D) for 1 h and subsequently
exposad to HSW-2 MOI | for 2 h and, after repeated washes, cultured for additional 24 h. Viral titers
determined in supemnatants by plague assay. For all, the data are shown as the mean + 50 and are
represntative of three independent experiments performed in triplicate. Statistical analysis was performed
using Student’s -test (A, B) or ANOY A with Tukey post-hoc test (C, D), with significance indicated in
graphs. For determining 1C,, values of Tr and E anti-HSV-2 activity, readouts from dose-de pendent
functional studies were used for determining e fficiency parameters of relevant experimental points. The
maximum inhibitory effect was considered as 1 00% effect, and the other values were compuied accordingly
and plotted against elevant doses of Tr (asterisk, *) and E (filled circle, #} as percentage of maximal
inhibitory effect. The relevant IC50 values for Tr and E are indicated with filled arrowhead and open
arrowhead, respectively, pertaining to inhibitory effects of Tr and E on HSVY-2 infectivity of HEC-1A cells

(E). Emor bars, S0
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Figure 2. Drannik et al.
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FIG 2 TOE am required for anti-H5 V-2 protection of HEC- 1A cells. HEC- 1A cells wer either left
unirzated {UT) or transfected with a non-targeting control siRMNA. (ctr] siRMNA ), or TVE siRMA for 48-72
hwith subsequent challenge with HSV-2 MOI 0.1 and 1 for 2 h. Afier repeated washes to remove viral
inoculum, cells were cultured for additional 24 h. Levels of THE in supernatants were measured by
ELISA {A) and viral titers were determined by plague assay (F). The data are representative of at least
two independent axpariments performed in triplicate and are shown as the mean + SD. Siatistical analysis
was performed using Student’s r-test with significance indicated in graphs.
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Figure 3. Drannik et al.
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FIG 3 Tr and E redoce binding/attachment of HSV-2 to HEC- 1A cells. In A, HEC-1A cells and HSV-2
were either treated with medinm alone or with 1pg/ml of Tr or E for 1 h at 37°C before HSV-2 MOI |
was added to cells and allowed to attach at 4°C for 5 h Afler viral challenge, cells were repeatedly
washed and whole cell lysakes prepared and assessed for attached virus by immunoblotting using anti-
gD antibodies and GAPDH as a loading control. Relative intensities of WB bands were quantified using
MBF_Image] for Microscopy Software (B). In C, cells (C) were either pretreated with medium or Tr
and E as above, repeatedly washed and received HSW-2 MOI 1 for 5 h at 4°C as above. Allematively,
virus was aither laft untreated (V') or pretreated with Tr or E before being added to madis-tmated cells

for 5 hat 4°C. WB in C and its quantification in 1) were performed as described above. The data shown
are representative of two experiments.
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Figure 4. Drannik et al.
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FIG 4 Increased IFNf secretion and enhanced TRF3 nuclear translocation in ToE-pretreated HEC- LA
cells after HSV -2 challenge. IFMB release from HEC- AdfTr cells following exposure to MO 1 of
HSV-2 (A HEC- 1 A cells were left untreated or treated with MOI 0-50 of Ad'dl or Ad'Tr and
incubated for 6-24 h in presence of media or MOI | of HSY-2. At 6 h post treatment, total RNA was
harvested and relative expression of IFNE mRNA by reaktime quantitative RT-PCR was assessed.
Walues wemr normalized to internal control 185 (A). At 6 and 24 h post treatment with HSY-2 MOI 1,
secreted IFNP was measured by ELISA in cell-free supernatants and presenied as pa'ml (B). The data
are representative of at theee independent experiments performed in triplicate and are shown as the
mean + S, Statistical analysis was parformed using Student's i-test with significance indicated in
graphs. In C, 1, immunofluorescence analysis of IRF3 nuclear translocation is demonstrated for HEC-
1A cells that were left untreated or treated with MOI 0-30 of Ad/dl or AdTr {C) or pretreated with Tr
or E for 1 h (I} and subsequently exposed to either medium alone, or HSW-1 MOI 1 for 4 h,
Representative staining is shown for IRF3 (green), noclear stain propidium iodide (red), and composite
(yellow) at magnification 2520k The data are eprsentative of two independent experiments with
similar results.
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Figure 5. Drannik et al.
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FIG 5 ToE-teated HEC- 1 A calls secrete significantly reduced pro-inflammatory cytokines and hawve
reduced nuckear translocation of NF-xB in response to HSV-2 challenge. HEC- 1A cells wer left
imtreated or treated with MOI 0-50 of Adid] or Ad/Tr (4.0 or | pghml of Tr or E (8, C.E) and
incubated for 4-24 h in presence of media or HSV -2 MOT 1. At 24 h post viral challenge, secreted IL-8
and TNFa were measured by ELISA in cell-free supernatants and presented as pgfml {4, B, C). The data
are represemtative of at three independent experiments performed in triplicate and are shown as the
mean + SI). Statistical analysis was performed using Student's r-test with significance indicated in
graphs. In E, immunofluomescence analysis of NF-xB p63 subunit nuclear translocation is
demonstrated for HEC-1A cells that were left untreated or treated with MOI 0-50 of Ad/dl or AdTr (1Y
or pretreated with Tror E for 1 h (£) and subsaquently exposed to either medium alone, or HSV-1 MOI
I fior 4 h. Representative staining is shown for NFxcB p6S (green), nuckear stain propidium iodide (red),
and composite (yellow) at magnification 2520x. The data are representative of two ndependent
experiments with similar resuls.
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Figure 6. Drannik et al.
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FIG 6 Tr transgenic (Etg) mice have significantly lower viral lead and reduced TNFa protein kevels in
the CNE. Wild type (W't) control mice or transgenic mice expressing the gene for human Tr (Eig) werne
Depo-treated and five days later intravaginally inoculated with 1x104 pfu per mouse of wild type HSV-
2 strain 333, Viral titars determined by plague assay in vaginal washes (A}, in supernatants of
homaogenized genital tract (GT) (F), and spinal cord with brainstem (SC+BS5) (C), as well as protein
levels of TNFa determined by ELISA in supernatants of GT and SC+BS (), pathology score (E), and
% survival (F) are shown. For survival and disease score, cumulative data (n=30-34) ae presented. For
wiral titers and TMFa levals, the mpresentative data of three independant experiments (n=3-4 per group,
per time point} and are shown as the mean + 50, Statistical analyses of survival curves were performed
with log rank st using GraphPad Prism. Statistical analyses of disease scores, viral titers, and TNFa
levels were performed using Student's i-test with significance indicated in graphs.

134



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

Anti-HIV-1 Activity of Elafin is More Potent than Its
Precursor’s, Trappin-2, in Genital Epithelial Cells

Anna G. Drannik’, Kakon Nagl, Xiao-Dan Yao', Bethany M. Henrick', Sumiti
Jain', T. Blake Ball**, Charles Wachihi*, Joshua Kimani*, and Kenneth L.
Rosenthal'*

'Department of Pathology & Molecular Medicine, McMaster Inmunology Research Centre, Michael G. DeGroote
Institute for Infectious Disease Research, McMaster University, Hamilton, Ontario, Canada, 2Department of Medical
Microbiology, University of Manitoba, Winnipeg, Canadab; *Public Health Agency of Canada, Winnipeg, Manitoba,
Canadac; and *Department of Medical Microbiology, University of Nairobi, Nairobi, Kenyad

Published in Journal of Virology in February 2012 Vol 86 no 8 pp 4599-4610
Copyright © 2012 American Society for Microbiology
Reprinted with Permission

Summary and central message:

It is becoming increasingly clear that the early events, the local pro-inflammatory
environment, and dysregulated innate immune responses at mucosal sites, the portal of
HIV-1 entry, are critical factors in predetermining the outcome of viral encounter and
thus can significantly contribute to one’s resistance or susceptibility to HIV-1. Knowing
that elevated Tr/E were identified in CVLs from HIV-resistant CSWs and having
established (Chapters 2 and 3) that Tr/E increased antiviral protection and modulated
innate viral recognition and inflammatory responses following polyl:C and HSV-2
stimulation, we next (Chapters 4 and 5) elucidated the role of Tr/E in the host’s defense
against HIV-1. To this end, we determined the contribution of Tr/E to the natural anti-
HIV-1 protection of CVL and also comparatively assessed antiviral activity of each of the
recombinant Tr/E proteins (Chapter 4). Here, we confirmed that CVLs from HIV-1-
resistant (HIV-R) compared to HIV-1- susceptible (HIV-S) commercial sex workers
(CSWs) contained significantly higher amounts of Tr/E. We also demonstrated that
immunodepletion of 30% of Tr/E from CVL accounted for up to 60% of total anti-HIV-1
activity of CVLs of HIV-R CSWs. Further, pretreatment of HIV-1, but not cells, with
each recombinant Tt/E proteins inhibited HIV-1 infection of TZM-bl ECs that expressed
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canonical HIV-1 receptors. Conversely, in ECs that lacked the canonical receptors, Tr/E
pretreatment of either HIV-1 or cells resulted in significantly reduced HIV-1 attachment
and transcytosis, and reduced attachment was not associated with altered expression of
syndecan-1 or CXCR4. Interestingly, E was found to be more potent against HIV-1 than
Tr, despite their equipotent antiprotease activity. This study provided the first
experimental evidence showing that Tt/E significantly contributed to the natural anti-
HIV-1 activity of CVL; that Tr, and even more profoundly E, affected cell attachment
and transcytosis of HIV-1 in genital ECs and that these effects were contextual, notably

dependent on receptor type and virus strain.
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Anti-HIV-1 Activity of Elafin Is More Potent than Its Precursor’s,
Trappin-2, in Genital Epithelial Cells
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Cervicovaginal lavape fluld (CVL) is a natural source of antl-HIV-1 factors; however, molecular characterization of the ant-
HIV-1 activity of CVL remains ehasive. In this study, we confirmed that CVLs from HIV-1-resistant (HIV-R) compared to HIV-1-
susceptible (HIV-5) commerdal sex workers (C5Ws) contain significantly larger amounts of serine antiprotease trappin-2 {Tr)
amnd its processed form, elafin (E). We assessed antl-HIV-1 activity of CVLs of C5Ws and recombinant E and Tr on genital epithe-
Hal cells (ECs) that possess ( TZM-bl) or lack (HEC-1A) canonical HIV-1 receptors. Our results showed that immunodepletion of
30% of TH'E from CVL accounted for up to 60% of total antl-HIV-1 activity of CVL. Knodkdown of endogenons To'E in HEC-1A
cells resulted in significanthy increased shedding of infectious RS and X4 HIV-1. Pretreatment of RS, but not X4 HIV-1, with -
ther Tror E led to inhibiton of HIV-1 infection of TZM-bl cells. Interestingly, when elther HIV-1 or cells lacking canonical
HIV-1 receptors were pretreated with Tr or E, HIV-1 attachment and transcytosis were significantly reduced, and decreased at-
techment was not assoclated with altered expression of syndecan-1 or CXCR4. Determination of 50% inhibltory concentrations
{IC,) of Tr and Eanti-HIV-1 activity indicated that E is —130 imes more potent than its precursor, Tr, desplte their squipotent
antiprotease activitdes. This study provides the first experimental evidence that (1) Tr and E are among the principal antt-HIV-1
maolecules of CVL: (1) Tr and E affect cell attachment and transcytosis of HIV-1; (i) E is more efficlent than Tr regarding ant-

HIV-1 activity; and (iv) the antl-HIV-1 effect of Tr and E is contextmal.

eterosexual transmisston of haman immunodeficency virus

type 1 (HIV-1) via mucosal surfaces propels the HIV-1 pan-
demic (81). Evidence indicates that women represent more than
half of newly HIV-infected adukts worldwide {75). The contimed
spread of HIV-1, the lack of effective vaccines, and increased fe-
male susceptibility to the infection underscore the nrgent need for
alternative approaches for HIV-1 control, particalarty within the
fernale genttal tract (FGT).

Female genital epithelial cells (ECs) play 2 cractal robe in HIV-1
infection, as thelr recognition and passing, or sequestering, of the
vires can predetermine the magnimde of nnate immune re-
sponses and the fate of potenttal HIV-1 target cells residing in the
submucosa. Since the role of dysregulated HIV-driven mucosal
innate responses, 25 well 25 chronlc Immune activation, and the
lack of efficlent control of HIV-1 are becoming more accepted, so
is the need for novel factors and approaches to keep Inflammation
and the viros at bay.

The interaction betweem viral envelope glycoprotein 120
(gp120) and canonical HIV-1 cell-surface receptors (CD4 and
CCRAICNCHA 1s important for HIV- 1 binding/entry into cells {B).
‘While the majority of HIV-1-susceptible cells, iInchiding TZM-hl
cells, a dertvative from Hela cervical ECs, express CInd, CCRS,
and CXCR4 (54, 79), primary genital ECs express only CXCR4
and CCR5 (417, but not CD4 (8). However, both cell types remain
permissive to HIV-1 attachment/entry and transmigration (8, 41),
indicating that HIV-1 can utilize alternative cellnlar moleooles for
these purposes. Indeed, primary genital ECs and the endometrial
epitheltal cell ine HEC-1 A express 2 nomber of alternative recep-
tors, iInchading protecglycans (PG) with heparan sulfate (H5PG)
ar chondroitin sulfate (C5PG) chains (8, 46), 25 well as galactosyl-
ceramide (GalCer) (24-25, B5), and mannose receptors (74).
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Among H5PGs, syndecans, and not glyplcans, were shown to be
more important for HIV-1 attschment/entry into various target
cells, snch as macrophages (62), T cells (9), and genital ECs (7, 58).
Furthermore, enzymatic removal of heparan sulfate moleties sig-
nificantly reduced HIV-1 attachment/entry into target cells, a5 was
shown for syndecan- 1, which accounted for at least 60% of at-
tached HIV-1 to HEC-1A cells {59). These observations confirm
the importance of syndecans in HIV- 1-cell encounters.

Sensing of HIV-1 through pattem recogniion receptors
(PREs) Inltiates 2 serles of signaling events that lead to the secre-
tion of notonly iInflammatory {51, 59) but also endogenons innate
protective factors with 2 broad spectram of antimicrobdal activity
{15, 63, 83), Including against HIV-1 (19, &8, 77). Recenty, In-
crexsed levels of serine antiprotezses trappin-2 (Tr) and elafin (E)
were found In cervicovaginal lavages (CVLs) from highly exposed
HIV-reststant (HIV-R) commercial sex workers (C5Ws) in MNas-
robd, Kenya (30). Despite repeated HIV- 1 exposures, these women
have no signs of Infection, bat show the presence of HIV-specific
and potent Immune responses both systermically (32) and muco-
sally (34), suggesting that the local milien in their genital tract and
oontnaous virdl exposure (33) somehow prevent the vimas from
crossing the epithelial barrier and establishing productive nfiec-
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ton. These findings also indicate that we are still far from havinga
dear understanding of HIV-1 transmisston, pathogenesis, and
oorrelates of protection at mucosal surfaces, and more studies in
such cohorts could generate insightfol findings.

The better-known members of the whey acidic protetn (WAP)
family are E and 1ts precursor, Tr (Tr/E), which are strociarally
related to secretory leukocyte protease inhibitor (SLPI) and the
H-kDa prostate stromal protein (ps20) (6). An evolubonarily
monserved four-disalfide core (FDRC) structare, also called 2 WAP
or 2 WAP FDC (WFDC) domain, is shared among WAP family
members. The WAP domain is rich in cysteine residues that sta-
bilize four disulfide bonds involved in protease inhibitlon (73).
However, not all WAP-containing proteins are antiproteases, as
shown fior ps20 (6], eppin (86), mowse SWAM 1 and SWAM2 pro-
teins (23), and omwaprin from snake venom (49). Tris secreted as
a2 cationic unglycosylated (95-amino-actd [2a]) 9.9-kiDa protetn.
The protecdytic cleavage of the N-terminal cementoin domain of
Tr liberates the C-terminal 57-residue with the WAP domain (5.9
k[}a) as a soluble protetn, elafin (E) (4, 21, 65). In the N terminus
of Tr there 15 1 transglutaminase sobstrate-binding domain
(TSBDY) with four repexted motis containing the consensus se-
quence Gly-Gln-Asp-Pro-Val-Lys (50). The M terminuos of E also
montains one such motif (4], hence allowing both Tr and E to be
oovalently Hnked to extracellnlar matrix proteins Hke heparin by a
tssne ransghutaminase, most likely contriboting to wound heal-
ing {22). Often the term "E” is used interchangeably to denote
elther Tr or E, making it unclear which protein ts referred to Ina
ext

Tr and E are plelotropic molecules in nature with ascribed
antiproteolytc, Immunomaedulatory, and antimicroblal proper-
ties (13, 48, 60). Tr and E exhibit inhibitory properties against
homan neutrophil elastase (HNE), proteinase 3, and endogenous
vascular elastase (12). Tt and E were also shown to inhibit the
growth of 2 number of fungal as well 25 Gram-positive and Gram-
negative bacterial pathogens (48, 70), bat sparing Lacrobacilius
{14). It 15 becoming inareasingly chear that together with 5LP1, Tr
and E exhibit more than just an antiprotease function. In additon
o antimicrobial activity, in their arsemal, Tr and E also possess
multifaceted immunomaodulatory properties that target binding,
recognition, and mouonting of innate Inflammatory Tesponses
against bacterfal and viral antigens {13, 43, 50). Both Tr/E and
5LPI were shown to reduoce activation of NF-xB and AP-1 by al-
tering IxB activatbon {27) and proteosomal degradation (10), re-
spectively, In response to inflammatory and bactertal stimulation.
Muore recent studies also reported immunomaodulatory properties
of THE, elther through dampening or promoting inflammation
(10, 71) and priming of the Immune system (43, 57). We also
recently found that recombinant adenovims (Ad)-augmented
ToE mediated Increased poly(l-C)-driven antiviral protection
that was assoclated with reduced promflammatory factors, lower
expresston of RIG-1 and MDAS, and attenuated NF-x B activation
(13). Tr and E have been identified in both sernm and muoosal
seaetions (35). Various tissnes, incloding skin, cobon, placenta,
lumgs, the FGT, s well 25 cells like neutrophils, macrophages, and
epitheltal cells (3637, 45, 53, &4, 7B) were also shown 1o express
Tr/E. In witro, together with keratinocytes, bronchial, alveolar, and
genital ECs were demonstrated to constimtively produce small
amounts of Tr/E (55, 76), unhke SLP1 (82). In contrast, Tr/E se-
cretion is greatly indoced in response to inflammatory stimuli,
such a5 tumor nearosts factor alpha (THF-a), nterleukin-18 (IL-

4600 Wasm.og

138

McMaster University, Medical Sciences

1), ipopolysaccharide (LPS), and nentrophil elastase (55, 61,
&9). Interestingly, we and others have recently found that Tr/E
semetion from the genital ECs s induced in response toa mimic of
a viral double-stranded RNA (dsRMA), poly(I-C) (20; A. G. Dran-
nik, K. Nag, X.-D. Yao, B. M. Henridk, |.-M. Sallenave, and K. L.
Rosenthal, submitted for publication)), hence confirming 2 stgnif-
tcant robe of Tr/E in antiviral immune inflammatory responses in
the FGT mmcosa.

In addition to observations by Igbal et al, (300, forther reports
on antiviral activities of Tr/E emerged recently (13 Drannik et al,
submitted), and the direct anti-HIV- | effect of E was suggested as
2 protective mechantsm against HIV-1 {20). Together with Tr/E,
SLP1 and ps20 have also been implicated in HIV-1 infection.
‘While SLPI was shown to inhibit infection of HIV-1 permissive
cells (33, 56), In contrast, ps20 enhanced HIV-1 infectivity and
susceptibility of target cells {1). These observations suggest that a
balance in 5LPI and ps20, as well as other host molecubes with
documented antl- and pro-HIV-1 activitles, might be an integral
part in determining host’s snsceptibility to HIV-1 infection and
should be considered in designing ant-HIV-1 interventions.

CVL comprises cell secretions from the FGT and contains a
wide range of antimicroblal molecnles. Some of these factors, In-
duding kactoferrin, o and § defensins, MIP- 1o, MIP1-8, MIP-3a,
5LPL, Tr/E, 5DF- 1, and RANTES have been shown to possess
anti-HIV-1 activity and directly contribate to CVL's nabural anti-
HIV-1 activity, as reviewed by Hickey et al. (28). Significantly
higher levels of Tr'E identified in CV1s of HIV-R compared to
HIV-5 C5Ws suggested an iImportant role of Tr/E tn HIV-1 resis-
tance in these subjects. Althongh Tt and E have been shown to be
anti-HIV-1 factors, there 1 no clear understanding of how Impor-
tant Tr and E are pertaining to the total anti-HIV-1 capacity of
CVL nor whether both Tr and E are equipotent in this activity.
There 15 also no dlear understanding whether the antl- HIV-1 ef-
fects of Tr/E depend on cellular environment. In this smdy, we
have systemically addressed these Issues and provide fondamental
Information regarding anti-HIV-1 activity of Tr and E.

MATERIALS AND METHODS

Study participants. Women within the cohort of Pumwani commerdial
sex warkers [C3Ws) from Mairobi, Kenya, which repressnts an ongoing,.
open cohort with participants enrolled between years 1989 and 2008, were
enrolled during scheduled biannaal resurveys. Within the cohort, women
that remained HIV negative for at least 7 years of follow-ap, 2s assesed by
bath seralogy and reverse tanscriptase PCE (RT-PCR), and who were
dlimically healthy and free of concomitant sexally transmitted infections
(5Tlx) as well as remained active in s=x work, were considered HIY resis-
tant [HIV-R) (17). Smdy participants wha were HIV.-nninfected C5Ws,
but had been followed ap for less than 7 years, were defined as HIV sas-
ceptible [HIV-5). All of the participangs in the cohart had similar socio-
economic and genetic backgrounds. As part of the resarvey, thess women
are rontinely soreened for the signs of cosisting STls { Chlamydia imacho-
maris, Nriseria gonorriceae, Hasmoplilies ducre, syphilis, and bacterial
waginasis). Mo C5Ws from the cobort that wene enrolled in this sdy were
found to hawe these coexisting 5Tls. Stody protomls were approved by
ethics review boards at the Universities of Naircbi, Manitoba, and Mc-
Master. All participants provided signed, informed consent.

