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ABSTRACT

Morgan Chateau: HIV Transmission Prevention
(Under the direction of Dr. J. Victor Garcia)

The human immunodeficiency viru#1V) infects awl replicates within individuals for
the duration of thielife. Initial infection results in little to no symptoms for yeamseven
decadesThese individuals are infectious and capable of further spreading HIV while completely
unaware of their own statushis ability to transmit without detection is what lead to the
unknown and thereby unopposgidbalspread of HIV type one (HAL). Once a test was
developed to detect HIV, the virus was found in nearly all major countries around the world.
Development of cure has proven to be exceedingly difficult. So far, the only successful tactic to
reduce the number of infected HIV individuals has been to prevent HIV transmission.
Traditionally, themost effective wayo prevent viral transmission véth avaccine but an
effective HIV vaccine for wide spread use has not been devel®pedefore, alternative HIV
transmission preventiostrategiediave been used. Thesteategiedargelydepend orbehavioral
modifications and includel) utilization of universal precautions in medical settir)s,
increased emphasis on HIV testing and self awareness of infection 3jansouraged use of
protective measuresich as condonend male circumcisio) prophylactic use of
antiretroviral dugs to limit mother to child transmissidilr CT, and5) the newly available oral
pre-exposure prophylactic use of Truvada in HIV negative individuals. Together, these strategies

have contributed to nearly eliminating HIV transmission in medical settinggraatdy reduced



MTCT. Unfortunately, HIV continues to spread globd#ygelydue to sexual transmission.
While condom usage is highéfficientto prevent transmission, their use is limited by
acceptability and consent. In this dissertation, | evaluhtegotentialof topically applied
interventions to be a novel, effective form of gaiton against HIV transmissi@s well as

establiskeda novel line of investigatioavaluatingmicrobial contributions to HIV transmission.

Using humanized micas a nodel of HIV transmission, | eluated twaantiretroviral
drug based topical prexposure prophylaxis (PrER)r efficacy;tenofovir and maraviroc. In
both instances, these drugs were found to be protective when used prior to HIV exposure.
Concerns regardgnthe dual use of tenofovir for treatment as well as PrEP prompted me to
evaluate transmission of a tenofovir resistant strain of HIV. This study demonstrated a
surprisingly large defect in transmission for tenofovir resistant HIV, which suggests tludit use
Tenofovir for PrEP may not result in a significant increase of circulating tenofovir resistant
strains of HIV.

| also utilized the humanized mouse modedtarta completely novel line of
investigation evaluating the effect of microbial populationgidVv transmission. While these
studies ar@ngoing preliminary results have shown a clear effect of microbiome composition on
rectalHIV transmissionThese results aggnificantin two ways First, this is the first evidence
that humanized mice arealile tools for microbiome based studies. Second, commensal
microbiota does affect HIV transmission efficiency.

Taken together, the following dissertation supports further efforts to curb the HIV
epidemic by development of topical interventions (microlas)cand lends credence toward

interventions based on commensal microbiome manipulations.
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CHAPTER I. INTRODUCTION

HIV PREVENTION: STRATEGIES CURRENTLY IN USE

The greatest progress to stemming HIV/AIDS epidemic has beda prevent HIV
transmissionThere are thremain routegHlV transmission can occut) wound/ntravenous, 2)
motherto-child, and 3) sexual cortt Of these routes, sexual transmission of HIV is the

greatest driving force of the epidemic.

Preventing Sexual HIV Transmission

Therewere 2.3 million new HIV infections in 2032]. The majority of these
transmissions were the result of sexual exposure to PiBlentative métodssuch as the use of
condomsmale circumcisionand attempts to modify behavior through awareness and education
have been used telplimit HIV transmission through sexual conttt3] .

With the exception of abstinence, the most efficient method to prevent sexual HIV
transmission is bproper condom ugd]. Malecondoms that are used correctly ar@95
effective at preveirig HIV transmissionj4]. Since male condoms are often not used correctly,
the average efficacy drops to 70% prevention of HIV transmi$Sjoim addition to preventing
HIV transmission, condoms can reduce the transmission of other sexually transmitted diseases
such agjonorrhed6, 7]. Factors that limit effective condom use inclutlemproper technique,
2) availability of quality condoms that are affordable, 8)tdaving a artner willing to use a

condom. Improper condom useludes failure to keep condom on for the entire duration of the
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sexual encounter, incorrect sizing or placement resulting in slippage, and failure to use a condom
for every sexual encountfg]. Availability of quality, norexpired condomat an affordable
priceis a major concern in underdeveloped nati@psUltimately, condom use in both under
developd and fully developed nations requiresale patner acceptance . Augty done at an
urban clinic in the U.S. reported that 33% of male patients receiving treatment for a STD did not
feel motivated to use a condom consistepitly Studies investigating condom usage amsag
workers have shown an increase in consistendom usage with clients butsappointindack
of condom usage with ngmaying, regular partners such as boyfriends and huslp@nds