Isolation of '} ples. Cervicovaginal lavage fluid (CVL)
specimens were generaied by washing the sctoceryiz and aspirating k-
wages from the posterior fornix as described befiore (30). In il 43 am-
ples were collected in this stndy (HIV-S, r = 2% HIV-E, m = ). Spadi-
mens were stored at — MPC antil farther analysis.
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Reagents and cell lines. Paly(1-C) (Sigma-Aldrich, Oakville, Ontaria,
Canada) was reconstitvied in the phosphate-buffered saline (PBS).
HEC-1A and TZM-bl {JC53-BL) were obtained from the American Type
Cultwre Collection (M. VA) and d in McCoy's 3A me-
difum, modified { Invitrogen Life Technologies, Burfington, Ontario, Can-
ada), and Dulbecco's modified Eagle's medium (DMEM), respectively,
sapplemented with 10% fetal bovine sernm, 1% HEPES (Invitrogen Life
Tedwnalogies), 1% |-ghatamine (Invitrogen Life Technologies), and 1%
pemicillin-streptomydn (Sigma-Aldrich, Oalkville, Ontario, Canada) at
3T in 3% 00,

Trappin-2 and elafin proteins for in vitro experiments. Two prepa-
rations of Tr and E proteins were tested i vitro: preparation: | was com-
merdal human recombi G2 His—trappin-2 (Tr) {with a C-terminns
six-Histag) {R&:D Systems, Bardington, Ontario, Canada) (65), and prep-
aration 1 was ¢ cial haman rec i elafin {E) (with no ag)
HCADI ] {Hycult Biotech, Uden,

Deepletion of Tr'E from CVL samples. Spettﬁcanh'bud.u-a.prut
Te/E {anti-Tr/E) (AFIT47, goat IgC; R&D Systems) and againest E (anti-E)
{HM2063, mouse [g52h; Hymlt Biotech) were chemically cross-linksd
with cyanagen bromide (CHEr) beads, as perﬂrsuppbﬂ'spmhml{ilg—
ma-Aldrich). Fres antibodies were ed by repeated {83 ) washing of
the beads with low-pH (acetate buffer, pH 4) and kigh-pH (bicarbomate
baffer, pH 9] baffers (total washing. 8 x 2 = 16) at4°C and confirmad by
spectrometric anatyss of the regpective washings. The beads were recon-
stitnted in PBS and subjected for depletion experiments. Control CHEBr
bemds were alse prepared in the mme fashion without addition of any
antibody and were used for preparing mock-depleted sample. The sam-
ples were treated with comirod beads for 2 h at room temperature in the
presence of proteass inbibitor cocktail (Roche, Missisauga, Ontario,
Canada). The supernatants were collected afier centrifugation at 3,000
g for 5 min at 4°C and considered preclearsd or mock samples. The pre-
cleared samples were added to the antibody-conjugated [anti-E-CHBr
and anti-To'E-CMBr) beads and allowed to mix overnight at 4°0 to de-
plete relevant target proteins from the precleared samples (mock). The E-
and Tr/E-depleted samples were collecied after centrifngation at 3,000
gifor 5 min at £2C as sapermatants and snbjected io foncbional asay. The
depletion of the relevant target protems from the samples by theantbody-
conjugated anti-E-CMBr- and anti-Tr/E-CNBr-hbeled beads was con-
firmed by Western blot (WE) analysis. The depletion efficiency of the
beads was forther evalnated by specific for Tr/E enzymee-Enked fmmm-
nasorbent assay (ELISA). OV samples were farther concentrated by the
Amicon Ultra- 15 filtration system {Millipore, Billerica, MA].

'WB analbysis. Tr'E- or mock-depleted pooled and concentrated CVs
from HIV-R C5Ws received 1 protease inhibitor {Roche, Missisamga,
Omtario, Canada), and protein was quantified wsing a standard method.
Fallowing a standard protocod, protein {15 pg) was electrophoressd ona
4 to 15% gradient denataring SD5-PAGE gel (Bio-Rad laboratories),
transferred onto polyvinplidens diffuaride (PVDF) membranes {Amer-
sham, Arfington Heghts, IL), and detected with primary anti-haman
Te'E TRABID (HyCalt Biobech) antibodies [1:500). After incubation
with horseradish peroaidase [ HRP-comugated dary antibody {Bio-
Fad Lahoratnries), blnts were vismalized nsing a SuperSignal West Pemin
sabstrate kit {Thermo Scentific, Rockford, [L).

HIV stock prepamation. The hbomtory-adapted IIIE {X4-tropic)
HIW.1 strain HI¥ -1y, was prepared in peripheral blood monommclsr
cells {PEMCs), and the ADA (R5-tropic) HIV-1 strain HI¥-1 45, was
prepared in adherent macrophages parified from haman PEMCs as de-
scribed elsewihere {31). Supernatants of infected cells wene collected, con-
centrated wsing 30K Amicon filter tubes (Millipore, Billerica, MA), and
assayed for p24 asing an HIV-1-p24 ELISA kit acoording o the manmiac-
torer’s protocol. A daose of 10 ng'ml of p24 was nsed for transoyiosis,
immunaffnorescence, and small interfering KNA (sSlENA) experiments.
When the median {509 tisme colture infections doses (TCID.,) for each
final stock were determined, using the Eeed-Muench method in TZM-bl
cells {500 3 107 for HIV- 1,y and 277 3 10* for the HIV- 1,5, stock),
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100 TCID,, of each HIV-1 sinck was nsad in HIV-1 attachment and
TZM - infection assays.

TZM-bl infection assay. The TZM-bl cells nsad in this study express
CDd, CRCEA, and CCRS as well as gar-responsive laciferase and B-galac-
tosidase reporter genes (31,47, 54, 79). Cells (1.5 ¢ 107 cells per well) were
seeded in a 96-well plate the day before. One bundred TCID,, of cell-free
HIV- 1,5, and HIV-1,, srain was inmbated with varions concentra-
tions af all Traor E proteins for | bt 37°C, in triplicate, before addition of
protein and HIV mixtores onto untreated cells. Alternatively, protein-
pretreated cells were repeatedly washed (43) with PBS before receiving
wims. Untreated cells with medimm alone served as a negative control. Far
experiments with CVLs, lavage mmples were dibated 124 and incubated
with 100 TCID, of the cell-free HIV-1, 1y, and HIV- 1 strains for | hat
37C, in triplicate, before addition omo TEM-bl cells. Yiral infection was
carried out over a period of 48 b and in the presence of 15 pgimi diethyl-
aminoethyl dextran (Sigma-Aldrich) per well. Lociferase production was
developed by Bright-Glo reagents { Promega, Sanmyvale, CA) according ko
the supplier™s protocel. Luminescence was read in the Weritas microplate
laminometer [ Promega) and & presented as relative Eght woits {RLLT).

HIV-1 attachment assay. HIV-1 attachment was determined as de-
scribed in reference 38, but with minor modifications. Briefly, HEC-1A
cells were grown bo confluence ina S6-well plate Celll-free HIV-1 (100
TCID of HIV-1,y and HIV-1,,,,) or cells were inoabated sither with
medimm or inoreasing doses of Tr or E at 37°C for | b Each smple was
performed in triplicate. After | b of ncobation, cells were repeatedly (40)
washed with PRE, and HIV-1 or mediem was added. Cells that were not
luhiﬂfpf!hﬂtdmlh the proteins received either medium, vims alone,
orvil i wiith the proteins. Cells that wereinitially pretreated
with ﬂrpmlﬂrlsmmv:d nmzhna.ﬂ.ﬁzr:n additional 1 h 30 min of
imcubation, unattached virus was removed, and cells were repeatedly
washed {42) and bysad (1% Triton X- 100 for 45 min at 372C). Call bysates
were harvested and centrifuged at 11,000 x g for 5 min. The amount of
HIV-1 p24 assnciated with cell lysates was evaluated nsing an HIV-p24
ELISA according ko the supplier’s protocol.

HIV-1 transcytosis assay. Transcytosis of cell-free HIV-1 through the
HEC- 1A manalayer was performed s described before {31, with mimar
modifications. Briefly, HEC- LA cells were ssededat 1 3 10° cells per insert
and growwm as a Bght polarized mamalayer oo a permeshle polycrbonates
sappart {04 pm-pore-diameter membrane Gssme cultare inssrts; BI Fal-
oon, Mississanga, Canada) for 2 minimum of 3 days, changing media
every other day. Cells that had reached a transepitheial redstance {TER)
of 350 to 470 [icm® (EVOM; World Precision Instruments, Sarasota, FL)
acrass monalayers, which was significantly higher than the backgroumd
levels of <190 {Liem® in inserts with no cells, were considered confluent
and used in the experiments. Cells were pretreated apically with varions
dases af Tr or E for | b before addition of 10 ng p24 of a cell-free HIV-1
imoculnm for subsequent culturing with recombinant proteins foran ad-
ditional B b at 37°C, at which point, vims transcytosis to the basolateral
compartment was assesed. Supematants from the basolateral compart-
ment were collactsd and concentrated im 30-K Amicon microcentrifuga-
Gon tubes (Millpore) and quaniitatively analyzed by testing B-galactosi-
daza activity of TZM-bl calls, resnlting in cells tnming blae npan HIV-1
infection. Data are expressed as parcentages of infections partides com-
pared to a paositive comtrol or virnes alone

MTT viability assay. The 3-{4,5-dimethyl-2-thizrolyl)-2,5- diphenyl-
2H-tetrazolinm bromide (MTT) assay [ Biotinm, Inc., Hayward, CA) was
used as per the manmfactorer’s instactions to determine viability of
HEC-1A cells and was described slewhere (32).

ELISAs. CWVls and cell-free were stored at —70°C until
assayed for bmman Tr/E withan ELISA Ducset kit { R&:D Systems) aconrd-
ing to the mapplier's protoonl Homan SLPL, LL37, and lactofertin were
quantified by specific ELISA kits {Hycalt Biotech, Uden, Metherlands).
The cataff limits were 2= follows: Tr/E, 31.25 pg'mk SLP1, 20 pgfmk; LL37,
0.1 ng/ml; and lactoferrin, 0.4 ng/ml. p24 was detectad by HIV-p24 ELISA
as per thie supplier's protocal { HIV.- 1 p24 angigen capinre assay; Advanced
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BioSdence Laboratories, Inc, Kensington, MIY) with a cotoff limit of 3.1
pe/ml Analytes were quantified based on standard cerves obtained using
a Tecan Safire ELISA reader {MTX Lab Systems, Inc ).

Tr'E knockdown by ENA interference. Smiall interfering {siEBA)
molernles (Imvitrogen  Life Technologles) {(GenBank accession mo.
NM_D02638) were used ko specifically knock down buman Tr/E. The
=l MA molecles were within positions 67 o 420 within a single OEF
through the following ssqmence sarting firom position 202, CCOGULTAA
AGGACAAGUUL. For nontargeting siRMA, an RNAi-negative control
(medinm GC content), 12935-300 {Invitrogen Life Technologies), was
used. Transfections of siENA (B pmol) were done wsing Lipofectamine
RMABMAX (Invitrogen Life Technologies) and Op&-MEM [ reduced s=-
mam medinm [Invitrogen Life Technologies) as per the swpplier's instruc-
Bons. HEC-1A cells {3 % 104 ina 100-p] total volime of complete growth
mediam) were transfected in a 96-well BED Falcon calture plate (B Bio-
sciences) for 48 b before addition of 25 pgimil of poly] HC) or 100ng of p24
nﬂ-ll'i"-!,", and HIV- 1, , strains. Knodkdown efficiency was mondtored
msing Tr/E ELISA.

FACS amabyses. Por fluorescence-activated cell sorter (FACS) analy-
g, cellls were pretreated with sither medimm alomse or comtaining | pg'ml
of Trar E for 1 h, followed by extensive washing and exposare to cell-fres
HIV-1 (100 TCIDy, of HIV-lyg and HIV.1,p,) for | b 30 min. After
additional washing, cells were detached with a cell stripper (CellGro; Me-
diatech, Inc., Manassas, VA), and | million cells were inmabated with
antibodies (| pg) in 100 pl of PRS containing 0.5% bovine serum albamin
{Sigma-Aldrich) for 30 min on ice. The anti-human CXCR4 (306513;
clone 12G5) and anti-kuman syndecan 1 (CIM38) (352307; clone DVL-
101} antibodies with their comrespanding isotype controls were obiained
from BioLegend {Sam Diego, CA) Cells were washed and fized in 2%
paraformaldehyde overmight before bung m:}rncl msing a BD
PFACSCanto fow cytometer (BD Pharmingen) btaimed were
amalyzed nsing Flow]o 9.0.1 !ndhﬂ.r:ﬂ'rn:ﬁhﬂl

Protease inhibition assay. Antiprotease activity of Tr and E was as-
sesged by their ability to inhibit homan nentrophil elastas (HNE)
(Sigma-Aldrich) activity and measared by applying the dastase-specific
chromaogenic sabstrate and measuring the change in optical density at 405
mmm (0D ), as was described elsewhene (71). The assay was performed in
a%6-well plate by combining Tr or E protein { final voheme, 10 plivwell) or
dilent alone with 50 ng of parified HNE or diluent alone {negative con-
trod) at 10 pliwell and incubating the mixture for 30 min at 37C. Sobse-
quently; 50 pl of HNE snbstrate, N-methoxysuccinyl-Ala-Ala-Pro-¥al
p-nitroandlide {Sigma-Aldrich), dilated to 50 pgiml in boffer (50 mM
Tris, 0.1% Triton, 0.5 M sodinm chloride [pH 8]}, was added. The hydro-
lysis was mezsnred by monitoring the absorbance at 405 nm for 15 min
using a Teman Safire ELISA reader (MTX Labs Systems). Hemits wens
expressed relative to the WHE activity of a pasitive controd (HME in diln-
ent alone).

Statistical anabysis. Data were expressed as means * standand devia-
tions (50). Satistical analysis was performed with either a nonpaired
Sendent’s ¢ test or ame-way analyss of varance (ANOVA) using Sgma
Seat2.0.

RESULTS

Trand E significantly contribute to anti-HIV-1 activity of CVLs
from HIV-R C5Ws. We first assessed levels of Tr and E in CVLs
from C5Ws to ascertain the amoant of thes: proteins In the ex-
perimenial samples and to confirm that elevated levels of THE are
assoclated with HIV-1 resistance, a5 previously demonstrated
{30). ELISA measurements in Fig. 1A confirm that THE protein
levels in CV1s were significantly higher in the HIV-R group than
those in HIV-5 controls. Levels of other Innate factors with doo-
mented ant-HIV-1 activity, namely, SLPI (18], LL37 {72}, and
lactoferrin (40), were also assessed in CVLs however, no signifi-
cnt differences were found between the HIV-5 and HIV-R
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groups (data not shown). We then determined the anti-HIV-1
effect of CVLs from the HIV-R and HIV-5 groups. Due to the
monstraint of sample quantity, we were unable to process individ-
mal samples for this experiment, and therefore six to elght CVLs
within each HIV-5 and HIV-R groups were combined into three
individnal samples. Three combined CVL samples per HIV-5 and
HIV-R gronp were each incubated in triplicate with cell-free
HIV-1 prior to Infecting TZM- b cells for 48 h. Our results showed
that CV1s from HIV-R compared to HI'V-5 had significantly more
potent anti-HIV-1 activity against HIV-1,0. (Fig. 1B). However,
nio protective effect was observed against HIV-1y from efther of
the groups (Fig. 1C).

Next, we determined whether the higher bevel of anti-HIV-1
activity of CVLs from the HIV-R group was specifically assoctated
with the presence of 2 higher level of Tr/E in these samples. All
remaining CVLs from HIV-R women were pooled (pCVL1s) and
subjected to mock or To/E immunodepletion. Cualitative analysis
by Western blotting (WB) indicated that, compared to the mock-
depleted sample, Tr/E amounts were significantly reduced in the
ToE-immunaedepleted sample (data not shown). Cmanbitative
analysisby ELISA revealed that at least 30% of Tr/E wasellminated
from the pCVL (Fig. 1D}

Figuare 1E shows that pretreatment of cell-free HIV-1 ., with
mock-depleted pCVLs resulted in significant (almost 30%: P <
0001 ) inhibition of HIV- 1 infection of TZM-bl cells compared to
vines abone. However, when HIV-1, 5, was pretreated with To'E-
depleted pCV1s, the infection of TEM-b cells was significantly
(P = 0.004) increased compared o mock-depleted pCVLa This
Increase In HIV-1 infection from pretreatment with Tr/E-de-
pleted pCV1s represented approximately 0%, when the maxi-
mum inhibitory effect of mock-depleted pCVLs was considered
100%. In contrast to HIV-1 5., nosignificant anti-HIV- 1 activity
was observed against HIV- 1,4y, In the presence or absence of TH'E
(Fig. 1F). Collectively, these findings indicate that even only 30%
depletion of TH'E in pCVLs from HIV- R C5Ws acoonnts for over
0% of the direct anti-HIV-1 activity of CV1s, preferentially tar-
geting HIV-1,5,-

Trand E equipotently inhibit human newtrophil elastase ac-
tivity. Since one of the key properties of Tr/E Is protease inhibi-
tiom, this activity was evaluated 35 an indicator of the functional
integrity of the tested proteins. Antiprotease activity was also
tested to ascertain that structural (Le., tag insertion) and manu-
facturing differences between the tested proteins were not dra-
matically affecting their functions, which would prevent compar-
tsons of other propertles of Tr/E in this study. Results of proteass:
inhibitlon assay indicated that both Tr and E were equipotently
active as protease Inhibitors and almost completely abrogated en-
rymatic activity of HNE at 2 concentration of 10 pg'ml {data not
shown).

Tr and E independently inhibit HIV-1,., infecton of
TZIM-bl cells. Mext we evahzated the ability of Tr and E to inhibit
HIV-1 infection of TZM-bl cells that express canomical HIV-1
receptor components COd, CXCRY, and CCRS (31, 47, 54, 79)
and determined If the antiviral effect of Tr/E is virus or cell depen-
dent. Diata in Fig. 2A and B show that pretreatment of HIV- 1,5,
with Tr or E, respectively, led to 2 dose-dependent inhibition (up
o 50%) of HIV-1 mfection of TZM-bl cells. The 0.001- to
1-pg'ml concentration range for Tr and E proteins was chosen
based on our ELISA measurements showing a range of 0 to 0.6
pg'ml of TH'E protein detected in CV Ls from C5Ws In Kenya (Fig.
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FIG 1 Tr and E significantly contribute to anti-HIV -1 activity of C¥Ls from HIV-R commencial sex workers. Tr'E protein levels were measared by ELIZA in
cervicovaginal kvages (CW1s] froam HIY .- 1-sasceptible (HIV-5; n = 23) and resistant (HIV-B; o = 20) Kenyan commercial sex workers (C5Ws) and presented
& individual data points with the mean; all vahues are expressed as g/l (A ). Three combimed CV9 samples within sach HIV-5 and HIW -] groups were diluted
124 and tested in triplicate for anti-HIV- 1 activity by incobatios with 100 TCID., of RS-trapic HIV- 1,1, (B) or Xa-tropic HIV- 1, () for | hat 37°C prior to
addition omin TZM-b cells for 48 h. Collectively, celis received mediam alone (® = 3) or combined CYLs (n = 3], untreated HIV-1 {® = 3), or HIV-1 treated
with combined C¥Ls (n = ). Substrate f-Clo was added 48 h postinfection, and the level of viral infection was quantified nsing 2 lominometer. The data are
shown as the meam = 50 and presented as lominescence relative light wnits (RLLU). In pands Do F, all C¥Ls from HIV-R C5Ws were poaled (pCVL) and either
modck depleted (Mock-IY) or immunodepleted of To'E (THE-1Y), and the depletion efficiency was werified by ELIZA (DY), Depleted pCVLs were difated 14 and
tested ax described for pan els B and C foranti-HIV-1 activity against HI¥-1 55, (E) and HIY -1, (F). Owerall, im pan s E and F, cells received medinm alose (=
&) ar pC¥WLs {n = &), nmtreated HIV-1 {m = -8}, or pCVL-treated HIY-1 {x = &). The data represent valnes from two experiments performed in triphicaie and
are shown as the mean = 500 of hamimescence relativee light units (RLL). Statistical amalysis in all panels was performed using one-way analysis of variance

[ANOVA) and Tukey's post hoc test, with P valnes indicated on ihe graphs. Statistical significance was considered when P was <3503

1A}, as well as physiological concentrations reporied elsewhere
{20).

Since inhibition of HIV-1 infection In TEM-B cells was ob-
served after the vims was preincubated with the proteins, this
suggested that a direct, or vims-mediated, interaction between Tr
or E and HIV-1 likely occurred. However, when the protein-HIV
mixture was added onto the target cells, we could not have ex-
duded the possibility that the proteins prevented HIV-1 infiection
through alternative, or cell-mediated, mechantsms thos, we ex-
amined this possibility next. Figure 2C confirms earlier resalts ofa
direct antl- HIV- 1 effect of Tr and E when tested at a2 concentration
aof 1 pg/ml; however, it also shows that when TZM-bl cells, but not
the virus, were first pretreated with Tr or E and then repeatedly
washed and infected with HIV-1, no significant redoction in
HIV-1 infection of TZM-bl cells was observed. These data suggest
that Tr and E mainly interacted with HIV-1 rather than compo-
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nents on TZM-bl cells. In contrast, no rednction tn HIV-1 nfec-
thon of TZM-bl cells was seen following pretreatment of HIV-1,5,,
{Fig. 20 to F). Collectively, our findings indicate that both Tr and
E have antl-HIV-1 actvity. This antiviral activity is most [Hkely
vimes mediated, involving direct interaction with HIV-1 particles,
rather than cell mediated, which impacts binding/entry receptors
on TZM-bl cells. The ohserved protectve effect appears to be pref-
eremtial against HIV-1, 5,

Tr and E significantly redwuce attachment of HIV-1 to
HEC-1A cells. To evaluate whether Tr and E could interfere with
HIV-1 attachment, HEC-1A cells, which are extensively used in
the HIV-1 field for their diose resemblance to genital ECs (38, 58,
54), were used. Figure 3A shows that when HIV-1,,,, was pre-
treated with etther Tr or E at a concentration of 1 pg/ml, signifi-
cantly less HIV-1,,,, was captared by HEC-1A cells, 25 measured
by p24 associated with cell lysates. Similar results were observed
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FIG 2 Tr and E independently ishibit HIV- 1,5, infection of TZM-bl cells. Media or recombinant trappin-2 (Tr) or elafn (E) a1 0001, 001, 0.1, and | pg'ml
was incubated with 100 TCID ; of R5-trapic HIV-1, 5, (A and B) or XK4-tropic HIV-1;,,, (D and E) for § hat 37°%C before adding the virms onto TZM-bl cells for
48 b Alternatively, media or Tr and Eat 1 jpg!mll were incobated sither with 100 TCIDL, of HIV-1 1 or TZM-b cells (C) and HIV- 1y o TZM-b cells (F) for
1 hat 37C. TZM-hl cells were them washed 5 times with PRS. Cells not pretreated with the proteins received either mediom, ontreatsd HIV-1 V], or HIV-1
preincobated with Tr'E (Y +p). Cells pretreated with the prodsins (c+p) received antreated HIV- 1 alome. Substrate §-Clo was added 48 h postinfection, and the
lewel of viral infection was quantified nsing a nminometer. The data are representative of one of at least three independient experiments ed in triplicate
and are shown asthemean * S0 of uminescemce relative Bght anits (RLU). Statistical analysis was performed nsing ome-way analysis of variance (ANOVA) and

Tukey's post beoc test, with P vahses shown and considensd significamt whes Pwas <o

when HEC-1A cells, and mot the vims, were pretreated with Tror
E and then repeatedly washed and inoculated with HIV-1, thus,
indicating that Tr and E inhibtted HIV-1 attachment through di-
rect interaction with HEC-1A cells that lack canondcal HIV-1 re-
ceptors. Furthermore, oor results showed that attachment of only
HIV-1 44, ut not HIV-1 ;. was inhibited (Fig. 3B). Additbon-
ally, metabolic activity of cells pretreated with Tr or E was assessed.
No significant differences in metabolic activides were observed
between the Tr- and E-treated and unireated cells (data not
shown). Collectively these findings indicate that Tr and E signifi-
cantly impeded attachment of HIV-1 5, to HEC-14A cells, which
was not due to altered metabolic activity of cells but through thetr
Interaction with bath viral particles and cells.

Trand E do not alter cell surface expression of HIV-1 recep-
tors/coreceptors on HEC-14 and TZM-bl cells. Attempis were
also made to determine whether pretrestment of cells with efther
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Tror E would alter cellular expresston of sehect HIV- 1 receptors/
ooreceptors that have been shown to contribute to viral attach-
mentientry in HEC-1 A cells (59). We did not assess the expression
of CD4 and CXCRS, since HEC- 1A cells have been shown not to
express these molecules {59). Instead, we chose to book at synde-
an-1 (C[DM38), as one of the abondantly expressed alternative
binding modecules that belongs to the family of HSPGs on ECs (8,
54) and ts imyportant for HIV-1 attachment o HEC-1A cells. The
expression of CXCH4 was iIncluded as 2 negative controd, since this
molecale was shown not to be important for HIV-1 attachment to
ECs (8, 59). The expression of both syndecan-1 and CXCR4 on
TZM-bl cells was also zssessed for purposes of comparison, al-
though no changes in thelr expression were expected, knowing
that pretncobation of Tr or E with TZM-bl cells did not reduce
HIV-1 infection of these cells. The results of FACS analyses of cell
surface expression of syndecan-1 and CXCRA revealed mo differ-
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FIG 3 Tr and E significanily redoce attachment of HIV-1 to HEC- 1A cells.
Madia or recombimant trappis -2 {Tr) or slafn (E) at 1 jpg'mi was imoshated
with 100 TCIDL; of R3-tropic HIV-1,5, (A) ar X4-tropic HIV-1,, (B) or
HEC-1A cells alome for | b at 37%C. HEC- 1A cells were washed 5 times with
PBS before addition of medmm (— ) or vimes (V) for another 1.5 b at 37%C.
Cellls not pretreated with the probeins received either medmm (— ), entreated
HIV-1 (W), or HIV-1 preincabated with Tror E (V-4 p). Cells pretreated with
the prodeims (c+p) received wmtreated HIV-1 alone. Fallowing 1.5 b of imm-
batiom, HEC-1A cells wene bysed amd the amonnt of p24 associated with cell
lysates was determined by ELISA. The data are representative of one of three
imdependent experiments performed in triplicate and are shown as the
mezan * 50 of p24 protein expressed as pg'ml. Statistical amalysis was per-
formed wsng one-way analyss of variamce (ANOVA) and Tokey's post boc
test, with P valnes shown and onesidered significant when was P <005

ence In the receptors’ expression between Tr/E-treated and on-
treated cells that were elther exposed to IS5 and X4 vimses or not
{data not shown). Similar results were also obtained for TEM-bl
cells {data mot shown), suggesting that pretreatment of efther
HEC-1A or TZM-bl cells with Tr or E had no effect on syndecan-1
and CXCR4 expression in the presence or absence of viral expo-

SLITE.

Knockdown of endogenous Tr/E by siRNA significantly in-
reasad shedding of infactons HIV-1 from HEC-14 cells. We
next assessed the role of endogenous Tr'E in postentry events of
HIV-1's life cycle and the effect of Tr'E on the ability of HEC-14
cells to release infectons vimus. Endogenous expression of Ti/E In
HEC-1A cells was knodied down by utilzing Tr/E-specific small
interfering EMA (sIEMA). Data in Fig. 44 show that following
specific Tr/E siRMA sllencing in HEC- 1A cells, Tr/E protein levels
were reduced at least 50% in supernatants of HEC-1A cells stim-
nlated with poly{1-C). When HEC-1A cells were exposed to HIV-1
and the amount of infections particles was detected 24 h bater
nsing TZM-bl target cells, we observed that HEC-1A cells treated
with Tr/E sIRMA released significantly more Infectious particles
than cells treated with comtrol stRNA (Fig. 4B and C). TZM-h
data were also In Hne with significantly higher p24 levels measured
in THE siIRMA-treated compared to control stRMA-treated cells
for RS viros (54 * 4 and 38 = 2 pgiml, respectively; P — 0L004)
and for X4 vines (87 + 13 and 34 = 9 pg/ml, respectively; P =
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FIG 4 Knockdows of endogencous To'E by silMNA sgmificantly incresssd
shedding of imfections HIV -1 from HEC-1A cells. HEC- 1A cells were k=ft an-
treated [UT)H or were transfected with a montargeting contral {arl) or TRE
siRMA and sobssquently received polby([-C) treatment for 24 b To'E protein
levels were determimed in HEC- 1A sopermatants by ELISA and expressed as
sg'ml (A). In pand B, cells were siltNA transfected as described above and
exposed to 10 ng p24 of R3-tropic HIV-1, 5, or X4-tropic HIV- 1y, for 2 he
Following vimes exposure, HEC- 14 cells were ively washed and medi
was replaced for 24 b To detect viral shedding, sspermatants from HEC- 14
calls were ead to imfact TZM-bl calls that were mositored for 42 b Sehetrate
B-Gllo was adided 48 h postinfection, and the level of viral infection was quan-
tified using a lominometer (B and C). The data are representative of one of
three indepemdent experiments performed in triplicate and are shown as the
mean * 5[0 of hamimescence relative light anits (RILL. Statistical analysis was
performesd nsing ome-way ana bysis of variance (ANOVA) and Tokey's post boc
test, with Pvaines shown amd comsidersd significant when Pwas <005,

Lumiesini, {RLJe1 09
= wn = =
i |

0.01). These results indicate that endogenously produced Tr/'E
significantly impacts the ability of HEC- 1A cells to process and/or
release Infectious viral particles following HIV- 1 exposure (Fig 4B
and C}. It is noteworthy that the release of both HIV-1,.,, and
HIV-1 5, was Increased from cells with reduced endogenous Tr/'E
expression.

Trand E significantly reduce transcytosis of HIV-1 throngh a
monolayer of polarized HEC-1A cells. Antiviral activities of Tr
and E were also evalnated in a transcytosls assay (31, 38, 59). This
assay was wsed to assess transfer of cefl-free HIV-1 across 3 tight
epithelial momolayer of polarized HEC-1A cells (with TER mes-
suring above 350 £/cm®), grown on 2 semipermeable membrane.
The results show that HEC-1A cells, apically pretreated with var-

plmmong 4505

ALISHIAINN HILSYINOW Ag Z1L0Z '8Z yoJew uo Biowse wljdyy wouy papeojumog



PhD Thesis - Anna Drannik

DOrannik ot al

Ink. Pashicias, " il m

e 4 0d 1

Ing:mi} HV g,

FIG 5 Trand E significamtly reduce transcytosis of HIV - 1 through a mosolayer of polarized HEC- LA cells. HEC- 1A cells were grown as a
and incobated with meditam or a range of recombimant Trand E for 1 hbefore the addition of 10 g p24 of R3-tropic HIV-1 35, (A and B)
or Xd-tropic HIV- 1 5y (C and D for 8 hoat 37°C to the apical chamber. Data are representative of one of three independent
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experiments performed in triphcate

and areshown 2 the mean + 31 Amonnts ofinfsctions HIV.-1 particles im the basolateral chamber were determimed nsing TZM-bl cells and ame expreseed as the
percentage of infections particles recovered in the presence of Tr'E compared to the percentage of vims recovered in the vins costrol alone, taken as 100%.
Statistical analysis was performed nsing one-way analysis of variance {ANOVA) with P vahses shown and considered significant when Fwas <0005

tous doses of T ot E before addition of HIV- 1, passed significantly
fewer infections HIV-1 particles across the monolayer into the
basodateral compartment {Fig. SA to D). The inhibitory effect of
Trand E against HIV-1 transfer was dose dependent. In addition,
pretreatment with E appeared to reduce transfer of not only HIV-
1o Dt also HIV- 1,5, al thongh itseffect om HIV- 1,5,y was med-
est yet stotstically significant (Fig. 5). Similar resistance (Le.,
TERs) between apical and basolateral chambers before and after
HIV-1 exposore ensured that the observed differences in vims
transfer were not due to altered mtegrity of the epithelial mono-
layer. Altogether, these findings Indicate that both Tr and E have
the ability o reduce the amount of Infections HIV-1 particles
crossing a tght epithellal barrier that conld be attributed to efther
direct or Indirect antl-HIV- 1 activities of the proteins.

Elafin has greater anti-HIV-1 activity than trappin-2. To
identlfy the comparative potency of Tr and elafin E, we ntilized the
functional HIV-1 infection and transcytosis experimental data for
HIV-1 4, ¥ims. The data sets were plotted in 2 scattered diagram
to determine the 50% inhibitory concentratons (IC.,) of Trand E
pertaining to the relevant ant-HIV-1 actvity. The IC_, fior Tr and
E regarding Infectivity of TZM-bl cells were estimated to be 0.04 +
0013 pg'ml and QL0003 * 0.0002 pg'ml, respectively (Fig. SA).
The relevant 1, for Tr and E regarding transcytosis tn HEC-1A
cells were determined 25 0005 = 0.015 pg'ml and 0.0006 + 0.0001
pg'ml, respectively (Fig. 6B). Comparison of IC,, for Tr and E
revealed that E & approximately 130 dmes more potent than Trin
Its abdlity to inhibit HIV-1 infectivity of TZM-bl cells. Addition-
ally, E 15 approximately B0 times more effective in attenuating
transcytosts of HIV-1,,, vims partice throngh HEC-14 cells.
Caollectively, these remalts revealed that E 1s soperfor to 1ts precur-
sor, Tr, regarding antl- HIV-1 actvitles, and this superiorty trend
is equally evident fior TZM-bl cells that express canondcal HIV-1
receptors or for noncanonical HIV-1 receptor-bearing cells.
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However, the overall efficacy of anti- HIV-1 activity of E 1s ap-
proximately 1.5 times higher for direct treatment of HIV-1
than the treatment of noncanonical receptor-bearing cells,
namely, HEC-1A.

DASCUSSION

To date, our knowledge of corretates of HIV-1 protecton, espe-
dally in mucosal finids, remains Hmited. Despite the fact that nu-
merous endogenons factors were shown to have ant-HIV-1 ef-
fects, thelr predse mechanism of action often remains elusive.
Farthermore, thetr im wimmo ant-HIV-1 activity and the in vive
conitributions to HIV-1 resistance may not always support or pre-
dict each other. The presented study provides evidence on in vitroe
anti-HIV-1 effects of serine antiprotexses Tr and E and thelr in
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FIG & Determimation of 1C5, of trappin-2 and dafin mediating HIY-1 infec-
Hvity and tramscytosis. Readowts from dose-dependent fanctiosal smdies were
wmad for determining efficiency | s of reb peri ] points.
The maximam inhibitory =fect was considered 100%, and the other valoes
were omputed i and plotted against relevant dosss of trappin-2
{Tr; asterisks) and dafin (E sofid cirdes) as percentages of maximal inhibitory
effect. The relevant ICo; for Tr and E are indicated by amrowheads and
solid arrowhssads, respectively, regamling inhibitory of Tr and E an
HIV-1 imfectivity aon TZM-bl cells {A) and HIV-1 transcytosis on HEC- 1A cells
(B Error bars repressnt 510
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viwe role in HIV-1 resistance. Here, we elncidated antiviral prop-
erties of Tr/E by 1ssessing thelr contribution to antl-HIV-1 activ-
ity of CV1s and by testing recombinant Tr and E indtvidually
against HIV-1 in vitro. Our resnlts showed that elevated Tr/Elevels
were assoclated with clinical HIV-1 resistance of C5Ws and anti-
HIV-1 activity of CVLs in vitros immunodepletion of Tr/E from
CVLs confirmed that Tr and E sgnificantly contributed to this
inhibitory effect Forther, recombinant Tr and E each demon-
sirated both vims- and cell-medtated antiviral activities that led to
mhibilon of HIV-1 infecton, attachment, and transcytosis
through genital ECs. Interestingly, cell-mediated effects of Tr and
E were only evident on ECs that did not express all canonscal
cell-surface HIV-1 receptors and were not associated with altered
expression of syndecan- 1 or CXCRA. Furthermore, knockdown of
endogenous THE increased HIV-1 shedding of both B5 and X4
HIV-1 from ECs. Finally, our data indicate that despite being
equally active antiproteases, E ts significantly more potent in its
anti-HI'V-1 activity than Tr, and antiviral properties of both Tr
and E are context dependent. We believe this s the first report to
describe anti-HIV-1 activity of Tr and to link mucosal HIV-1 re-
sistance with novel ant-HIV-1 activities of Tr and E shown in
vitro.

Higher levels of THE have been previously assoclated with
HIV-1 resistance tn HIV-R C5Ws (30). However, the direct con-
tribation of THE to mmoosal protection against HIV-1 in HIV-R
C5Wis has not been investigated. We elncidated whether elevated
levels of Tr/E in CVLs from HIV-R C5Ws were associated with
increased antl-HIV-1 activity of the CV1s and whether Tr and E
were significantly contributing to this activity. We first ascertatned
levels of Tr/E tn CVLs from HIV-R groap. Car results confirmed
that Tr/E levels were significantly higher in HIV-R compared to
HIV-5 C5W's, which was in line with an earlier report (30). Worth
mentioning is that althongh our stady was also conducted within
the Pumwani cohort from Matrobl, Kenya, this 15 an open and
ongoing cohort with continaous recroftment of new participants,
and thus no significant overkap in samples was fonnd between our
smdy and that by Igbal et al. (30). Farthermore, levels of SLPIL,
LL37, and lactoferrin were also determined in our study to explore
the possibility that other antdmicroblal factors with documented
in vitro antl-HIV- 1 activity (5, 39, 58, &6, 72) were contriboting to
HIV-1 reststance in C5Ws. However, we found no differences in
CWVL levels of SLPI, LL37, and lactoferrin between the HIV-R and
HIV-5 groups of C5wWs. Hlevated levels of TH/E observed in CVLs
from HIV-R C5Ws clearly emphasize the role of Tr and E in mu-
sl protection against HIV-1, althongh these findings do not
nigate the significance of other innate effectors found in CVL In
fact, 5LPI, LL37, and lactoferrin represent only a fracton of mamy
cationic anti- HIV-1 molembes of cervicovaginal fluld, whose syn-
erglstic effect 25 2 compilation of factors, and not individoally, is
responsible for the natural antiviral protection within the FGT
{77). Taken together, these findings indicate that the presence of
elevated To'E and other factors, but not SLP1, LL37 or lactoferrin,
might be more critical for mediating mucosal HIV-1 reststance in
the genital tract of Kemyan C5Ws, although this might be different
for other cohoris

The protective effect of natural Tr/E against HIV-1 was further
demonstrated when CV0s from HIV-E, but not HIV-5 C5Ws,
showed significantly greater mhibition of HIV-1 infection of
TZM-H cells and when immunodepletion of Tr/E from HIV-R
CVLs resulted In significant ablation of total antiviral activity of
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CVLs. Even though omly a third of the Tr'E amount was removed
from pooled CVLs, 1t accounted for op to 60% of the total ant-
HIV-1 activity of CVLs, dearly indicating direct and significant
oontribution of To'E to natural antt-HIV-1 activity of CVLs. In-
terestingly, an earller stndy showing antibody depletion of Tr/E
from secretions of primary genital ECs ooltured im vitro supports
our findings by showing a reversal of antl-HIV-1 activity of anti-
body-treated secretions {20) and further confirms the contribu-
ton of TrE to antl-HIV-1 activity of mmonsal flusds. On the con-
trary, Ghosh et al. found no correlation between Tr/E levels and
anti-HIV-1 protection of CVLs from HIV-negative or HIV-post-
tive women, and similar results were also found for SLPL It is
unclear why no correlation was found for To'E, but one explana-
ton proposed by the anthors was the low number of samples.
Alternattvely, the observed discrepancles may also stem from dif-
ferences between cohorts and their levels of TOE measored in
CV¥Ls, CVL samples collected, or even functionality of T'E in
oollected samples. The above Bactors would adwocate for future
studies to reconcle the observed disparities. However, the deter-
mination of IC,, from oor study revealed that CVLs from the
tested cohorts contalned a safficient level of Tr/E to provide sig-
nificant protection agaimnst bocal HIV-1 challenge in the FGT.

In this study, we not only tested anti-HIV-1 activity of Tr, bat
alsn comparatively assessed the antiviral capadty of Tr and E by
determining their inhibitory activitles agaimst both RS and X4
HIV-1 strains and utilizing multiple assays and two human genital
EC lines. Im vitro testing demonstrated several ant-HIV-1 activi-
tiesof Tt and E preparations and showed that each independently
Imhibited infection of TZM-bl cells, as well as reduced HIV-1 at-
tachment and transcytosis through a monolayer of HEC- LA gen-
Ital ECs, with preferential effect against RS HIV-1. Interestingly,
though, our findings demonstrated that anti- HIV- 1 effects of re-
combinant Tr and E appeared to be contextumal, since they were
dependent efther on the vims and 115 troplsm or on cells and their
specific components. Precisely, our stndies with ECs that ex-
pressed canontcal HIV-1 bindinglentry molecales or not showed
distinct vims-mediated ant-HIV-1 activity of Tr and E. Purther-
more, we also presented evidence of alternative, or cell-mediated,
antiviral effects of each of the Tr and E preparations that were
never reported before. The latter antiviral activity of TOE, how-
ever, was only evident when HEC- 1A cells, lacking canomical but
expressing alternative HIV-1 binding/entry receptors, were Inde-
pendently pretreated with Tr or E before viral challenge. Crr re-
sults are supported by an earlier shudy demonstrating E inhibiting
HIV-1 infection of TEM-bl cells (20). In the latter study, howewer,
antiviral activity of only E, but not Tt and E individwally, were
reported. Furthermore, thetr tested E preparation showed inhib-
Itory effect against both RS and X4 HIV-1 strains, unlike in our
study, and it was only protective when vimses were pretreated
with the protein. Since only TZM-bl cells were utlized In the
abowve stndy, the mthors fafled to demonstrate the cell-medtated
effect of E observed here. [t was not unexpected to see multiple
anti-HIV-1 activities of Tr and E, since other Innate cationic an-
timicrobtals, such as 5LPI, lactoferrin, and defensins, have also
been ascribed wartows antiviral properties (11, 26, 39, 44, 5B8),
through which they all contribute to unique and potent amtiviral
activity of CVL. Worth mentoning is that SLPI's ant-HIV-1 ef-
fect was found to be primarlly cell mediated and protective
throuwgh Interaction with scramblase 1 in T cells (56) and annexin
11 in macrophages (39), but not protective at all in the genital ECs
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{29). These fanctional disparitdes perhaps show the consequences
of only 40% of stracmral homology between Tr/E and SLP and
also indicate that the roles of SLP1 and Tr/E in anti-HIV-1 defense
in the PGT are not redundant, but rather unique and perhaps
predetermined by thelr specific receptors” avallabilbity or affinity.
Taken together, these observations underscore the Important and
mmplex anti-HIV-1 activities of Tt and E in inhibition of infec-
ton, attachment, and transcytosis of HI'V-11n the genttal ECs.

It remains to be determined, however, how specifically Tr and
E mediated thetr anti-HIV- | activity. Wie specnlated that it could
be dependent on the cationic natore of Tr/E proteins potentially
affecting the integrity of the vinon. Alternatively, the HIV-1 in-
hibitory effect of Tr and E could involve thetr ability to bind to
elther viral glycoproteins or cellnlar structures (Le., receptors),
thms altering the attachment/entry and postentry events in HI'V-1
hfe cycle. Since Tr and E were shown to bind to heparin and other
matrix proteins (4, 22), and since HEC- 1A cells express alternative
HIV-1-interacting molecales like HSPG/syndecans, CSPG, Gal-
Cer, and manmose recepiors (67, B4), In addition to canonical
CXCH4 (59), we hypothesized that cell-medtated anti-HIV-1 ac-
tvity of Tr and E might be related to preferential masking of al-
ternative HIV-1 receptors on HEC-1A cells or changing their cell
surface expression. Cur data, however, showed no changes in syn-
decan- | or CXCRA expression afier pretreatment of HEC-1A cells
with Tr or E before viral expasare, which wonld not support our
hypothesls. It is possible, however, that the changes In expression
of these moleqales oooorred at a different time from the assessed
time point, and hence these results must be interpreted with can-
ton. Alternatively, it 1s possible that Tr and E had 2 masking effect
on HIV- 1 receptors/coreceptors, 25 opposed to triggering changes
in thelr expresston, which may warmant futare investigations. Pre-
vious reports suggested a robe of HSPG and GalCer in HIV-1 In-
fection of TZM-bl cells, when pretreatment with GalCer mimetics
(3, 18) and a syndecan-Fc hybrid (7) inhibited HIV-1 infection in
these cells. From those studies, however, 1t was not clear whether
those mimetics were exchasively blocking only alternative recep-
torsor canonical receptors a5 well, or if high expresston of canon-
ical receptors would change the affinity to altermative omnes located
on TZM-bl. All of these arguments, on conjecture, could explain
why we did not see any Inhibidon of HIV-1 Infection when
TZM-b cells were pretreated with Tr or E preparations.

We also demonstrated that ssIRNA knockdown of endogemous
THE inreased the release of both HIV-1,,, and HIV-1,,. To
date, there are no published reports that utilized the knockdown
approach to zssess the role of TE in antmicrobial and espectally
antiviradl defense mechanisms. However, the fact that rodents,
whio are natorally devoid of Tr/E, show Increased susceptibility to
Sraphyiococous aureus infection and higher microbial kead in langs
oompared to their Tr/E-expressing coun terparts (42) could relate
o our findings (4, 70, 80). Porthermore, elevated levels of Tr/E
found in CVLs of HIV-R C5Ws would also imply 2 negative rela-
tonship between Tr/E and viral susceptibility/clearance. It & on-
dear why Increased viral shedding of both HIV-1,,, and HIV-
Ly Strains was observed following knockdown of endogenous
Tr'E, unlike the preferentially anti-R5 HIV-1 effect from expert-
ments with recombinamt Tr and E preparations. However, these
findings would indicate that endogenous Tr/E, compared to the
exogenous Tr and E preparations wsed in this study, may exhibit
differential anti-HIV-1 activity that is hypothetcally more intra-
celhalar and even intranud ear, 25 would be suggested by our recent
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stdies investigating the possible hnk between antt-HIV-1 activity
of Tr and E and their cellutar distribution {(A. G. Drannik et al,
unpublished data).

Here, the anti- HIV- 1 effed, with etther CVLs or recombinant
proteins, was preferentially observed against HIV-1,5,, and not
HIV- 15y, although the E preparation showed reduced transcyto-
sis ofboth B5 and X4 HIV-1 strains. Mevertheless, given that mu-
coslly transmitted HIV-1 1s primarily B5 in nature, it is promis-
Ing to see the contribution of THE to the nhibitory effect of CVLs
primarily against HIV-1 45, Additional investigations may ehaci-
date this preferential effect, but we hypothesize it can be attributed
o potential binding preferences and affinities between Tr and E
and the tested virses, which needs to be confirmed by testing
against a panel of X4 and R5 HIV-1 strains.

Omr comparative analysis of ant-HIV-1 activities demon-
strated that E is significantly more potent tham Tr In 1ts activity to
inhibit infection and transcytosts of HIV-1,,,. One of the Hmits-
Hons of this stody was that tested Tr and E proteins were obtained
from different mannfactoring sources, arguably posing a question
of the validity of the comparative analysts of the proteins’ fanc-
Hiomns. However, the fact that tested Tr and E were equipotent in
thelr antiprotease activity served as 2 common ground for the
comparison of thelr anti-HIV-1 functions, which brings us to an-
other question of why E appeared more potent in 1ts anti-HIV-1
activity than its precursor Tr. The answer to this question 1s largely
unknown as we are still far from a complete understanding of the
basic stroctore/function relationships and the stemming antims-
crobial and immunomaedulatory activities of Tr and E. In fact, the
field is still foll of relevant questions posed over the years of the
To'E antibacterial era, snch as why Tr and its two components,
namely, the N-termims cementoln and the C-terminus E, exhib-
tted differential LP5 binding with the N terminos binding both
smooth and rongh forms of LPS more avidly than Trand E (43). In
speculating why E was found superior to Tr in its anti-HIV-1
activity, we initially thought of net charge playing a role. However,
this would appear counterintuitive since Tr 15 moTe citionic in
natare than E {4). That Tr has four transghitaminase-binding sites
on its M termims, whereas E has only one, could also hypothets-
cally have an impact on the protein-vims or protein-cell interac-
tiom, potentially altering electrostatic or other forces in place or
the proteins’ binding affinity. Another possibility is the smaller
miolecakar size of E compared to Tr, which could allow for better
spatial accessibility and congroency between matching sites on the
vines and the proteins. The more potent antiviral activity of kacto-
ferricin than 1is precarsor, lactoferrin, may confirm this supposi-
tom (2). Alternatively, since E &5 approximately 130 times more
paotent than Tr regarding inhibition of HIV-1 infecdon and ap-
proximately 0% more effective in blocking HIY-1 transcytosis
through genital ECs, we propose that it is the presence of E that ts
essential for ant-HIV-1 activity of CVL. This assessment 1s further
reinforced by our recent observations of hmited antiviral actvity
of Tt abone against green fluorescent protein-expressing vesicular
stomatitls vims (V3V-GFP) challenge (A. G. Drannik, K. Nag,
X.-D. Yao, BM. Henrick, J.-M. Sallenave, and K. L. Rosenthal,
submitted for pablication). Therefore, we conchide that even
though the presence of both Tr and E might be important for
resistance against HIV-1, 25 would be suggested by elevated levels
of both Tr/E found tn CVLs of HIV-R C5Ws from Kenya (300,
only E may possess the essential antt-HIV-1 activity, with Tr serv-
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ing x5 3 source for E or playing another suxiltary role or roles
potentially important tn HIV- 1-host enconnter.

Although we realize that Tr and E are not the only anti-HIV-1
molecules providing antiviral defense in the FGT and that thetr
anti-HIV-1 effects are not absolute, but contexthzal, we believe
these results still provide valnable insights tnto additional corre-
lates of protection agxinst HIV-1. In conclosion, this stedy em-
phasizes the direct and significant involvement of Tr'E on anti-
HIV-1 muoosal defense of CVLs from C5Ws, and our in witro
results elaborate on ant-HIV-1 properties of Tr and E, highlight-
Ing potentlal mechanisms and targets of their antiviral activities
that could be further explored and used in microbicide trials.
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Summary and central message:

Based on collective evidence from the previous chapters, we inferred that it was
likely E, and not Tr, that was exhibiting antiviral activity in our tested Tt/E protein
preparations. Thus, in Chapter 5 we investigated the mechanisms, by which E was
mediating anti-HIV-1 effects on human endometrial HEC-1A cells lacking canonical
HIV-1 receptors. We used tagged and untagged Tr/E proteins to demonstrate that
exogenous proteins can be internalized and function on same ECs as autocrine/paracrine
factors, and that anti-HIV-1 activity of E depends on its unrestricted, or unmodified, N-
terminus and nuclear localization, but not its antiprotease activity. Furthermore, our
results demonstrated that N-unrestricted E also attenuated NF-kB/p65 nuclear
translocation in response to RS HIV-1 that was also associated with decreased secretion
of IL-8 and expression of viral innate sensors, including TLR3 and RIG-I following viral
challenge. Most importantly, we found that previously demonstrated elevated levels of
Tr/E in CVL of HIV-R CSWs were associated with lower mRNA levels of TLR2, TLR3,
TLR4, and RIG-I in the genital ECs from the resistant cohort, suggesting a link between
Tr/E, HIV-1 resistance and modulated innate viral recognition in the female genital tract.

Collectively, in this study we presented evidence that E can function in
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autocrine/paracrine mode and that unmodified N-terminus is critical for elafin’s

intranuclear localization and its anti-HIV-1 activities.
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Abstract

Serine antiprotease elafin (E) and its precursor, trappin-2 (Tr), were identified as
biomarkers of resistance to HIV-1. We recently showed that Tr and E (Tt/E) contribute to
critical anti-HIV activity of cervicovaginal lavage fluid (CVL) of HIV-resistant (HIV-R)
commercial sex workers (CSW). Additionally, E was found to be more potent than Tr in
modifying susceptibility to HIV-1 in genital epithelial cells, HEC-1A, lacking canonical
HIV-1 receptors, but not in TZM-bl cells, bearing canonical receptors. However, the
mechanisms by which E is mediating anti-HIV-1 effects on HEC-1A cells remain
elusive. In this study, using tagged and untagged Tr/E proteins, we demonstrated that E
can function as an autocrine/paracrine factor in HEC-1A cells, and that anti-HIV-1
activity of E depends on its unrestricted N-terminus, but not its antiprotease activity.
Specifically, our results showed that exogenously added E with unrestricted N-terminus
was able to enter cells, particularly the nucleus and to reduce viral attachment and
transcytosis. Further, unrestricted E attenuated NF-kB/p65 nuclear translocation in HEC-
1A cells in response to R5-HIV-1,pa, but not X4-HIV-1yyp, as well as significantly
decreased levels of IL-8 secretion and expression of pattern recognition receptors (PRRs),
including TLR3 and RIG-I in HEC-1A cells. Most importantly, we found that elevated
Tr/E in CVL of HIV-R CSWs were associated with lower mRNA levels of TLR2, TLR3,
TLR4, and RIG-I in the genital ECs of this cohort, suggesting a link between Tr/E, HIV-1
resistance and modulated innate viral recognition in the female genital tract (FGT).
Collectively, our data indicate that unrestricted N-terminus is critical for elafin’s

intranuclear localization and its anti-HIV-1 activities.

152



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

Introduction

Since human immunodeficiency virus-1 (HIV-1) is primarily a mucosal pathogen
(Brenchley and Douek, 2008; Shattock et al., 2008) and nearly half of new HIV-1
infections are due to heterosexual acquisition (Hladik and McElrath, 2008; UNAIDS,
2010), our comprehensive assessment and efforts must be concentrated on understanding
the mechanisms of mucosal protection, especially in the female genital tract (FGT).
Indeed, despite low probability (1:122 to 1:1000) of HIV-1 transmission per sexual
intercourse (Mastro and de Vincenzi, 1996) and overall global stabilization of HIV-1
incidence since 1999, women still represent more than 50% of all people living with
HIV-1/AIDS (UNAIDS, 2010).This further underscores the need to focus on the
susceptibility and defense mechanisms within the female genital mucosa, in order to
address HIV-1 prevention.

To gain access and establish HIV-1 infection in submucosal primary target cells,
HIV-1 has to interact with and traverse genital epithelial cells (ECs). Depending on the
stage of viral life cycle, HIV-1 can be recognized by a number of pattern-recognition
receptors (PRRs), including Toll-like receptors (TLR) 2, 3,4, 7, 8 and 9, as well as RNA
helicases, retinoic acid inducible gene (RIG)-I and melanoma-differentiation-associated
gene 5 (MDAS) (Mogensen et al., 2010). Viral sensing through PRRs on ECs triggers a
series of signal transduction events and activation of key transcription factors, including
nuclear factor-kappa B (NF-kB) (Yoneyama and Fujita, 2010). Despite that recognition
and signaling events undoubtedly contribute to the induction of potent innate (Ghosh et
al., 2010a; Ghosh et al., 2010b; Shust et al., 2010; Venkataraman et al., 2005) and
adaptive (Kaul et al., 2000; Kaul et al., 1999) immune responses against HIV-1, they
have also been implicated in disease pathogenesis and progression, perhaps through
triggering robust, yet inefficient, immune responses that lead to immune activation,
progressive cell loss, and ultimately inability to clear the pathogen (Grossman et al.,
2006; McMichael et al., 2010). While microbicides and vaccines still hold promise to
prevent acquisition, establishment, and spread of HIV-1, their success clearly depends on

understanding of factors and early events in host/virus interaction that allow or divert
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establishment of the infection at the portal of entry. Hence, studies conducted in highly
HIV-exposed but seronegative individuals, that remain free of infection and disease, can
shed light on the correlates and events determining resistance against HIV-1 in the female
genital mucosa.

Cervicovaginal lavage (CVL) fluid can significantly influence infectivity at the
genital epithelium. Recent studies demonstrated that treatment with CVL, which contains
multiple secreted proteins, including trappin-2 (Tr) and elafin (E), attenuated HIV-1
infectivity in genital ECs (Drannik et al., 2012a; Ghosh et al., 2010a; Venkataraman et
al., 2005). Tr/E are serine antiproteases and members of the whey acidic protein (WAP)
family that contain a characteristic and evolutionary conserved four-disulfide core (FDC),
or WAP, domain involved in protease inhibition (Moreau et al., 2008). Trappin-2 (Tr)
(9.9 kDa) is a secreted precursor molecule that has two domains. In its N-terminal
domain, Tr contains a transglutaminase substrate-binding domain (TSBD) with four
repeated motifs with the consensus sequence Gly-Gln-Asp-Pro-Val-Lys (Nara, 1994).
Proteolytic cleavage of this domain produces elafin (E) (5.9 kDa) that contains the WAP
inhibitory domain (Guyot et al., 2005a) and also one TSBD [12]. Tt/E can interact with
extracellular matrix proteins, including heparin, laminin, fibronectin, collagen IV, elastin
and fibrinogen through crosslinking of TSBD, thus most likely contributing to wound
healing (Guyot et al., 2005b). Tr/E have been demonstrated to have antimicrobial activity
similar to their structural homolog secretory leucocyte protease inhibitor (SLPI) (Moreau
et al., 2008). The antimicrobial property of Tt/E has specifically been shown against
Gram-negative and Gram-positive bacteria, fungi, and HIV-1 (Baranger et al., 2008;
Drannik et al., 2011; Drannik et al., 2012a; Ghosh et al., 2010b). The predicted
mechanism for antimicrobial activity is mainly attributed to the cationic nature of these
molecules (Baranger et al., 2008), presumably by disrupting the negative charges of viral
envelope or bacterial cell wall; but it has never been experimentally proven. Interestingly,
many of the WAP-containing proteins, such as eppin (Yenugu et al., 2004), mouse
SWAMI and SWAM?2 (Hagiwara et al., 2003), and omwaprin from snake venom (Nair et

al., 2007), do not exhibit antiprotease activity and still demonstrate antimicrobial activity.
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Tr/E have also been linked to lung (Wang et al., 2008; Zani et al., 2011), gut (Flach et al.,
2006) and skin disorders (Schalkwijk et al., 1990; Wiedow et al., 1990). Together with
SLPI, Tt/E are constitutively expressed in mucosal secretions (Ghosh et al., 2010a;
Ghosh et al., 2010b) and can be elevated in the presence of inflammatory stimuli such as
IL-1B, TNFa, and polyl:C (Ghosh et al., 2010b; King et al., 2003b). Tr/E are produced by
multiple cell types, including genital mucosa (King et al., 2003b). Together with SLPI
and a plethora of other innate effector molecules, namely defensins, cathelicidins,
lysozyme, and lactoferrin, Tr/E are believed to play a significant role in protecting the
FGT against STTs, like HIV-1. In contrast to SLPI and Tt/E, however, another WAP
member, namely prostate stromal protein 20 kDa (ps20), was recently shown to make
target cells more permissive to HIV-1 infection (Alvarez et al., 2008).

Recently, we and others have shown that both Tr and E possess anti-HIV-1
activities (Drannik et al., 2011; Drannik et al., 2012a; Ghosh et al., 2010b). Interestingly,
we showed that anti-HIV-1 activity was dependent on cellular background and virus
strains. Specifically, Tr/E demonstrated direct anti-HIV-1 activity against R5-HIV-14pa,
but not against X4-HIV-1y5. Moreover, we demonstrated that pretreatment of HIV-1
canonical receptor-bearing cells (TZM-bl) with exogenous Tr/E inhibited HIV-1
infection, whereas attachment and transcytosis of RS-HIV-1pa and viral shedding of R5-
HIV-1apa and X4-HIV-1yyp strains were affected in HIV-1 canonical receptor-lacking
cells (HEC-1A). We further found that E is approximately 130 times more effective than
Tr with respect to anti-HIV-1 activity. Importantly, we confirmed that higher levels of
Tr/E in CVL of HIV-1 resistance (HIV-R) commercial sex workers (CSW) and that it
accounts for approximately 60% of the natural anti-HIV-1 activity of CVL in in vitro
assays (Drannik et al., 2012a). All of these results conclusively establish the significance
of E as an important anti-HIV-1 molecule and warrant revealing the relevant mechanisms
of its anti-HIV-1 action. In this study, using biochemical methodologies, we show that
anti-HIV-1 activity of E on HEC-1A genital ECs that lack canonical HIV-1 receptors is

dependent on its intracellular localization and autocrine/paracrine activities.
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Materials and Methods

Reagents and cell lines

Polyinosinic/polycytidylic acid (polyl:C) (Sigma-Aldrich, Oakville, ON, Canada) was
reconstituted in PBS at indicated concentration. Human endometrial carcinoma (HEC-
1A) and TZM-bl (JC53-BL) cells were obtained from American Type Culture Collection
(ATCC) (Rockville, MD, USA) and maintained in McCoy’s SA Medium Modified
(Invitrogen Life Technologies, Burlington, Ontario, Canada) and DMEM, respectively,
supplemented with 10% fetal bovine serum, 1% HEPES (Invitrogen Life Technologies),
1% 1-glutamine (Invitrogen Life Technologies), and 1% penicillin-streptomycin (Sigma-

Aldrich, Oakville, Ontario, Canada) at 37°C in 5% CO..

Protease inhibition assay

Elastase-inhibitory activity was measured as described previously (Drannik et al., 2012a;
Simpson et al., 2001b). Briefly, Tr/E protein (final volume 10 ul/well), or diluent alone,
was combined in a 96-well plate with 50 ng in 10 pl/well of purified human neutrophil
elastase (HNE) (Sigma-Aldrich) or diluent alone (negative control), and incubated for 30
min at 37°C. Subsequently, 50 ul of HNE substrate, N-methoxysuccinyl-Ala-Ala-Pro-Val
p-nitroanilide (Sigma-Aldrich), diluted to 50 pg/ml in buffer (50 mM Tris, 0.1% Triton,
0.5 M sodium chloride, pH 8) was added. The hydrolysis was measured by monitoring
the absorbance at 405 nm for 15 min using a Tecan Safire ELISA reader (MTX Labs
Systems).

Study participants

The study participants were described in more detail elsewhere (Drannik et al., 2012a).
Briefly, women within a cohort of Pumwani CSWs from Nairobi, Kenya, were enrolled
during scheduled biannual resurveys in two study groups: HIV-R, HIV-S. This is an
ongoing, open cohort with participants enrolled between years 1989 and 2009. Within the
cohort, women who remained HIV negative for 7 years of follow-up, as assessed by both

serology and RT-PCR, and who were clinically healthy and free of concomitant sexually-
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transmitted infections (STIs) as well as remained active in sex work were considered
relatively HIV-resistant HIV-R (Fowke et al., 1996). Participants, who were HIV-
uninfected CSWs but had been followed up for less than 7 years, were defined as HIV-S.
All the participants in the cohort had similar socio-economic and genetic backgrounds.
No CSWs enrolled in this study were found to have co-existing STIs. Study protocols
were approved by ethics review boards at the Universities of Nairobi, Manitoba, and

McMaster. All participants provided signed, informed consent.

Isolation of mucosal samples

Cervical EC samples were collected using scraper and endocervical cytobrush following
standard protocol. The EC cells were purified from the scraped materials using a standard
Ficoll gravitational protocol, which were dissolved in 0.8 ml of TRIzol and stored at -
70°C. Cervical ECs were available for each of the groups as follows: (HIV-S, N=10 and
HIV-R, N=10).

Trappin-2 (Tr) and elafin (E) proteins for in vitro experiments

The following Tr and E protein preparations were used in this study: human commercial
recombinant Tr (cTr) (with a C terminus His-tag) (R&D Systems, Burlington, ON,
Canada) (Drannik et al., 2012a), which is a mixture of Tr and E (Drannik et al.,
manuscript in revision); secreted trappin-2 (sTr) (no tag) that was generated following
infection of HEC-1A cells with replication-deficient adenovirus vector encoding gene for
human Tr, as described elsewhere (Drannik et al., manuscript in revision); human
commercial recombinant elafin (E) (no tag) HC4011 (Hycult Biotech, Uden,
Netherlands); in-house human recombinant HAT-E (hE) (with N terminus tag) that was
generated as described earlier (Drannik et al., 2012a); the C-terminally 6xHis-tagged E
(Eh) was purified from cTr by immunodepletion of Tr using cyanogen bromide (CNBr)
beads, as per supplier’s protocol (Sigma-Aldrich), that were chemically conjugated to
goat-anti-Tr/E antibodies, raised against the N-termius of Tr (AF1747, R&D Systems).

Antibody-conjugated beads were prepared as described previously (Drannik et al.,
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2012a), and loaded into a column. The cTr was reconstituted in PBS and slowly passed
through the column for 10 times at 4°C. Flow through (Eh) was collected and
concentrated by sequentially using 30 kDa and 3 kDa molecular cut-off (Millipore).
Samples were alliquoted and stored at -80°C, and used as necessary. Due to expensive
preparation and thus sample limitation, Eh was used only in limited comparison
experiments with cTr as well as in confocal microscopy. Concentrations of Tr and E used
in this study were based on a dose-dependent anti-HIV-1 activity of the proteins that was

reported earlier (Drannik et al., 2012a).

HIV-1 stock preparation and related assays

The lab-adapted HIV-1yyp strain (X4-tropic) was prepared in PBMCs and HIV-1,pa virus
(R5-tropic) was prepared in adherent macrophages purified from human PBMC as was
described elsewhere (Jain and Rosenthal, 2011). A dose of 10 ng/ml of p24 was used for
transcytosis and immunofluorescence experiments. Median tissue culture infectious dose
(TCIDsy) for each final stock was determined using the Reed-Muench method in TZM-bl
cells (5.00x10° for X4-HIV-1ys and 2.77 x 10" for the R5-HIV-14pa stock); 100 TCIDs
of each HIV-1 stocks were used in HIV-1 attachment assays. HIV-1 attachment assays
and transcytosis assays were performed as described previously (Drannik et al., 2012a),

and are also briefly described here in figure legends.

MTT viability assay
MTT assay (Biotium Inc., Hayward, CA, USA) was used as per manufacturer’s

instructions to determine viability of HEC-1A cells and was described elsewhere

(Drannik et al., 2012a; Nazli et al., 2009).

ELISA assays

CVLs and cell-free supernatants were stored at -70°C until assayed for human Tr/E, IL-8,
and TNF-a with ELISA Duoset kit (R&D Systems) according to the supplier’s protocol.
Cut off limit for Tr/E and IL-8 was 31.25 pg/ml; TNF-a 15.6 pg/ml. p24 was detected by

158



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

HIV-p24 ELISA as per supplier’s protocol (HIV-1 p24 Antigen Capture Assay,
Advanced BioScience Laboratories, Inc., Kensington, MD, USA) with a cut off limit of
3.1 pg/ml. Analytes were quantified based on standard curves obtained using an ELISA

reader Tecan Safire ELISA reader (MTX Labs Systems Inc.).

Immunofluorescence staining

Immunofluorescence staining was performed as described elsewhere [6,34], but with
minor modifications. HEC-1A cells grown on an 8-well BD Falcon culture slides (BD
Biosciences) were pretreated with various Tr and E protein preparations, for 1 h or with
polyl:C (25 pg/ml per well), or 10 ng HIV-1 p24 for 4 h. Following the above treatments,
cells were fixed and blocked as described previously. NF-kB p65 sc-372 (SantaCruz
Biotechnologies, Santa Cruz, CA, USA) (1:500) were used to detect nuclear translocation
of NF-xB p65. Negative control rabbit immunoglobulin fraction (DakoCytomation,
Glostrup, Denmark) was used as an isotype control. TRAB20 (HM2062, Hycult Biotech,
Uden, Netherlands) primary antibodies were used to detect Tr/E. HAT and 6xHis tags
were detected using anti-HAT (LS-C51508, LifeSpan Biosciences, Inc., Seattle, WA,
USA), and anti-His (#2365, Cell Signaling, Denvers, MA, USA) antibodies, respectively.
Corresponding Alexa Fluor 488 conjugated IgG (Molecular Probes, Eugene, OR, USA)
were used as secondary antibody. Nuclei were visualized by staining with propidium
iodide. Images were acquired using an inverted laser-scanning confocal microscope

(LSM 510, Zeiss, Oberkochen, Germany).

RNA extraction and real-time quantitative PCR (RT-gPCR) analysis

Total RNA was isolated from cervical ECs and HEC-1A cells using TRIzol (Invitrogen
Life Technologies). DNase-treated (Ambion, Austin, TX, USA), total RNA was reverse
transcribed with SuperScript reverse transcriptase III (Invitrogen Life Technologies). RT-
gqPCR was performed in a total volume of 25 ul using Universal PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), and tagman protocol. The following
primers were used: RIG-I: 5’- AGGGCTTTACAAATCCTGCTCTCTTCA-3’ (probe),
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5’-GGTGTTCCAGATGCCAGAC-3’ (forward), 5°-
TTCCGCAAATGTGAAGTGTATAA-3 (reverse); MDAS: 5°-
TTTGGCTTGCTTCGTGGCCC-3’(probe), 5’-TGATTCCCCTTCCTCAGATAC-
3’(forward), 5’-TGCATCAAGATTGGCACATAGT-3 (reverse); TLR2: 5’-
TCCTGCTGATCCTGC-3’ (probe), 5’- TGGCATGTGCTGTGCTCTG-3’ (forward), 5’-
GGAAACGGTGGCACAGGAC-3’ (reverse); TLR3: 5’-TGTGGATAGCTCTCC-
3’(probe), 5’-CCGAAGGGTGGCCCTTA-3’(forward), 5’-
AAGTTACGAAGAGGCTGGAATGG-3’ (reverse); TLR4: 5°-
TGTGCAACACCTTCAG-3’ (probe), 5’- GGTGGAAGTTGAACGAATGGA-3’
(forward), 5’- AACTCAGCACAGGCATGCC-3’ (reverse); TLR7: 5’-
ATTCTCCCCTACAGATC-3’ (probe), 5’-TTCCTTGTGCGCCGTGTAA-3’ (forward),
5’-TCAGCGCATCAAAAGCATTTA-3’ (reverse); TLRS: 5~ ATGAGCTGCGCTACC
-3’ (probe), 5’-GCCTCTGTTACTGACTGGGTGAT-3’ (forward), 5’-
TTGTCTCGGCTCTCTTCAAGG-3’ (reverse); 18S rRNA: 5°-
CGGAATTAACCAGACAAATCGCTCCA -3’ (probe), 5°-
GTGCATGGCCGTTCTTAGTT-3’ (forward), 5’-TGCCAGAGTCTCGTTCGTTAT-3’
(reverse). The expression of 18S ribosomal RNA was used as an internal control. PCRs
were performed with an ABI PRIZM 7900HT Sequence Detection System using the
Sequence Detector Software 2.2 (Applied Biosystems).

Statistical analysis
Data were expressed as means + standard deviation (SD). Statistical analysis was
performed with either non-paired Student’s 7 test or a one-way analysis of variance

(ANOVA) using Sigma Stat 2.0.
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Results

Unrestricted N-terminus of elafin is critical for anti-HIV-1, but not antiprotease,
activity.

Figure 1A provides schematics of various Trappin-2 (Tr) and elafin (E) proteins,
including human commercial Tr - a mixture of both Tr and E with a C-terminal His-tag
(cTr); human secreted Tr with no tag (sTr); human commercial E without a tag (E);
human E purified from cTr with a C-terminal tag (Eh); and human in-house E with an N-
terminal tag (hE) that were studied here for comparative analysis and to ascertain whether
both Tr and E exert anti-HIV-1 activity. Since antiprotease activity is a major function of
Tr/E, this activity of the proteins was evaluated as an indicator of their functional
integrity. Results of neutrophil-elastase assay indicated that all the tested proteins were
equipotently active as protease inhibitors, except sTr that was 10 times more potent
compared to the other proteins (Fig. 1B). Eh preparation was not evaluated for
antiprotease function due to sample limitation. However, when we tested anti-HIV-1
activity of these Tt/E protein preparations, surprisingly we observed that, in contrast to
c¢Tr and E, hE and sTr did not exhibit anti-HIV-1 activities, as assessed in attachment and
transcytosis assays (Fig. 2A-D). Specifically, the attachment of R5-HIV-1pa strain was
significantly reduced, when either cells or the virus were pretreated with ¢Tr and E, but
not with sTr or hE (Fig. 2A). This observation was also in line with results of transcytosis
assay (Fig. 2C and D). Unlike the attachment results, however, E also inhibited
transcytosis of X4-HIV-1yp (Fig. 2D). Notably, Eh had similar HIV-1 inhibitory activity
(data not shown). Additionally, metabolic activity of cells was assessed to rule out their
impaired viability and metabolic activity as causes of reduced attachment and
transcytosis and no differences among the groups were found (data not shown).
Importantly, these results also indicate that unrestricted N-terminus of E is critical for
anti-HIV-1 activities of the protein, but not for its antiprotease activity. Further, sTr

which had significantly elevated antiprotease activity lacked anti-HIV-1 activity.

Cellular localization of exogenous elafin in genital epithelial cells
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Since E treatment modifies anti-HIV-1 susceptibility of cells, including attachment and
transcytosis of HIV-1 in HEC-1A cells, we hypothesized that E may not only be
interacting with the plasma membrane components related to HIV-1 binding and entry,
but also acting at post-entry or at the intracellular level. Therefore, we next determined
the cellular distribution of exogenously added Tr/E to HEC-1A cells using
immunofluorescence confocal microscopy. Control HEC-1 cells treated with PBS and
stained with anti-Tr/E (TRAB20) antibodies and merged with propidium iodide-stained
nuclei showed a low level of endogenously expressed E in the nuclei of HEC-1A cells
(Fig. 3A). Interestingly, exogenous E, added as c¢Tr or E, was rapidly taken up by cells
(within 1 h) and accumulated to high levels in the nucleus (Fig. 3B & 3C). In order to
clearly distinguish exogenous and endogenous E, we next used and tracked tagged-E with
anti-His or anti-Hat antibodies. Control HEC-1 cells treated with PBS and stained with
anti-His (Fig. 3D) or anti-Hat (Fig. 3G) antibodies were negative. HEC-1 cells treated
with exogenous c¢Tr and Eh and stained with anti-His were distributed largely to the
perinuclear and nuclear region (Fig. 3E and F). Unexpectedly, hE that has an N-terminal
Hat tag was localized near the periphery of the plasma membrane and not detected in the
nucleus (Fig. 3H). Together these data indicate that low levels of endogenous E and
exogenously added E bearing unrestricted N-terminus, rapidly enters the nucleus of HEC-
1A cells. Further, the nuclear localization of E was associated with anti-HIV-1
responsiveness of HEC-1A cells. Moreover, since endogenous E in HEC-1A cells can be
present intracellularly (Fig. 3A) and be secreted in response to bacterial (data not shown)
and viral (Drannik et al., 2012a) ligands, and since extracellular E can also enter HEC-1A
cells, we propose that anti-HIV-1 activity of E (Fig. 2) can be a result of its

autocrine/paracrine function in HEC-1A cells.

Elafin attenuates HIV-1-induced nuclear translocation of NF-kB

Since extracellularly added E can enter into HEC-1A cells that is associated with reduced
HIV-1 attachment and transcytosis in HEC-1A cells, we hypothesized that E might be
influencing HIV-1-induced intracellular signaling pathways. To evaluate this, HEC-1A
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cells were pretreated with medium/buffer (UT) alone or with cTr, E, or hE proteins and
then challenged with polyl:C or HIV-1, and NF-xB/p65 nuclear translocation was
assessed. Confocal immunofluorescence microscopy revealed that compared with UT-
cells, E or cTr treatment significantly inhibited polyl:C- or R5-HIV-1pa-induced nuclear
translocation of NF-kB (Fig. 4). Notably, polyl:C challenge produced slightly greater
visible effect than R5-HIV-1apa challenge and was used as a positive control for the
experiment. Further, X4-HIV-1yp did not cause any significant NF-kB /p65 nuclear
translocation (data not shown). Interestingly, unlike E or cTr, exogenous hE treatment
failed to block NF-kB nuclear translocation and produced imagery similar to UT cells

(data not shown).

Elafin inhibits IL-8 secretion and expression of several PRR genes in response to
RS-HIV-1Apa

Considering previous data demonstrating the anti-inflammatory properties of Tr/E against
bacterial ligands (Butler et al., 2006), we hypothesized that E may affect HIV-1-induced
secretion of pro-inflammatory factors IL-8 and TNFa from HEC-1A cells, implicated in
STI/HIV-1 dissemination and pathogenesis (Nazli et al., 2010). ELISA measurements
demonstrated significantly lower levels of IL-8 in the basolateral compartment of HEC-
1A cells after pretreatment with E or cTr, but not with hE (data not shown), following
R5-HIV-1apa (Fig. 5SA), but not X4-HIV-1yp exposure (Fig. 5B). Levels of TNFa,
however, were negligible and around the level of detection across the groups for both R5-
and X4-HIV-1 virus-treated samples (data not shown). These results suggest that E
treatment alters HIV-1-induced inflammatory responsiveness of HEC-1A cells.

Next we examined the expression of innate viral sensors implicated in HIV-1
recognition/pathogenesis (Mogensen et al., 2010) in the presence of either E, cTr, or hE
and following HIV-1 challenge. Results showed that cells pretreated with E and cTr, but
not hE (data not shown), had lower mRNA expression of TLR3 and RIG-I following R5-
HIV-1apa, compared to virus alone group (Fig. 5C and D). In contrast to RS, no

differences in TLR3 or RIG-I expression were observed for X4-HIV-1yp (data not
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shown). Overall, the data indicate that HEC-1A cells, pretreated with E, showed

significantly lower level of induction of innate sensors in response to viral stimulation.

Genital ECs from HIV-resistant (HIV-R) commercial sex workers (CSWs) have
significantly lower expression of several PRRs

Given our in vitro data (Fig. 5), we investigated whether HIV-R CSWs, who remain
HIV-free and have higher Tr and E in their CVLs (Drannik et al., 2012a; Igbal et al.,
2009), also had reduced expression of innate viral sensors in genital ECs. Quantitative
RT-PCR of cervical ECs revealed that HIV-R CSWs indeed had significantly reduced
mRNA levels of TLR2, 3, 4 and RIG-I compared to susceptible (HIV-S) CSWs (Fig. 6).
Collectively, our data indicate that HIV-1 resistance may be associated with increased
levels of E-mediated decreased expression of mucosal innate PRRs on genital ECs at the

portal of viral entry.
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Discussion

Here, we comparatively evaluated different Tr and E protein preparations with
respect to their HIV-1 inhibitory and antiprotease activities. To determine how E is
mediating anti-HIV-1 effects in genital HEC-1A cells, we assessed its intracellular
localization and effect on viral recognition and mounting HIV-1-driven inflammatory
responses using HIV-1 non-canonical receptor-bearing genital epithelial HEC-1A cells,
as well as tagged and non-tagged proteins. Our results revealed that both E and Tr can
function as autocrine/paracrine factors in HEC-1A cells, but that it is E, and not Tr, that
likely acts against HIV-1. We further observed that anti-HIV-1 activity of E is highly
associated with autocrine/paracrine, but not antiproteolytic, property of E and also
depends on its unrestricted N-terminus. Specifically, we showed that E attenuated RS-
HIV-1apa-induced NF-xB/p65 nuclear translocation, as well as levels of 1L-8 secretion
and expression of pattern recognition receptors TLR3 and RIG-I that were associated
with reduced HIV-1 attachment and transcytosis in HEC-1A cells. Importantly, our
results showed that previously reported elevated Tr/E in CVL of HIV-R CSW are
associated with significantly lower mRNA levels of TLR2, 3, 4, and RIG-I in the genital
ECs of this cohort, suggesting a link between Tr/E, HIV resistance and modulated viral
recognition in the FGT. Collectively, we propose that E-mediated altered intracellular
innate activation is most likely contributing to the HIV-R property of these subjects.

The antiprotease activity of Tr/E depends on the four-disulfide core structure, or
the WAP motif, that is localized to the C-terminal inhibitory domain of Tr/E (Schalkwijk
et al., 1999; Tsunemi et al., 1996) and is also present in SLPI (Eisenberg et al., 1990;
Grutter et al., 1988). Our finding that all Tr and E preparations used in this study were
nearly equally active against HNE allowed for comparative assessment of anti-HIV-1 and
immunomodulatory properties of Tr/E, despite the structural and manufacturing
differences present among the tested proteins. Since not all the tested Tr and E protein
preparations exhibited anti-HIV-1 activity, this provided the first experimental evidence
that antiprotease and anti-HIV-1 activities of E do not correlate with each other. Our data

were supported by earlier reports demonstrating that A62D/M63L, a Tr variant lacking
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antiprotease properties, had normal antibacterial and antifungal activities (Baranger et al.,
2008), and also by the fact that SLPI’s mutant with no antiprotease activity demonstrated
intact anti-HIV-1 activity (McNeely et al., 1997). Collectively, these observations
highlight that E exerts antiviral effects through mechanisms and structures distinct from
those mediating its antiprotease function.

Our results demonstrated that in HEC-1A cells endogenous Tr/E were present
either intracellularly, including the nuclear area, or secreted extracellularly in response to
bacterial and viral ligands (data not shown) (Drannik et al., 2012a). We further showed
that extracellular Tr/E could enter HEC-1A cells within 1 h of exposure and localize
within nuclear/perinuclear areas, similar to endogenous proteins. Since anti-HIV-1
inhibitory activity of Tr/E was highly associated with the proteins’ entry into the cells,
and not their antiprotease activity, we conclude that Tr/E in their defense against HIV-1
were likely acting through autocrine/paracrine function; we believe the latter function is
separate and possibly complimentary to other virus- and cell surface receptor-mediated
anti-HIV-1 activities of the tested Tt/E proteins.

Our results showed that E and cTr/Eh, but not sTr or hE, exhibited anti-HIV-1
activity. We propose that most likely it is the presence of E, but not Tr, that is important
for antiviral activity of the tested Tr and E proteins. Based on the collective findings that
cTr is a mixture of both Tr and E (Drannik et al., manuscript in revision), that sTr did not
show any HIV-1 inhibition, and that anti-HIV-1 activity of E was 130 times more potent
than Tr (Drannik et al., 2012a), we suggest that it is the presence of E in cTr that highly
likely is attributing to anti-HIV-1 activity of cTr. Moreover, our recent observations on
the limited antiviral activity of sTr against vesicular stomatitis virus (VSV-GFP)
(Drannik et al., manuscript in revision) would also support this notion.

Furthermore, that E and Eh, but not hE, exerted HIV-1 inhibitory activity strongly
suggested that the N-terminus tagging most likely blocked the antiviral property of hE, as
well as its ability to act in autocrine/paracrine manner and to enter nuclear/perinuclear
area following cell pretreatment. These findings indicated that the N-terminus of E is

critical for anti-HIV-1 activity, and proposed an alternative to the general conception that
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cationic property of Tr/E might be critical for antiviral activities. Indeed, our
bioinformatics analysis of isoelectric points (GENETYX, version 8.2.0) revealed that E
(isoelectric point 8.07) is less cationic than its precursor Tr (isoelectric point 8.97), yet E
is 130 times more potent than Tr with respect to anti-HIV-1 activity, clearly indicating
that cationic property is not predetermining anti-HIV-1 activity of E (Drannik et al.,
2012a). The antimicrobial property of several other cationic antimicrobials has also been
attributed to the N-terminal domain, as was shown for lactoferrin (Hiemstra et al., 2004;
Mann et al., 1994). Additionally, our earlier studies showing the lack of antiviral effect of
hE against VSV-GFP challenge would also support our current findings (Drannik et al.,
manuscript in revision).

NF-«B is one of the transcription factors regulating production of pro-
inflammatory cytokines, and nuclear translocation of NF-«kB is directly associated with
secretion of TNFa and IL-8 (Zenhom et al., 2011) as well as HIV-1 pathogenesis and
replication (Broliden et al., 2009; Hayashi et al., 2010; Pereira et al., 2000). It was
reported that SLPI can affect NF-kB nuclear translocation and influence gene regulation
(Taggart et al., 2005); on conjecture, we proposed that, being a functional homolog of
SLPI, most likely E performs its anti-HIV-1 effect through modulation of NF-kB nuclear
translocation and regulation of pro-inflammatory and innate sensing genes. However, the
mechanism of direct virus- or cell surface receptor-mediated, anti-HIV-1 activity of E
might be different. Although Tr/E secretion can be elevated in the presence of
inflammatory stimuli, our earlier study (Drannik et al., manuscript in revision) indicated
that, in response to polyl:C treatment, exogenous E treatment can also enhance
inflammatory stimuli secretion, albeit at higher protein concentrations, which indicates a
close feedback loop between these two circuitries.

Our findings that apical treatment with E to the HEC-1A cells under challenge of
R5-HIV-1apa resulted in reduced secretion of IL-8 into the basolateral compartment
might have important implications for activation of additional HIV-1 target cells located
in the genital submucosa. This could limit local inflammation and the attraction of HIV

susceptible cells. This notion is also supported by the fact that elevated levels of Tr/E in
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CVL of HIV-R CSWs are associated with higher anti-HIV-1 activity in vitro (Drannik et
al., 2012a) and mucosal resistance in vivo.

The acquisition and disease progression to HIV-1/AIDS is associated with
immune activation (Mogensen et al., 2010; Schweneker et al., 2008) and dysregulation of
expression and responsiveness of viral sensors (Lester et al., 2008; Lester et al., 2009;
Meier et al., 2007; Sachdeva et al., 2010; Sanghavi and Reinhart, 2005). Specifically, we
recently showed that chronic untreated HIV-1 infection was associated with aberrant
expression and responsiveness of TLR2, 3, 4, 6, 7/8 in PBMCs (Lester et al., 2008; Lester
et al., 2009). Further, Sooty Mangabeys, a natural host of simian immunodeficiency virus
(SIV), show no signs of immune activation/inflammation, despite high systemic viraemia
(Silvestri et al., 2003). In contrast, a non-natural and SIV-susceptible reservoir, African
Green Monkeys, show marked inflammatory responses and disease progression. These
observations suggest that HIV-induced alterations in innate immune responsiveness may
initiate and perpetuate immune activation, dysfunction, and inflammation that manifest in
HIV-1/AIDS pathogenesis and disease acceleration. Since resistance to HIV-1 has been
associated with “immune quiescence” and decreased cellular activation (McLaren et al.,
2010) on the one hand, and robust, but transient IRF1 antiviral responses (Su et al.,
2011), in peripheral blood- derived monocytes on the other hand, it appears that
modulation of pathogen recognition and controlling untimely or unnecessary
inflammatory responses can be beneficial and pivotal in determining the fate of HIV-host
encounter and disease establishment. Considering that Tr/E were shown to down-
modulate antibacterial (Butler et al., 2006; McMichael et al., 2005b) and antiviral innate
immune responses (Drannik et al., 2011), without negatively affecting antimicrobial
protection (Drannik et al., manuscript in revision), one can argue that it might be
beneficial in the case of HIV-1 to have Tr/E at mucosal surfaces to modulate innate
immune responsiveness while increasing antiviral protection.

Importantly, we found that E not only influenced HIV-1 infection, but also
affected the relevant intracellular molecular circuitry as demonstrated by reduced IL-8

secretion, nuclear translocation of NF-kB, and decreased mRNA expression of several
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innate viral sensing receptors, for which specific mechanisms remain to be determined.
These data are reminiscent of our earlier findings in response to viral dSRNA mimic,
polyl:C, showing that Tr/E mediated increased polyl:C-driven antiviral protection that
was associated with reduced pro-inflammatory factors as well as lower expression levels
of RIG-I and MDAS, and NF-«xB activation (Drannik et al., manuscript in revision). Our
data from cervical ECs from CSWs further supports the argument that moderated, or
lower, expression of local innate PRRs in context of repeated viral exposures might be a
predetermining factor in resistance to HIV-1 mucosal transmission, and that E may play a
direct role in these events. What remains to be seen is the functional phenotype and
responsiveness of ECs, and additional cell subtypes, isolated from the genital tract of
HIV-R CSWs and cultured ex vivo.

In conclusion, although we realize that our in vitro experiments only partially
recreated the conditions present in the genital tract of CSWs, our study highlighted
potential relationships/mechanisms and targets of E’s antiviral activities in genital ECs
that could be critical in reducing susceptibility to HIV-1 mucosal infection and
potentially used in microbicide trials. While presented evidence may point toward a
promising anti-HIV-1 activity of E alone, its ultimate protective anti-HIV-1 effect might
be more evident in vivo at mucosal sites, acting in synergy with many other innate

effector proteins, including defensins, cathelicidins, lactoferrin, and SLPI.
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Footnotes:

Abbreviations: CSW, commercial sex workers; CVLs, cervico-vaginal lavage fluid
samples; ECs, epithelial cells; E, human elafin without a tag; Eh, human elafin purified
from commercial Tr/E with a C-terminal tag; hE, in-house human recombinant elafin
with an N-terminal tag; FGT, female genital tract; HNE, human neutrophil elastase; NF-
kB, nuclear factor-kappa B; PAMP, pathogen-associated molecular pattern; polyl:C,
polyinosinic/polycytidylic acid; PRRs, pattern recognition receptors; SLPI, secretory
leukocyte protease inhibitor; STIs, sexually-transmitted infections; TLR, Toll-like
receptor; Tr, trappin-2; ¢Tr, human commercial recombinant trappin-2 with a C-terminal
His-tag (6xHis-Tr); human secreted trappin-2 with no tag (sTr); HIV-R, HIV-exposed but
resistant commercial sex workers; RIG-I, retinoic acid inducible gene-1; HIV-S, HIV-

exposed and susceptible commercial sex workers; WAP, whey acidic protein.
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Figure legends

FIGURE 1. Schematics and antiprotease properties of trappin-2 and elafin protein
preparations. (A) Schematic diagrams of tested human trappin-2 (Tr) and elafin (E) (Tt/E)
protein preparations. sTr, human secreted Tr (no tag); TG, transglutaminase domain;
WAP, whey acidic protein domain; cTr, human commercial recombinant 6xHis-trappin-
2, a mixture of both Tr and E (with a C terminus His-tag); Eh, human recombinant E
purified from cTr (with a C terminus His-tag); E, human commercial recombinant elafin
(no tag); hE, in-house human recombinant HAT-E (with an N terminus HAT-tag). (B)
Antiprotease activity of different Tr/E proteins was tested using purified human
neutrophil elastase (HNE) to the various concentrations of Tr or E (final volume 10
ul/well), measuring a residual activity of enzyme using a chromogenic HNE specific
substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide, by monitoring the change
in absorbance at 405 nm for 15 min. Results are expressed relative to the NHE activity of

a positive control (HNE in diluent alone); cTr (0); sTr, (0); E, (A); hE, (D).

FIGURE 2. Unrestricted N-terminus of elafin is critical for anti-HIV-1, but not
antiprotease, activity. For attachment assay (A, B), media or cTr, E, hE, or sTr at 1 pug/ml
were incubated with 100 TCIDsy of R5-HIV-1apa (A) or X4-HIV-1yg (B) or HEC-1A
cells, grown in a 96-well plate, alone for 1 h at 37°C. Before addition of medium (-) or
virus (V) for another 1.5 h at 37°C, the cells were washed 5 times with PBS.
Subsequently, cells not pretreated with the proteins received either medium (-), untreated
HIV-1 (V), or HIV-1 preincubated with Tr or E (V+p). The cells pretreated with the
proteins (c+p) received untreated HIV-1 alone. Following 1.5 h of incubation, viral
inoculum was removed and cells were repeatedly washed (4x) and lysed (1% Triton X-
100 for 45 min at 37°C). Cell lysates were harvested and centrifuged at 11,000 x g for 5
min. The amount of total cell lysate-associated p24 was determined by ELISA. The data
are representative of one of three independent experiments performed in triplicate and
shown as the mean + SD of p24 protein expressed as pg/ml. Statistical analysis was

performed using one-way analysis of variance (ANOVA), with p values considered
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significant when p<0.05. For transcytosis (C,D), 1 x 10° HEC-1A cells were seeded per
insert and grown as a tight polarized monolayer on a permeable polycarbonate support
(0.4-pum pore-diameter membrane tissue culture inserts, BD Falcon, Mississauga,
Canada) over minimum of 3 days. Cells that reached transepithelial resistance (TER) 350
— 470Q/cm? (EVOM; World Precision Instruments, Sarasota, FL, USA) were considered
confluent and were pretreated apically with media or 1 pg/ml of Tr or E proteins as above
for 1 h before the addition of 10 ng p24 of R5-HIV-1pa (C) or X4-HIV-1y (D) for 8 h
at 37°C to the apical chamber. Data are representative of one of three independent
experiments performed in triplicate and are shown as the mean + SD. Amount of
infectious HIV-1 particles in the basolateral chamber were determined using TZM-bl
cells. Basolateral supernatants were concentrated in 30-K Amicon microcentrifugation
tubes (Millipore) and quantitatively analyzed by testing -galactosidase activity of TZM-
bl cells, resulting in cells turning blue upon HIV-1 infection (Drannik et al., 2012a). Data
are expressed as percentage of infectious particles recovered in the presence of Tr or E
compared to the percentage of virus recovered in the virus control alone, taken as 100%.
Statistical analysis was performed using one-way analysis of variance (ANOVA) or
Student’s ¢ with p values considered significant when p<0.05. Concentrations of Tr and E
used in these experiments were based on a dose-dependent anti-HIV-1 activity of the

proteins that was reported earlier (Drannik et al., 2012a).

FIGURE 3. Cellular localization of exogenous elafin in genital epithelial cells.
Immunofluorescence staining of cellular distribution of 1 pug/ml of human Tr or E (green)
proteins, detected using TRAB20 (A,B,C), HAT-tag- (D,E,F), and His-tag-specific
antibodies (G,H). Nuclei were visualized with propidium iodide (PI) as red.
Representative staining of three different experiments is shown for Tr or E proteins at 1 h
post exposure and merged image shows human Tr or E visualized as yellow in composite

panels. Scale bar, 20 um.
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FIGURE 4. Elafin attenuates HIV-1-induced nuclear translocation of NF-«xB.
Immunofluorescence staining of NF-kB/p65 and its nuclear translocation following either
medium alone or polyl:C 25 ug/ml, or 10 ng of R5-HIV-1,pa p24 treatment for 4 h in
presence or absence of pre-treatment with 1 pg/ml of cTr or E proteins is demonstrated.
Representative staining is shown for p65 (green) visualized by Alexa488, nuclear stain
(red) visualized by propidium iodide (PI), and composite (yellow). Representative data

set from three independent experiments is shown. Scale bar, 20 um.

FIGURE 5. Elafin inhibits IL-8 secretion and mRNA expression of TLR3 and RIG-I
genes in response to R5-HIV-1,pa. HEC-1A cells were grown as a polarized monolayer
in a transwell system and incubated with media or 1 pg/ml of cTr or E for 1 h before the
addition of 10 ng p24 of R5-HIV-1apa (A) or X4-HIV-1yyp strains (B) for 8 h at 37° C to
the apical chamber. Levels of IL-8 protein were determined in basolateral compartment
by ELISA and shown as the mean + SD of pg/ml. Statistical analysis was performed
using one-way analysis of variance (ANOVA), with p values indicated on a graph.
Statistical significance was considered when p<0.05. TLR3 (C) and RIG-I (D) mRNA
expression was assessed by harvesting total RNA and performing RT-qPCR at 8 h post
treatment with 10 ng of RS-HIV-1pa p24. Values are normalized against 18S and
presented as relative expression. Representative data set from three independent
experiments is shown as the mean + SD. Statistical analysis was performed using one-

way analysis of variance (ANOVA), with p considered significant when p<0.05.

FIGURE 6. Genital ECs from HIV-resistant (HIV-R) commercial sex workers (CSWs)
have significantly lower mRNA expression of TLR2, TLR4, and RIG-I. Relative mRNA
expression levels of TLR 2, TLR4, and RIG-I in cervical ECs of HIV-S (m, N=10) and
HIV-R (e, N=10) were assessed by RT-qPCR. The relative quantity of expression of
these genes was normalized against 18S. The data are shown as the mean + SD.
Statistical analysis was performed using one-way analysis of variance (ANOVA), with p

considered significant when p<0.05.
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Figure 1. Drannik et al.
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Figure 2. Orannik ot al.
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Figure 4. Drznaik ot af.

Pohe G

HI¥-An

cTr

uT

Palv T

HI¥-1

vain

Palv .0

HI¥-1.5,

. = L I B i) : :

178



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

Figure 5. Drannik et al.
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Figure 6. Orannik at al.
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Discussion
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Sexually transmitted infections, especially HIV/AIDS, remain a devastating
problem with a heavy burden on economic, financial, and health aspects of societies
globally (UNAIDS, 2007). Even more worrisome is the close link between HIV-1 and
other STIs such as genital herpes (Sobngwi-Tambekou et al., 2009), where HSV-2 is a
major risk factor increasing HIV-1 acquisition, viral shedding, and HIV-1 transmission
(Celum, 2004). The persistently high numbers of HSV-2 and HIV-1 infections (Chen et
al., 2000; Xu et al., 2006) indicate that the overall success of currently
available/accessible prophylactic and therapeutic measures against HSV-2 and HIV-1 are
not sufficient for gaining optimal control over these infections. Thus, the search for
additional factors/means capable of altering key steps in HSV-2 and HIV-1 infections
with the special focus on the FGT should be continued as they will advance our current

protective strategies.

Despite that HIV-1 is largely transmitted heterosexually, and that women
represent at least 50% of people newly infected with HIV-1 globally (UNAIDS, 2010)
the estimated probability of viral transmission during sexual intercourse is low and
around 1 infection in 122 exposures (Mastro and de Vincenzi, 1996). We now know that
such a protective effect is due in part to natural antimicrobial activity of mucosal fluid
from the FGT that has been linked to the presence of endogenous protective factors (John
et al., 2005; Shust et al., 2010). Indeed, several innate factors including RANTES, MIP-
la, MIP-1p, and lactoferrin have been recognized for their contribution to the host’s
defense against HIV-1, as reviewed elsewhere (Hickey et al., 2011; Kaushic et al., 2010;
Wira et al., 2011b).

Recently, the serine antiproteases Tr and E were also associated with mucosal
HIV-1 resistance in HESN women in Africa (Igbal et al., 2009); however, specific
mechanisms of their antiviral activity in the FGT remain poorly understood. Given that
the overall success in developing protective measures against HSV-2 and HIV-1 remains
marginal (Cohen, 2010; McMichael and Haynes, 2012; Rappuoli and Aderem, 2011),

continued characterization of CVL composition and identification/characterization of
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novel endogenous factors with natural antiviral activities against the infections may
significantly improve our efforts in controlling the spread of these STTIs.

Thus, the objective of this research was to individually characterize the antiviral
activity of each Tr and E separately against HSV-2 and HIV-1 in the female genital
mucosa. Specifically, we assessed whether or not and how each Tr/E contributed to
antiviral host defense responses elicited by polyl:C, a synthetic mimic of viral dSRNA
(Chapter 2). Further, we elucidated the presence and characteristics of antiviral activity of
each Tr/E, including potential mechanisms and targets, against replication competent

sexually-transmitted pathogens, namely HSV-2 (Chapter 3) and HIV-1 (Chapters 4-5).

Tr/E: key findings and proposed antiviral actions

Serine antiproteases Tr/E are pleiotropic molecules, with a number of significant
roles ascribed to them in infection, inflammation, and immunity (Drannik et al., 2011;
Sallenave, 2010). Previously, the contribution of Tt/E to health was mostly credited to
their inhibition of proteases and tissue repair, direct antibacterial and antifungal activity,
bacterial opsonization, as well as the induction and modulation of innate and adaptive
immune responses (Drannik et al., 2011; Moreau et al., 2008; Sallenave, 2010). For the
first time, here Tr/E were individually compared and assessed for the presence and the
characteristics of their antiviral activity using in vitro and in vivo models with polyl:C,
HSV-2 and HIV-1. To accomplish this goal, we used multiple approaches of exogenous
expression of Tr/E, including through a replication-deficient adenovirus expressing the
human Tr gene, the delivery of soluble tagged and untagged recombinant Tr/E protein
preparations, and the utilization of Tr transgenic mice.

Our key findings clearly established the beneficial contribution of each Tr/E
individually to the host’s defense against both HSV-2 and HIV-1, which has never been
previously reported. Specifically, our results demonstrated that Tr/E targeted both HSV-2
and HIV-1 by acting directly on virus or indirectly on cells, or through both, depending
on virus and cell types. Furthermore, we demonstrated that Tr/E-mediated increased

antiviral resistance and reduced inflammation were associated with alterations in one or
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more areas, including: (i) viral attachment/entry (VSV-GFP, HSV-2, and HIV-1),
transcytosis (HIV-1), infection of target cells (HSV-2, HIV-1), viral replication and
translocation (HSV-2); (ii) viral innate recognition (polyl:C, HIV-1); (iii) mounting of
cellular inflammatory responses (polyl:C, HSV-2, and HIV-1); and (iiii) mounting of
cellular antiviral responses (polyl:C, HSV-2, and HIV-1). Our findings also demonstrated
that antiviral activity was independent of antiprotease activity of Tt/E; contextual and
exerted, at least in HEC-1A cells, via autocrine/paracrine mode; dependent on elafin’s
unmodified N-terminus and its nuclear localization, and E exhibiting more potent
antiviral activity than Tr.

The discussion below elaborates on points presented above. Since many similar
characteristics of antiviral activity of Tr/E were observed against both HSV-2 and HIV-1,
antiviral activity of Tr/E is discussed in the following sections, not on the basis of

individual virus, but rather based on common antiviral characteristics.

Antimicrobial mechanisms of Tr/E

For many years, the antimicrobial activities of Tr/E against bacteria were better
understood than against viruses. Indeed, some studies have shown that exogenous Tr/E
can directly interact with bacterial ligands, such as LPS (McMichael et al., 2005b). In
contrast, other studies demonstrated that Tr was able to opsonize bacteria, as was shown
for P. aeruginosa, thus facilitating a more efficient, CD14-dependent, clearance by
macrophages (Wilkinson et al., 2009) or directly interact with pathogens (Baranger et al.,
2008; Bellemare et al., 2010; Simpson et al., 1999), or to alter host’s innate immune
responsiveness triggered by microbial stimulation (McMichael et al., 2005a; Sallenave et
al., 2003; Simpson et al., 2001b).

Earlier studies on antiviral effects of Tt/E also revealed a similar heterogeneity in
antiviral mechanisms. For example, Zaidi et al. demonstrated a protective effect of Tr on
disease outcome and target organ function in an acute model of murine viral myocarditis
(Zaidi et al., 2000). Whereas Roghanian et al. showed a Tr-mediated increase in viral

clearance that was attributed to the induction of potent Th1 adaptive immune responses in
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lungs and spleens in a murine model of adenoviral lung challenge (Roghanian et al.,
2006). Finally, Ghosh et al. demonstrated that reduced viral infection of target cells was
likely attributed to the direct anti-HIV-1 effect of E, which is also in line with our
findings (Ghosh et al., 2010). That the beneficial effects of Tt/E were observed in such
distinct models attests to the plethora of antimicrobial mechanisms that have likely
evolved in an arms race between pathogens and innate antimicrobials over the years of
vertebrate evolution. In turn, the existence of multiple antimicrobial mechanisms
confirms Tr/E pleiotropic nature and underscores their significance in being versatile and
able to tailor their protective effects to better suit the target organ’s needs and specificity
in defense against invading pathogen and at different sites.

Regardless of these observations, whether or not and how Tr/E work against
sexually-transmitted viruses in the human genital ECs remained unresolved and became

the purpose of this research.

Coexistence, but no co-dependence of antiprotease and antiviral activities of
Tr/E

Tr/E inhibitory activity against serine proteases was one of the first discovered
and believed to be the only function for these proteins (Wiedow et al., 1990). The later
discovered antibacterial activity of Tr/E and SLPI, however, was shown to be
independent from their ability to inhibit proteases (Baranger et al., 2008). In contrast,
such a relationship between antiviral activity of Tr/E and their inhibition of proteases has
not been elucidated. With this in mind, we tested all of our Tr/E protein preparations to
ascertain their protease inhibition activity and also used this function as a control, at least
in part, of Tr/E functional integrity. The antiprotease activity was also utilized as a
“common denominator” in comparative assessment of Tr/E antiviral activity, in light of
varied manufacturing sources of the protein preparations included in our studies.
Interestingly, we found that not all of the tested Tr/E proteins exhibited antiviral activity,
yet all were almost equipotent in their antiprotease activity. This led us to conclude that

antiprotease and antiviral (observed against VSV-GFP, HSV-2, and HIV-1) activities of
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both Tr/E did not correlate with each other and that these antiproteases acted against
viruses through mechanisms and structures distinct from those mediating their
antiprotease function. This finding may have significant implications for the WAP and
STIs fields, since it may focus future research on the identification of novel functions as
well as structural determinants of Tr/E that are specifically responsible for antiviral, and

not antiprotease, activity of the proteins.

Prerequisites of Tr/E antiviral activity in HEC-1A cells

Our studies revealed that endogenous Tr/E in HEC-1 A cells were localized
intracellularly, in both perinuclear and nuclear compartments. Tr/E were also secreted in
response to bacterial (FimH and flagellin, unpublished data) and viral ligands, notably
polyl:C (Chapter 2 and 4), which was in accordance with Ghosh et al. showing that
primary genital ECs also responded to polyl:C treatment by secreting Tr/E (Ghosh et al.,
2010). More importantly, we demonstrated that exogenous Tt/E entered HEC-1A cells
within 1 hour of exposure and localized within nuclear/perinuclear areas, similarly to the
endogenous proteins. Exogenous Tr/E proteins were able to enter the nucleus, but E only
when its N-terminus was not modified or blocked by a tag. Thus, we concluded that Tr/E
were able to enter the cell and the nucleus in an autocrine/paracrine mode, and the
presence of unblocked N-terminus of E was crucial for its nuclear localization.

Another exciting finding that emanated from our experiments was that anti-HIV-1
activity of Tr/E, namely reduced HIV-1 attachment/entry, transcytosis, and immune
activation (i.e., sensing and secretion of pro-inflammatory mediators), was highly
associated with the proteins’ entry into the nuclear compartment of the cell and thus
elafin’s unblocked N-terminus, but not with its antiprotease activity. Thus, the
unmodified N-terminus of E appears to be a prerequisite for the protein’s anti-HIV-1
activity, since a HAT-tagged hE did not exert any virus- or cell-associated antiviral
activity against HIV-1. Hence, we collectively concluded that in the defense against HIV-
1 in HEC-1A cells, Tr/E likely functioned in an autocrine/paracrine mode and most

importantly by acting directly on virus, as well as indirectly on cells through cellular
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uptake and nuclear localization of the proteins, and especially E with an unmodified N-
terminus.

Although we did not test a HAT-tagged E against HSV-2, considering that similar
direct and indirect antiviral activities of Tr/E were observed against HSV-2 and HIV-1,
we propose that Tr/E are likely to act in a similar mode against both viruses. Yet, the
details of these mechanisms remain to be fully elucidated in future research.

Interestingly, while HAT-tagged hE did not demonstrate any antiviral activity, it
still inhibited polyl:C-induced IL-8 secretion. These results are supported by similar
observations from secreted sTr, and collectively they would suggest that antiviral and
anti-inflammatory activities of Tr/E are two separate entities that are likely independent,
yet complimentary to each other. Another conclusion is that the presence of unblocked N-
terminus and the nuclear localization of the proteins may not be as crucial for anti-
inflammatory activity of the proteins, compared to their antiviral effect, because the
former can be executed at different levels, including extra- and intracellularly. It might be
interesting to determine in future studies if Tr/E can directly interact either with dsSRNA
or its cellular binding receptors (e.g, scavenger receptors (Limmon et al., 2008)), as a
mode of Tr/E anti-inflammatory activity against viruses.

Our observations on Tr/E autocrine/paracrine mode of action and intranuclear
entry of the proteins with an unmodified N-terminus are novel and exciting. Yet, the
physiological significance of these findings might be unclear, since they were generated
using HEC-1A cells and not primary human genital ECs. As was discussed earlier in
Chapter 2, primary ECs, albeit unlikely, may react significantly differently from HEC-1A
cells in response to viral stimulation or protein treatments. Nevertheless, considering the
similarity between our polyl:C-mediated induction of Tt/E in HEC-1A cells (Chapter 2)
and polyl:C-driven release of Tr/E shown by Ghosh et al. in primary genital ECs (Ghosh
et al., 2010), and given that HEC-1A share a common origin and HIV-1 receptors with
primary cells (Bobardt et al., 2007; Saidi et al., 2007), it could be hypothesized that
primary genital ECs may also use Tr/E in autocrine/paracrine mode in their antiviral

defense, similarly to HEC-1A cells. In this scenario, primary genital ECs could secrete
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Tr/E as an extracellular shield against viruses and their ligands and then reuptake the
proteins to also protect the cells from internalized virions, which could be potentially
tested by preventing the reuptake of secreted Tr/E via Tr/E-specific antibody depletion.
Altogether, these observations indicate that Tr/E can likely exert their antiviral activity
through different forms of Tr/E, namely secreted and intracellularly stored proteins and
through structures/entities located at different levels (i.e., extra- and intracellularly).

The protective role of secreted Tr/E proteins in antiviral defense has been clearly
demonstrated. It can be supported by our data demonstrating that Ab-neutralization of
Tr/E in Ad/Tr-cells significantly reversed immunomodulatory effect of Tr/E on polyl:C-
induced IL-8 secretion (Chapter 2). Additionally, Ghosh et al. reported that Ab-depletion
of Tr/E from secretions of primary genital ECs, grown in vitro, reversed anti-HIV-1
activity of the secretions (Ghosh et al., 2010). Further, we and others (Igbal et al., 2009)
showed that elevated levels of secreted Tr/E were associated with clinical HIV-1
resistance in HIV-R CSWs in vivo as well as direct contribution to anti-HIV-1 activity of
CVLs in vitro, where 30% of Tr/E Ab-depletion significantly reduced HIV-1 suppressive
activity of CVLs from HIV-R CSWs (Chapter 4) would also attest to the notion of the
importance of secreted Tt/E in the FGT. Inferring from these observations, we can
conclude that Tr/E may act through different mechanisms and at multiple levels/entities,

which are discussed below.

Targeting both: virus and cells

Our data demonstrated that when either virus or cells (with some exceptions
discussed later) were pretreated separately with Tr/E proteins, viral adherence,
translocation and infection of target cells were reduced in both instances. These findings
proposed the existence of two independent levels/pathways of Tr/E-mediated antiviral

activity, separately targeting virus and cells.

Targeting virus
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In this research, the direct antiviral effect of Tr/E was observed against all three
viruses, namely VSV-GFP (Chapter 2), HSV-2 (Chapter 3), and HIV-1 (Chapter 4 and
5), when viruses and not cells were pre-treated with the recombinant proteins. The
outcome of this effect was a reduced viral attachment/binding (HSV-2 and HIV-1) and
infection of target cells (VSV-GFP, HSV-2, and HIV-1). But perhaps the most
convincing evidence of Tr/E antiviral activity comes from our data linking elevated levels
of the proteins with clinical HIV-1 resistance in CSWs as well as increased protection
against HIV-1 in in vitro assays. In the Ab-depletion experiments using anti-Tr/E
antibodies, we demonstrated that Tr/E account for up to 60% of natural anti-HIV-1
activity of CVL from the resistant cohort (Chapter 4). In the latter assays, inhibition of
HIV-1 infection of TZM-bl target cells was also observed when virus was pretreated with
CVLs, similarly to the recombinant Tr/E used in our study.

Interestingly, though, we showed that Tr/E, both recombinant and naturally
occurring from CVLs of HIV-R CSWs, preferentially inhibited R5- and not X4-tropic
virus, although with a few exceptions. Specifically, in the experiments using siRNA
knockdown of endogenous Tr/E and in HIV-1 transcytosis assays with recombinant E
pretreatment, we showed that both RS and X4 were affected, which was in line with
Ghosh et al., as discussed in Chapter 4 (Ghosh et al., 2010). It is unclear at the moment
why preferentially RS and not X4 HIV-1 strain was affected in our studies. It is possible,
however, that our results highlight the presence of structural and/or functional
distinctions between recombinant and naturally occurring Tr/E proteins, since siRNA
inhibition of endogenous T1/E increased the release of both RS and X4 viral strains. Such
differences could also exist between secreted and intracellularly present Tr/E, which may
warrant additional studies in the future. Additionally, since X4 HIV-1 strains were shown
to bind more efficiently to HEC-1A cells due to their gp120 ability to bind HSPG with
higher affinity than RS strains (Moulard et al., 2000) (Bobardt et al., 2003; Moulard et al.,
2000), the observed discrepancies might also be explained by the fact that Tr/E cannot
compete with a high affinity binding of X4 HIV-1 or that the proteins get displaced after

initial binding to HSPG, which remains to be shown.
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Nevertheless, that particularly the infectivity of RS HIV-1 was inhibited is an
important finding that may have implications for reducing the risk of HIV-1 acquisition,
given that most of the founder-transmitter HIV-1 strains are R5-tropic (Keele et al.,
2008). Given a broad spectrum of antimicrobial activity of Tr/E against bacterial, and
fungal pathogens, as discussed in Chapter 1 and our review (Drannik et al., 2011), it
would be important in the future to determine the scope of antiviral activity, in particular
against HIV, given the immense diversity and variability in fitness and infectiousness of
this pathogen globally. Also, it would be advisable in future investigations to expand the
panel of both R5 and X4 HIV-1, considering our siRNA data that naturally-occurring
Tr/E targeted both viral strains. It would also be of significance to determine Tr/E
antiviral potential against cell-associated HIV-1 stocks, given that the most efficient HIV-
1 transfer occurs during cell-cell interaction (Bobardt et al., 2007; Bomsel, 1997).

Additionally, that the observed inhibitory activity of Tr/E was directed against
both HSV-2 and HIV-1 suggests that Tr/E employed either similar mechanism(s) (i.e.,
destabilization of viral capsid, etc.) or targeted similar structures/receptors shared
between the viruses. Although neither we nor others have presented any specific
mechanisms of direct interaction between T1/E and the viruses, several a-defensins were
reported to bind to carbohydrate moieties, likely O- or N-linked glycans, on HSV-2 gB-2
and on HIV-1 gp120, and thus interfere with viral attachment, entry, and infectivity
(Wang et al., 2004) (Yasin et al., 2004). However, there could be alternative mechanisms
that need not be mutually exclusive. Thus, it might be worth focusing future research on
identifying specific targets of each Tr/E on HSV-2 and HIV-1 and the first plausible
target tested could be O- or N-linked glycans on viral glycoproteins. Overall, these
observations may have a significant bearing on the control of these STIs as the
identification of common viral targets of Tr/E may assist in customizing the design of

protective vaccines or microbicides against these pathogens.

Targeting cells
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Tr/E exhibited antiviral activity by acting on cells, since cells pretreated
separately from virus with Tr/E proteins showed reduced virus attachment and infection.
Additionally, we found that viral inhibition was associated with modulated viral innate
recognition and inflammatory responses as well as enhanced cellular antiviral responses.
We hypothesized that this cell-associated antiviral effect could be a result of a direct
interaction between Tr/E and cellular structures or as an indirect consequence of
upstream events. Specifically, we proposed that Tt/E antiviral effect could be executed at
multiple levels (i.e., cell surface or intracellularly) and potentially even altering more
than one, such as: (i) virus binding receptors (cell surface); (ii) viral sensors or PRRs
(plasma membrane or intracellularly); (iii) inflammatory pathways (intracellularly); and

(iv) antiviral pathways (intracellularly).

Virus binding receptors

We hypothesized that the cell-surface activity, which was observed as reduced
binding/entry of both HSV-2 and HIV-1, was dependent partly on the interaction between
Tr/E and virus-binding receptors, thus potentially preventing efficient attachment and
consequently viral entry into cells. Our data supported this conjuncture, at least for HIV-
1, showing that viral attachment to HEC-1A cells expressing non-canonical HIV-1
receptors, such as heparan sulfate moieties with syndecans, was significantly reduced,
whereas TZM-bl cells expressing canonical receptors were not protected from HIV-1
infection. However, since viral entry per se was not assessed in our studies, we cannot
differentiate between the effects of Tr/E on viral attachment/binding versus entry.
Nevertheless, considering that Tr/E were shown to bind to extracellular matrix proteins as
discussed earlier (Guyot et al., 2005b), this led us to believe that Tr/E could be acting, at
least in part, through non-canonical HIV-1 receptors like syndecan-1, a key molecule
implicated in HIV-1 attachment to genital ECs (Bobardt et al., 2010; Bobardt et al., 2007;
Saidi et al., 2007). Our results, however, revealed no association between reduced HIV-1
binding to HEC-1A cells and the expression of syndecan-1, and it is still unclear why

HEC-1A cells were more protected by Tr/E than their TZM-bl controls. The alternative

191



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

mechanism of this protection, however, could be potentially hidden in the cellular ability
to uptake Tr/E. The latter could be dependent on the expression of yet elusive Tr/E
receptors, the existence of which remains to be discovered; this is in contrast to SLPI that
has been shown to bind to annexin II (Ma, 2004) as well as phospholipid scramblase 1
and 4 (Py et al., 2009).

Contrary to HIV-1, the involvement of syndecan-1, or any other receptor, in anti-
HSV-2 activity of Tt/E was never investigated here. Further, that VSV-GFP attachment
was not affected, compared to other viruses used in this study, implies that this virus has
little in common with HSV-2 and HIV-1 in binding/entry mechanisms, at least in HEC-
1A cells, that can be affected by Tr/E.

Altogether, these findings indicate that antiviral activity of Tr/E is not absolute,
but rather contextual, which can be supported by its dependence on virus and cell types as
well as by its variable in potency antiviral protection depending on the viral inoculum (as
was observed in Chapter 3 with HSV-2). Nevertheless, given the fact that HSV-2 and
HIV-1 share many proteoglycan molecules allowing viral binding/entry (Hazrati et al.,
2006), and that Tr/E protected cells from both viruses, it might be of significance to

identify target(s) of Tt/E cell-surface mediated antiviral activity.

Viral sensors and inflammatory responses

Innate sensing is critical to the protection against viral infections. Through the
activation of signaling pathways, viral recognition stimulates the induction of protective
innate and adaptive antiviral and inflammatory immune responses (Kawai and Akira,
2006). While generally being beneficial, these processes may become detrimental to the
host when not efficiently controlled or exploited by pathogens (Kurt-Jones et al., 2005;
Kurt-Jones et al., 2004; Mogensen et al., 2010). Following HSV-2 recognition, the
induction of Type I IFNs, and IFN in particular, is initiated and correlates with antiviral
protection (Gill et al., 2006; Nazli et al., 2009). Type I IFN signaling, in turn, limits viral
translation, replication, and spread by activating additional antiviral pathways/factors,

such as PKR and OAS/RNase L (Kawai and Akira, 2006). However, in addition to
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antiviral responses, potent inflammatory responses have also been associated with HSV
challenge (Chan et al., 2011; Cunningham et al., 2006; Koelle and Corey, 2008; Thapa
and Carr, 2008). Moreover, HSV-2 has been shown to manipulate PRRs expression,
including in the genital ECs, where it masks its presence and disarms cells of protective
antiviral IRF3- and IFNB-mediated responses in human vaginal epithelial cell line (Yao
and Rosenthal, 2011) and also upregulates TLR4 expression with subsequent induction of
NF-kB activation and IL-6 and IFNf production in human cervical cells (Li et al.,
2009a). Additionally, studies demonstrated that murine encephalitis was associated with
increased levels of TLR4 mRNA (Bottcher et al., 2003) and robust TNFa responses
(Thapa and Carr, 2008). Kurt-Jones with colleagues also showed that TLR2-/- mice had
reduced HSV-1-mediated brain inflammation and mortality (Kurt-Jones et al., 2004).
Collectively, these observations highlight the detrimental contribution of immune
activation to HSV-induced host’s responses and disease pathogenesis.

In turn, increased HIV-1/SIV acquisition and disease progression were associated
with higher and prolonged immune activation, increased levels of IL-8, TNFa and type I
IFNs, as well as high cell turnover and dysregulated expression and functioning of innate
viral sensors (Bosinger et al., 2009; Haase, 2010, 2011; Lester et al., 2008; McMichael et
al., 2010; Mogensen et al., 2010; Silvestri et al., 2003). In contrast, HIV-1 resistance was
linked to initially robust but transient innate responses, as well as immune quiescence and
reduced immune activation (McLaren et al., 2010; Silvestri et al., 2003; Songok et al.,
2012), as was discussed earlier in the introduction. These observations indicate that local
pro-inflammatory milieu following virus/host interaction and recognition is by far the
main contributor to this vicious cycle perpetuating sustained immune activation, yet with
inadequate viral control and culminating disease progression, as reviewed in references
(Haase, 2011; McMichael et al., 2010; Mogensen et al., 2010). Since altered innate
recognition and sustained pro-inflammatory responses are so critical in promoting HSV-2
and HIV-1 establishment and progression, having local factors with the ability to control
the inflammatory arm of these responses, yet without compromising antiviral protection,

might be indispensable for controlling STIs in the genital mucosa.
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We demonstrated here that Tr/E-mediated increased antiviral protection was
associated with modulated expression of RIG-I and MDA-5 with polyl:C treatment
(Chapter 2) and RIG-I, MDA-5, and TLR3 following HIV-1 challenge (Chapter 5), and
secretion of pro-inflammatory factors IL-8, IL-6, and TNFa was reduced after all of the
treatments. Interestingly, we observed no differences in HSV-2-induced PRRs expression
in contrast to our observations for polyl:C and HIV-1 treatments (Chapter 2 & 5). These
results may suggest the existence of different mechanisms of Tr/E-mediated regulation of
inflammatory responses that could be virus- or ligand- dependent. Furthermore, these
results could be different in primary genital ECs, which remains to be determined.

Additionally, the HIV-1 in vitro data were also supported by our novel and
clinically relevant findings showing that higher Tr/E vaginal levels in HIV-R cohort of
CSWs were associated with reduced mRNA levels of TLR2, TLR3, TLR4, and RIG-I in
the genital ECs of these women. Together, these findings clearly link Tr/E with
modulated viral sensing, reduced immune activation and HIV-1 mucosal resistance.
Although this is the first report demonstrating that Tr/E may play a role in anti-HIV-1
protection by exerting immunomodulatory effects, other studies showing that
immunoquiescence and reduced immune activation were associated with HIV-1
resistance (McLaren et al., 2010; Songok et al., 2012) would support our findings.
However, alterative observations have also been reported, showing a connection between
HIV-1 resistance and higher, as opposed to lower, functional activity of TLR ligand-
activated PBMC from HIV-R CSWs in Italy (Biasin et al., 2010; Sironi et al., 2012). The
authors proposed that activated innate immune responses in HIV-R CSWs result in
stronger adaptive antiviral events and ultimately better viral clearance. Or alternatively, it
could be argued that early robust, but transient, and well regulated immune responses
might be more beneficial for early control of HIV-1 infection and prevention of the
diseases progression (Bosinger et al., 2009; Su et al., 2011). Despite recent advances in
understanding HIV-1 pathogenesis, it is still unclear whether it is immune modulation of
sustained immune activation or rather strong but transient activation of early antiviral

responses that should be the ultimate strategy in preventing and treating viral infections
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like HIV-1. What is clear, however, is that active, timely and efficient immune regulation
should be in place to control any of the above events. Additional research might be
required in the future to better characterize early events and key players governing the
susceptibly or protection against HIV-1 in the FGT, where Tr/E appear to be viable
candidates for continued investigations in light of their immunomodulatory and antiviral
activities.

With respect to HSV-2 infection, our in vivo data in an intravaginal model of
genital herpes (Chapter 3) would also support the beneficial role of Tr/E in antiviral
defense in the FGT. This model was the first evidence of Tr/E anti-HSV-2 effects, which
was also somewhat supportive of our in vitro findings. Our data showed that Tr
transgenic mice overexpressing human Tr had a reduced viral burden in the CNS and
delayed viral translocation from the genital tract into the CNS that were also
accompanied by reduced expression levels of TNFa in the target organs later in the
infection. These animals also demonstrated a trend of increased survival and milder
disease presentation compared to their Wt controls, natural knockouts for Tr. Although
this is the first study for each Tr/E and HSV-2 and only showed a trend, another study on
antiviral activity of Tr/E is in line with our findings by showing a more favorable disease
outcome and a better target organ function in Tr transgenic mice (Zaidi et al., 1999).
Taken together, our findings have established the first link between Tt/E presence in the
female genital mucosa, reduced inflammatory responses and milder genital herpes.

Although earlier studies documented a Tr/E-mediated inhibition of secreted MIP-
1, IL-8, and TNFa, as well as NF-kB and AP-1 activation in response to LPS (Butler et
al., 2006) and oxidized LDL and LPS (Henriksen et al., 2004), our observations on Tr/E
modulating viral PRRs and pro-inflammatory responses in the context of viral exposure
are novel. These findings are also of importance for identifying a particular pathway
affected by Tr/E, namely NF-kB, whose less robust activation was associated with
increased antiviral protection (in context of all three stimuli). Moreover, as one of the key
transcription factors at the cross-roads of many pro-inflammatory and antiviral responses,

NF-«B activity has been implicated in viral infections, including for HSV-2 (Li et al.,
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2009a) and HIV-1 (Equils et al., 2001). Thus, the significance of showing that Tt/E exert
immunomodulatory effect on NF-kB pathways is apparent, although our studies did not
reveal any specific mechanisms of how this inhibition may be occurring. However, in
light of earlier data showing that Tr/E attenuated LPS-induced NF-kB activation
(Henriksen et al., 2004) by targeting IkB, this sparing effect on the NF-kB inhibitors
could be a plausible mechanism of Tr/E antiviral activity that can be tested in the future
studies. These inhibitory events could also be a downstream consequence of “tickling”
cells with Tr/E-reduced viral inoculum or Tr/E-sequestered dsSRNA, leading to altered
recognition by PRRs and secretion of pro-inflammatory mediators, as was shown for LL-
37 and binding to polyl:C (Hasan et al., 2011). Alternatively and considering our data on
Tr/E intracellular/intranuclear localization, these inhibitory events could result from
direct DNA binding of Tr/E and competing for NF-kB sites, as was shown for SLPI
(Taggart et al., 2005).

Potential implications of these inhibitory effects of Tt/E could be seen in different
preventive or therapeutic applications of Tr/E to control both HSV-2 and HIV-1
infections. In fact, testing of one such application is already underway and results are
expected to be released soon. The commensal Lactobacilli were engineered to express
Tr/E following intravaginal delivery and during peaking estrogen levels to provide
antiprotease and antimicrobial protection within the FGT during the period of
vulnerability around and shortly after ovulation (Fahey et al., 2011; Wira and Fahey,
2008).

Cellular antiviral responses

IRF3 was shown to be important not only for polyl:C-mediated protection (Chew
et al., 2009), but also in defense against viruses (Menachery et al., 2010). Viruses, like
HSV (Paladino et al., 2010) and HIV-1 (Doehle et al., 2009), often target and disrupt
functional activity of IRF3, which further confirms the importance of IRF3 in antiviral
protection. Alone or in collaboration with other transcription factors, IRF3 induces

antiviral protection through activation of ISGs. This process can be IFNB-dependent and
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also accompanied by inflammatory mediators. Alternatively, IRF3 can directly activate
ISGs without inducing IFNP and the inflammatory component (Mossman et al., 2001;
Paladino et al., 2006). Despite recent efforts in understanding the role of IRF3 and IFNf3
in pathogenesis of HIV-1 and HSV-2, this area remains underinvestigated, and so is the
role of WAP proteins in antiviral defense mechanisms.

Our research presents the first evidence linking Tr/E with increased antiviral
protection and IRF3 involvement. We found that in the presence of Tr/E (either via Ad/Tr
or recombinant Tr and E) and following polyl:C, HSV-2, and HIV-1 stimulation, IRF3
activation/nuclear translocation was increased in protected cells compared to their
controls. These data would suggest that Tr/E likely mediated enhanced antiviral
protection partly through IRF3. However, other factors or pathways could also be
involved, since IRF3 siRNA knockdown did not significantly attenuate polyl:C-induced
antiviral protection of Ad/Tr-infected cells (Chapter 2). These findings confirm that, at
least in context of polyl:C, Tr/E might be acting not only through IRF3, but other
factors/pathways as well, Findings showing that fibroblasts remained 60-90% protected
against viral challenge even in the absence of IPS-1 and IRF3 (DeWitte-Orr et al., 2009)
would support this notion.

Interestingly, however, while IRF3 activation was increased in both polyl:C- and
HSV-2 treated cells (IFN responses were not assessed with HIV-1), IFNJ secretion was
found to be downregulated with polyl:C treatment, but increased after HSV-2 challenge.
It is not clear why we observed such differences, but it could be related to the original
effect of the stimulus on antiviral responses. Since HSV-2 was shown to down regulate
both IRF3- and IFNB-mediated responses in human vaginal ECs as part of its immune
evasion (Yao and Rosenthal, 2011), it appeared as if Tt/E counteracted these processes
and increased expression of IFNJ, the main correlate of protection against HSV-2 (Chan
et al., 2011; Koelle and Corey, 2008; Nazli et al., 2009). Alternatively, polyl:C treatment
induced potent pro-inflammatory, as well as IFNP responses and antiviral protection in
control cells. Yet, modulated IL-8, TNFa and IFN levels were associated with Tr/E-

enhanced antiviral cellular protection. Thus, it may appear that in the context of viral
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exposure, Tr/E were able to stimulate IRF3 and to modulate or customize the secretion of
IFNP and other pro-inflammatory factors, thus providing active immune regulation and
optimal antiviral protection. The latter could be a desirable feature for innate protective
factors like Tr/E, especially at mucosal sites.

Although our studies have identified IRF3 as a potential target of Tr/E in
responses to dsSRNA and HSV-2, many questions remain unanswered. For example, it
would be important to determine which ISGs or IRFs (alternative to those already tested
here) might be mediating Tr/E antiviral activity, or whether IRF3 activation would be
beneficial in HIV-1 context, given that HIV-1 was shown to target IRF3 pathways in
CD4+ T cells (Doehle et al., 2009) and that robust but transient IRF1 responses were

suggested as correlates of HIV-1 protection (Su et al., 2011).

Potency of antiviral activity: elafin versus trappin-2

One of the goals for this research was to identify antiviral properties of each Tr/E.
Thus, we individually assessed and compared each Tr and E for their antiviral potential
by using different protein preparations and approaches, as discussed earlier. Although it
would be advisable for future comparative analyses to use proteins derived from a
common expression/manufacturing approach, our studies, along with the assessment of
antiprotease activity to mitigate the manufacturing differences, revealed interesting
observations. Specifically, E was found to be more potent in its antiviral activity than Tr,
and this trend was observed for both HSV-2 and HIV-1. The reason for this discrepancy
is unknown at the moment, but we propose it might be due to the differences in structure-
function relationship for each of the proteins that would predetermine the range and
efficiency of their functions. Indeed, it was shown for a bovine lactoferricin to more
potently interfere with HSV-1 intracellular trafficking compared to its larger precursor,
lactoferrin (Marr et al., 2009). Thus, we propose that perhaps due to a smaller size of E
this molecule was able to better exert both virus- and cell-associated antiviral effects than
its precursor, Tr. Alternatively, it could be argued that these E-mediated superior antiviral

effects were attributed to E’s better functioning as an autocrine/paracrine factor and
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entering the nucleus more efficiently as well as reacting to the treatment with both
dsRNA and viruses (HSV-2 and R5 HIV-1) more quickly. Alternatively, it could be
argued that each Tr and E exert their own specific function that depends on the targeting
entity (i.e., inhibitory activity against virus versus modulation of dsSRNA-induced
expression of pro-inflammatory factors). This notion can be supported by the fact that
secreted sTr from Ad/Tr-supernatants was not antiviral, yet it was still inhibiting polyl:C-
induced secretion of IL-8 (Chapter 2).

These lines of reasoning led us to propose that most likely it was E, but not Tr,
that was contributing mostly to antiviral activity of Tr/E proteins in our experimental
system, at least against HIV-1. Indeed, we determined that commercial recombinant cTr
was a mixture of both Tr and E, and that secreted sTr was not antiviral (VSV-GPF and
HIV-1; not tested against HSV-2), while Eh fraction of cTr was (only tested against HIV-
1). Given the latter findings and that antiviral activity of E was more potent than cTr
against each of the viruses, we concluded that it was the presence of E in cTr that was
most likely attributing to antiviral activity of cTr. Furthermore, considering the above, it
is highly likely that it was E and not Tr that was antiviral in our studies, at least against

HIV-1, which remains to be determined for HSV-2.

Collectively, these observations confirm virus- and cell-associated activities of
each Tr and E, depending on virus and cell type. That the abovementioned events were
associated with increased antiviral protection and reduced viral load indicates that Tr/E
may significantly change the course of HSV-2/HIV-1 encounters in favor of the host by
altering virus-induced sensing, as well as antiviral and inflammatory responses. Although
many findings presented here are novel and exciting, they are also largely circumstantial
and not direct evidence of Tr/E targeting each of the indicated areas involved in the
host/virus interaction. This argument underscores the need for additional and more in-

depth research in the future, using key findings identified in this research.

199



PhD Thesis - Anna Drannik McMaster University, Medical Sciences

Model

Based on the collective evidence available to date, as well as our in vitro and in
vivo studies, our current understanding of how Tr/E may work against HSV-2 and HIV-1
can be proposed in the following model. Following viral recognition (i.e., whole virion,
dsRNA, etc.), the production/secretion of endogenous T1/E that are naturally present in
the cytoplasm and the nucleus is increased. At this point, Tr/E may be secreted and
subsequently re-internalized by the same or other cell populations, provided cellular
uptake of Tr/E is possible, and therefore work in an autocrine/paracrine fashion.
Alternatively, Tr/E may stay within the cell and hypothetically shuttle between the
cytoplasm and the nucleus. Once secreted, Tr/E can first target virus/viral dsRNA,
plausibly through direct viral killing or sequestration of viral dsSRNA, or blocking cell
binding sites, which remains to be seen. This targeting can occur either outside the cell or
at its surface, or upon re-entry into the Tr/E-accepting cell.

The interaction with viral particles/dsRNA can also happen intracellularly with
the endogenously present Tt/E proteins. Regardless of the mechanism is, such Tt/E
targeting of the viral material will likely reduce the inoculum size and its presentation to
PRRs, consequently leading to attenuated activation of downstream events, such as viral
recognition, signaling, and mounting of inflammatory and antiviral cellular responses.
Collectively, all of these events can result in moderated immune activation, release of
pro-inflammatory and antiviral mediators, and reduced viral shedding or translocation.

Additionally, this direct targeting of the viral side can be enriched by Tt/E
affecting the cellular part through the interference with viral attachment, entry and/or any
of the steps such as viral recognition, signaling events and the secretion of inflammatory
and antiviral mediators. The latter events can stem from either direct interaction between
Tr/E and cellular components (i.e., PRRs, transcription factors, DNA, etc.) and take place
anywhere between the plasma membrane and the nucleus, or as a downstream
consequence of reduced viral attachment. At this point, transcriptional activity of NF-xB
and the secretion of pro-inflammatory mediators will likely be dampened, possibly due to

direct intranuclear competition with NF-kB for DNA binding or any other upstream
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event. Conversely, functional activity of IRF3 as a representative of cellular antiviral
responses will likely be enhanced and partly responsible for increased antiviral resistance,
with or without the contribution from the secreted antiviral IFN.

Given the prompt nuclear entrance of exogenous E and considering the nuclear
localization of naturally present Tr/E, it can be argued that antiviral activity of Tr/E, at
least against HIV-1, may not necessarily have to start at the virus level, but rather in the
nucleus. This idea in based on the evidence that HIV-1 gp120 interaction with primary
genital ECs triggered a swift and early pro-inflammatory event that was associated with
TNFa-dependent alteration in intercellular tight junctions, allowing for microbial
translocation across ECs monolayer (Kaushic et al., 2010; Nazli et al., 2010). Thus,
having T1/E strategically located in the nucleus and being capable of inhibiting NF-«xB, as
one of the key factors responsible for pro-inflammatory mediators, may prove to be
beneficial in controlling the early events of virus/host interaction that are crucial in
predetermining the “infection” or “resistance” outcome.

That Tr/E attenuated attachment/entry, recognition, and pro-inflammatory events
associated with exposure to either the viruses or a mimic of viral dsSRNA may
significantly affect the pathogenesis of each of the infections and at several stages.
Indeed, Tr/E can intervene with the dynamics of viral acquisition and transmission
through ECs and potentially the establishment of primary infection in a subsequent target
cell. This interference can occur through reduced entry and transcytosis/shedding of virus
through the ECs, as well as modulated viral recognition and decreased secretion of pro-
inflammatory responses, but increased antiviral protection. Additionally, Tr/E may also
affect the spread /translocation of virus to distant tissues, or systemically, by reducing
virus-induced immune activation, which ultimately may reduce the progression of
already established disease.

The proposed model is based on the results obtained using physiologically
relevant concentrations of the proteins in the FGT, but utilizing human genital ECs line,
and not the primary ECs. Thus, alternative events/outcomes could be observed under

different conditions, which should be taken into consideration when drawing final
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conclusions from our research and especially when translating these observations into
clinically relevant applications of Tr/E. Based on our data, it is clear that the intracellular
circuitry regulating the events of viral recognition, as well as mounting of cellular pro-
inflammatory and antiviral responses, is affected by Tr and E individually and is
associated with increased antiviral resistance. However, our knowledge and
understanding of Tr/E antiviral mechanisms remain limited, making it difficult to
specifically pinpoint all the direct Tr/E targets during host/virus encounter. Hence, more
research is warranted in the future to decipher all the specific mechanisms of Tr/E

antiviral activity against HSV-2 and HIV-1.

Future directions

Overall, it would be important for the advancement of WAP and STIs fields if
specific targets of direct and indirect antiviral activity of Tr/E are identified in the future.
To this end, it would be recommended to test against a large number of plausible binding
partners of Tr/E from each of the sides: viral (for both HSV-2 and HIV-1 and including
viral nucleic acids and glycoproteins) and cellular (for both canonical and non-canonical
binding receptors for each of the viruses). It would be important to preferentially use
human primary genital ECs or tissue and Tt/E proteins of similar manufacturing source.
It would be critical to demonstrate a direct interaction, or co-localization, between Tt/E
and these potential binding molecules proposed above.

Additionally, it might be prudent to elucidate whether or not Tr/E alters
conformation, rather than expression levels, of virus binding cellular receptors. Finally, it
would be important to know whether the cell-associated antiviral activity of Tr/E also
depends of the ability of cells to internalize Tt/E, in addition to what our studies already
have shown for unblocked N-terminus and nuclear localization of E. In this regard,
identifying specific receptor(s) for Tr/E will be of critical importance for many other
potential Tt/E properties, such as binding of Tr/E to dsRNA. This interaction can be just
as possible as Tr/E binding to LPS (McMichael et al., 2005b) or as was also shown for
LL-37 to bind to dsRNA (polyl:C) (Hasan et al., 2011).
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Furthermore, since our data showed that cell-associated anti-HIV-1 effect of Tr/E
was cell type specific, additional studies to determine if such protection also depends on
cellular ability to internalize Tr/E might be warranted. In this respect, it would be
important to determine how such an uptake is mediated, either via any specific Tt/E
receptor (that remains to be elusive) or an alternative mechanism.

Additionally, it might be worthwhile to investigate whether Tr/E can be used as a
pre or post-exposure prophylactic measure for STIs (as a gel or suppositories). Tr/E can
also be offered in the acute or chronic phases of infections (in IV bolus), especially HIV-
1, to alter viral load and immune activation, as well as the development/progression of
atherosclerosis and cardiovascular events as complications of antiretroviral therapy (Blot
and Piroth, 2012), in light of earlier shown beneficial effects of Tr/E in atherosclerosis
and good tolerability of intravenous administrations of E (Proteo Inc) (Shaw and

Wiedow, 2011).

Conclusion and implications

Taken together, this research has identified several novel immunobiological
properties of Tr/E that advance our understanding of these molecules as modulators of
mucosal immunity against HSV-2 and HIV-1 in the female genital mucosa. Our findings
have also established the presence of multiple levels at which antiviral activities of Tr/E
against STIs in the female genital ECs can be executed.

The significance and implications of these studies can be largely determined by
the fact that our observations confirm and vastly expand previously demonstrated
beneficial properties of Tr/E against HIV-1. Additionally, the antiviral effect of Tt/E
against HSV-2 is novel and has never been reported before. Overall, our data may have
important clinical implications, considering our in vitro evidence that Tt/E can interfere
with several steps of the pathogenesis of each HSV-2 and HIV-1 discussed earlier as well
as HIV-1 clinical resistance. Due to the multifaceted mode of action and strategic

presence of Tr/E at the interface between the hostile environment and the tissue,
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including the FGT, our results, and the growing list of clinical trials with Tr/E application
is further attesting to this notion.

It is clear that Tr/E are not a panacea against pathogens, including HSV-2 and
HSV-1, as the antiviral activity of Tr/E is contextual and can be limited by unfavorable
conditions. Moreover, Tr/E just as many other factors, likely do not act in solitude but
rather in synergy with the rest of the protective armada in CVL and likely all mucosal
fluids. Nevertheless, it is our hope that the demonstrated contribution of Tr/E to the host’s
antiviral activity, and especially to the natural anti-HIV-1 activity of the CVL, will be
translated into more and broader prophylactic and therapeutic applications, or can be

considered as inducible targets of such measures, to combat the spread of STIs.
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Abstract

Despite tremendous advances in ow understanding of HIV/ANDS since the first cases were reported 30 years
agn, we are 5tll a long way from understanding critical steps of HIV acquisition, pathogenesis and comelates
of protection. Our new understanding of the iImportance of the mucosa as a target for HIV Infection, as well
as our recent observations showing that altered expression and responses of Innate pattern recognition
receptors are significantly assoclated with pathogeness and resistance to HIV infection, indicate that
comelates of iImmunity to HV are more [ikely to be associated with mucosal and Innate responses. Most of
the heterosexwal encounters do not result In productive HIV infection, suggesting that the female genital
tract Is protected against HIV by innate defence molewules, such as antiproteases, secreted mucosally. The
present review highlights the role and significance of the serine protease inhibitors 5LP1 (secretony lencocyte
protease inhibitor), trappin-2. elafin and ps20 (prostate stromal protein 20 kDa) in WV susceptibility and
Infection. intevestingly. In contrast with SLPL trappin-2 and elafin, ps20 has been shown to enhance HIV
Infectivity. Thus understanding the balance and interaction of these factors in mucosal flulds may significantly
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Influence HV infection.

HIV

Since the first case report of HIV/AIDS 30 years ago,
tremendous advances hawe been made in changmng the
course of this pandemic, partscularly with antiretroviral drug
treatments. Howewer, we are sll a long way from having
effective HIV preventive messures i place. Indeed, our
understanding of critical steps in HIVFATDS acquisibon and
pathogenesis remains poor, and chmbing rates of HIV cases
further confirm this notion. Having multiple cell targets of
HIV infection as well as routes of viral transmisson with thear
physological'stroctural differences abso adds complexnity to
designing effective preventive measures. The lack of clear
immunological correlates of protection against HIV, partly
attmbutable to the enormous global diversity of the vimns, is
another challenge in HIV prevention.

We are now aware that HIV transmission occurs primanly
at mucosal sites; acute HIV infection is followed by explosive
virus replication in T and Langerhan's cells as well as massive
depletion of CIM* T-cells in the mucosm, especally in

the gue [1]. It is abso clear now that HIV pathogenesss s
driven by immune actvation and high cell tumnover [2—4].
Previously, the search for immune correlates in HIV was
manly focused on adaptive immune responses; however,
in hight of our new understanding of HIV pathogeness,
these correlates may be associated with mucosal and innate
responses. Currently, the microbial translocation theory
posits that immune activation in HIV is driven by a “leaky” gut
[5]. But our recent studies on C5Ws {commeercial sex workers)
in Kenya indicated that untreated HIV infection is associated
with significantly enhanced expression and responsiveness of
innate PRRs (pattern-recognition receptors) that may be the
penultimate drver of immune activation in HIV [6,7]. We
also found that expression of selected PR Es was significantly
altered 1n CMCs (cervical monomclear cells) and CECs
(cervical epithelial cells) of HIV-R (HIV-resstant) compared
with HIV-5 (HIV-susceptible) and HIV-P (HIV-positive)
CSWs (XD Yao, BT Lester, B'W. Omage, BM. Henrick,
W. Jaoko, C. Wachahi, TB. Ball, FA. Plummer and E.L.

Eeywands-AILE; el HY, semmeion Isiocyle prolesse ibibiior (SURY) bapps-2, whey anic
prutein (WAF], whey aridic pralesn iour- dhsalide (e dorain (WD domain.
Alibreyiations et (3, [OTATEISl S workes; O], e vapina Lavane saTple, SSENA,
o siranded EW, £, s, 6T, epdhekal ref) 7O, four-deuibde cov FGL femae genitdl
Tarl, HIVE, B i, V-5, HN-anceplible, M | imleosiuiar adhesion mokecule T,
Fig, imterienan g, I, 11, mphooyte Fasction ambgen |, MDA,
mettiene: ctanline 5, poyil.C) pok Incsne polyoy byl acid, FRF. patiem recagaibon recepios,
P prosteie sivomal penfetn 23 ks, BG-] rebnoic acdHaducitie gene | i reombrent
Fappin 2 and eizks, SR, searioy lescooyie poiesr inhibioy THin, o newss fao
11, i 2, WAL wiey it prodein, WELK, WAP FOC

Town ; soui be [emal )

Elochem. Sor Tams. [T077) 39, 171432 ok D0 100/ ESTIOR 427

ppport our hypothesis that altered mmnate viral recognition

and responsiveness at mucosal sites might be critical events,
ing immune actvation and diseass progression or
resistance to HIV/ATIS.

Itis still debatable whether ECs {epithelial cells) represent a
direct target for HIV infection, regardless of their anatomical
location. What s clear, however, is the sgnificant role of
genital ECs in eardy steps of HIV transmission. Indeed, the
ability of genital ECs to directly recognize and respond
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w HIV may largely predetermine the ouwtcome of the
host-pathogen interaction [8,9]. Recent data indicate that
women are disproportionately affected by this infection;
however, most of the heterosexual encounters do not resule
n productive HIV infection [10]. This finding suggests that
the FGT (female gemtal tract) is protected from HIV by
endogenous  defense molecules secreted mucosally and
by multple cells types, including ECs. In fact, we now know
that CVLs (cervico-vagmnal lavage samples) from healthy
women show a pronounced activity agamst HIV and HSY
(herpes sumplex virus) that 15 attnbuted to the presence of
catsonic polypeptides [11-13]. These protective innate factors
belong to different groups, encompassing human defennns
[14], cathelicidins [15] and antiproteases [16-19]. Although
members of these groups share imited homology in structure,
they are closely related in their broad antimicrobial and

General characteristics of antiproteases
SLP1 (secretory leucocyte protease
inhibitor), Tr (trappin-2) and E (elafin)
The group of neutrophil serine protease inhibitors inchades
nearly 20 members, but the nature and properties of SLPL,
Tr and E are characterized the most. All three, SLPL, Tr
and E, belong to the WAP (whey aadic protan) family of
polypeptides that share 3 domain with eight charactenstc
cysteine residues that form four disulfide bonds, thus the
mame “four-dsulfide core’ domain [20]. The FIOC (four-
dwsulfide core) domain is also called 2 WA domain, as
s similar to a whey acidic proten, imtially identified from
rodent milk [21]. Hence FIMC-containing proteins from a
WAP group are often referred to as WFDC (WAP FIC)
proteins. However, note that it is not only WAP proteins thae
hawe an FIMC domain [20.22], hence calling all proteins with
an FIC domain WFDWC proteins is inaccurate.

5LPlisa non-glycosylated cavomic 11.7 kDa protein of 107
aming acids and two WATP domains, as reviewed in [23]. In
the early 1970s, SLPI was orginally isolated from bromchial
secretions [24] and was later found to have antiprotease,
antimicrobial and ant-inflammatory properties and to be
present in different cell types and kecations, inchuding FGT
[22.23]. SLPI shows mhbatory activity against neutrophil
serine proteases cathepsmn G oand newtrophil elastase thae
appears to be linked to the second WAP domain. Tris another
unglycosylated protein of 95 amino acads (9.9 kDa) that has E,
as 2 C-terminal WAP domain of 57 amino acds (5.9 kDa) [25]
and an M-terminal cementoin domain of 38 aming acids. Tr
and E exhibit inhibitory properties against nentrophal serine
p 1 and prote: 3 [13]. E 15 generated by
protenlytsc cleavage of the M-terminues cementom domain
of Tr by mast cell tryptase [26], and appears to share 0%
homology with SLPI[23].

Serine antiproteases SLPL Tr and E are detectable in both
serum and mucosal secretions [27], and are present in many
cell types and tissues [28], inclhuding genital ECs, where they
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are secreted n response to pro-inflammatory stmuli [16].
Interestingly, we recently confirmed and extended a previous
observation [16] by showing that human endometrial cells
HEC-1A secreted both Tr and E i response to a synthenc
mimic of viral dsENA (double-stranded RMAY), poly(L:C)
(polyinosine-polycytidylic aad) (A.G. Dranmk, K. Mag,
X.-D. Yan, BM. Hennick, J.-M. Sallenave and K.L. Rosenthal,
unpublished work). Since dsBMNA is considered to be a by-
product of many, if not all, vires infections [29], our finding
may indicate that in the presence of viral anbigens, both Tr
and E are present in CYL and act against viroses in the FGT.

Sumilar to SLPL Tr and E primarily function to protect
tussues from excessive proteclyss due to nentrophal activation
[30,31] and multple pathogens wa direct or indirect
mechamsms [16,32-35]. Ant-inflaimmatory features of thess
serine antiproteases were also extensively charactenzed, but
primarily in response to bacterial antigens. Specifically,
SLPL Tr and E were shown to reduce the expression of
pro-inflammatory factors as a result of their inhibitory
effect on MF-«B (nuclear factor «B) and AP-1 {activating
protein 1) by ahtering IeB (inhibitor of NF-«B) activation
[36] and proteasomal degradation [37] respectively. Worth
mentoning is that we also showed recently that both Tr and
E were capable of reducing pro-inflammatory factors IL-
& (interleukin-g), IL-6 and TMFe (tumour necross factor
) as well as antiviral IFIN§ (interferon #) in response to
paly(l:C) (Figure 1}. Our results also demonstrated that
Tr and E significantly inhibited V5V {vesicular stomatitis
wirus}-GFP (green fluorescent protein) rephcation, directly
or indirectly, and enhanced poly{l:C)-induced antiviral
protection (A.G. Dmannmk, K. Mag, X-I0 Yao, BM.
Henrick, J.-M. Sallenave and E.L. Rosenthal, unpublished
work). Interestingly, enhanced antiviral protection was not
assocuated with higher inductson of IFMg in the present
study. We showed further that reduced inflammatory factors
in the presence of Tr and E were associated with lower
expression of innate wiral sensors RIG-I (retinoac acd-
inducible gene I) and MIDA-5 (methylene dianiline 5;
Figure 1). We believe this was the frst evidence of Tr
and E affecting host mnate recognition and moduolation of
antiviral and inflaimmatory responses in gemtal ECs that 1=
significant for health and disease of the female reproductive
tract (A.G. Drannik, K. MNag, X.-I). Yao, BM. Hennck,
J--M. Sallenave and K.L. Rosenthal, unpublished waork). More
recently, howewver, dual immunomodulatory properties of
Tr and E were also reported; that is, depending on the
environment, Tr and E can either dampen nflammation
[37,38] or promote immunostimulatory events and prime
the immune system [39,40], suggesting that we sall do not
understand all the conditions and factors regulating Trand E
functuons.

Anti-HIV activity of SLP1, Tr and E

Interest in SLPL, Trand E continwes to grow as more evidence
s accumuolated on their anti-HIV properties [16,19,41]
Initially, it was discovered that low HIV transmission through
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Fgure 1| Tr and E Inhibit the expression of Innale vieal sensors
RIG-1 and MDA-5 as well as pro-inflammatory and amti-viral
mediztons In genital epithelial cells in response to 2 mimic of vial
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saliva and CVL was correlated with high levels of SLPL in the
mucosal flosds. Subsequently, the potent ant-HIV actovty
of SLPI was shown to be independent of its antip
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Table 1 | Functions of SLPL Tr, £ and ps20 in addition to thels
antiprotease acthvity

Action Referene(s)
2|
Antbecteral, antifungal, anbwiral (4N, [22-24.32,34.35 49]
anl-mfiammatory, tssue repar
Tramd E
Antbecteral, antifungal, [22.33,33, 3547 44,49]
Anti-nflammatory. E5ue repair, prming
mnate system
Anithvirad {HIVy [1619]
Anitiviral (YSV, HIV), mbibition of vial (A5 Drannik, X-0. Yao,
nnale saTENs E M. Herrick, £ Mag,
5 Jan and KL
Fosenthal,
unpubiished work)
ps20
Gomwih imirabiBon, peo-angugenic, [22.45-45]
pie-viral (W), cell recruitment,
migration, adhesion, CANCEr SUPpressor,
requiation of extraceliular matr

activity and mediated through its direct effect on cells, but
not HIV [41]. Specifically, two potential modes of anti-HIV
action of SLP1 have been described to date: (i) SLPI interferes
with HIV fusion with the T-cell plasma membrane through
binding to scramblase 1, 2 membrane protein that interacts
with CI}4 and controls the movement of the phospholipad
bilayer of the plasma membrane [42]; (u) SLPI blocks wiral
entry/funon with a myeloid cell as a result of binding to
annexin IL, a macrophage receptor for a phosphatidylsenine
mosety that HIV carries on its outer coat on exiting from an
infected cell [34]. Interestingly, SLPI appears to be protective
and T-cells, but not genital ECs, despite the fact that SLPT
is also secreted by genital ECs [43]. The lack of protection
on ECs could suggest that anti-HIV actoaty of SLPI might
be himited or predetermined by the cell or a receptor type,
on which HIV & acting. In other words, SLP1I might have
differential ability to block HIV receptors, depending on thar
types, cell distribution and SLPI affinity to them.
Conndering the previously demonstrated resemblance
between SLPIL, Tr and E in structure and function, one
would anticipate that anti-HIV features of the antiproteases
would also be similar. Indeed, E was recently identified as a
bivmarker of HIV resistance in C5Ws in Eenya [ 16,1932, 41].
Igkal et al. have demonstrated uang SELDI-TOF {surface-
enhanced laser-desorption ionization-time-of -flight) M5 that
expression of a & kIa protein E was significantly higher in
CVLs of HIV-R. C5Ws, compared with HIV-5 controls [19].
Although no spectfic mechanism of action was proposed,
in their patent the mvestigators showed that recombinant E
prevented the infection of T-cells i vatro [44]. Intersstingly,
bowewer, when HIV-5 C5Ws were followed prospectavely,
the authors reposted that elevated levels of both Tr and E
were associated with HIV protection. This inding indicates

that both proteins maght be required for optimal protection
agunst HIV [19], which warrants additional investigation
in the future. Recently, another group has also shown a
protective effect of E against HIV and suggested that it was
the result of a direct effect of E on HIV [16].

In agreement with the above data, we also showed recently
that rIr/rE (recombinant Tr and E} each independently
inhibited HIV attachment and transcytosis across human
genital ECs in witro. Treatment of HIV or cells with ' Tr/rE
mgnificantly decreased wvirus attachment to ECs, suggesting
direct and indirect mechanisms of anti-HIV activity of Tr
and E (A.G. Drannik, X_-I. Yao, BM. Henrick, K. Mag, 5.
we also confirmed sgnificantly higher sxpression of Tr and
E in CV¥Ls of HIV-R, and this was associated with reduoced
mBMNA of TLR-2, TLRE+4 and RIG-I in ECs from HIV-R
compared with HIV-5, as determined by quantitative reverse
transcription-PCR. Collectively, these findings haghlaghe
important and multifaceted rolefs) of Tr and E in innate wiral
recognition and ulimately protection against HIV in FGT.

p520: an HIV-enhancing factor

Recently, another serine antiprotease was imphicated im HIV
[45,46]. Similar to SLPL Tr and E, ps20 {prostate stromal
protein 20 kIDa) belongs to the WATP family of proteins thae
and cell migration. However, in contrast with SLPL Tr and
E, ps20 does not possess antiprotease actrvity and has abso
been identified as @ pro- or enhancing HIV factor, or marker
of HIV permissveness of CDM4* memory T-cells. Human
p=s20 was mitally punfied from the prostate gland stroma
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Figure 2| The HW-modulating efiect of WEDC family proteins Te, £ SUP1 and ps20
{13 Tr and E mbubit WY transcytass rough a monolayer of genital BCs by reducing attachment of wius 1o ECs due bo diect
ant-HN and mdrect effects of Tr and E (2) E inbibis BV mfecton of 4+ T-elks by pobentially binding 1o MV binding
sites on T-cells (3) SUPT Inhibits HIV infechion of macaphages by bocking banding bebveen 5 (phosphatioysenne) and
annexm I, {4) 5P mhibits BV Infection of (04+ T-cells by preventing binding bebyeen MV and (04 thiough the fomation
af SLPHsoamblase complexes; (5) ps20 enhances MWV infection of 04+ T-cells by promobing MV eniry wa fusion as a resal
of mcreased expresson of cel-surface (054 and thus ndeases celfree and celb-oedl speead of HIV.
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as @ growth inhibitor and a correlate of stromal-epithelal
cell differentiation and interaction [47,48]. Primary biclogical
functions of ps20 relate to cancer inhibition, angiogenesss,
repair [47-49]. Interestingly, HIV appears to make ps20 a
Trojan horse. Specifically, HIV utilizes the ability of ps20 to
affect cell-cell adhesion and migration through the activation
of the LFA-1 (lymphocyte hunchon-associated antigen
IMCI54 integrin pathway by up-regulating expression of
CD54 [ICAM-1 (intercellular adhesion molecule 17], thus
making CIM* memory T-cells more susceptible to infection.
This integrin pathway has been shown to be impostant for
normal cell comjugation. Hence, its activation promotes cell-
cell adhesion and more efficient intercellular HIY transfer
and entry mto CI4* Tcells [45].

A WAP protein axis in HV?

From the evidence presented in the present review, it s dear
that, despite having common familial roots, SLPL, Tr, E and
ps20 exhibit differential functions n the context of HIV
(Table 1}. With protective anti-HIV effscts of SLPL, Tr and
E on the one hand and pro-HIV action of ps20 on the other,
one might wonder whether HIV susceptibality and infection
could be the result of imbalanced ratios of WAP proteins
at routes of viral entry. Couold there be an axis, or a yin
yang, in WAP proteins and susceptibabity to HIV infection
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(Figure 2)? The answer to thss question = wnclear at the
moment, since we sill have limited understanding of how
these senine antiproteases interact and whether their targets
and mechanisms of actions overlap. In other words, we do
not really konow whether SLPL, Tr and E can regulate the
expression of adhesion molecules, such as ICAM-1 and LFA-
1, and whether SLPL, Tr and E can negate the enhancing effect
of ps2] on HIV by simply changing the expression of the
integrins. Clearly, the ubiquitous expression of SLPL Tr, E
and ps20, their contribution to host homoeostasis and the
emerging evidence of their role in HIV infection underscore
an urgent need for more research in future on the role of thess
molecules in HIV. It might be important to know the patterns
and ratios of expression between SLPL Tr, E and ps?0 in
mucosal fluids or the same HIV target cells, and whether there
wsa relationship between altered, or imbalanced, homoeostatic
expression of SLPL Tr, E and ps20 and HIV susceptibility. In
additon, it might be of sgnificance to know whether ps20
15 secreted mucosally and whether this enhancing effect of
ps20 on HIV can be relevant to ECs, given the primarily
mucmsal/sexual nature of HIV transmassion.

Concluding remarks and future directions

The present review highlights the significance of innate
mucosal factors SLPL Tr, E and ps20 in mediating HIV
susceptihabity and infection. Building on our current bt
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Emited understanding of the inhibitory effects of Tr, E and
SLPIwersos the enhancing effects of ps20 on HIV, we propose
a potential model of how these innate factors may influence
HIV transmission in the FGT through their modulation
of wiral recognition and mounting of antiviral IMmUe-
inflammatory responses (Figure 2).

Although recent efforts in HIV vaccine trials provide a
developed, it may take a decade before it becomes wadely
available [50]. Therefore efforts to continuously advance
our understanding of the role of innate mocosal factors or
bivmarkers of resistance to HIY, such as the WAP proteins,
will inform mucosal HIV vacone development.
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journals have alse granted irrevocable, non-exclusive license to McMaster University and to Library and Archives Canada to reproduce this material as part of my thesis, as I kindly requested
in my original letter.
If you could please clarify or confirm the current status of this peruission that would be greatly appreciated.
Thank you very much in advance for your consideration and assistance.
Sincerely, [+
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Ref PPL-EX-2012-00084

Amna Drannik
McMaster University
of Pathology and Molecular Medicine MDCL Foom 4074
1280 Main Street West
Hamilton, ON, Canada 185 4K1

16 May 2012

Dear Anna Diranmik

RE: Your request to reproduce the below paper:

Amna G. Dranmik, Bethany M. Hennick and Kenneth L. Rosenthal (2009) War and peace between
WAP and HIV: role of SLPL trappin-2, elafin and ps20 in susceptibility to HIV infection
Biochemical Society fransactions, 39(5) 1427-1437.

We hereby grant you permission to reprint the aforementioned matenal, in your PHD thesis, at no
charge subject to the following conditions:

1. If any part of the material to be used is credited to another source, permission must be sought
from that source.

2. The following credit line is to be placed on the page where the material appears: Eeproduced
with permission, from Author(s), (year of publication), (Journal title), (Volume number), (page
range). © the Biochemical Society.

3. The followmg hyperlink leading back to the publication on our website nmst be placed where the
material appears online: http://'www biochemsoctrans. org/bst/030/bst0391427 htm

4. This permission is granted for one-time use only and is for non-exclusive world nghts in volume
form in print and electromic format.

Yours sincerely,
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Helene Pettersson
Journals Publishing Assistant
editoriali@portlandpress.com
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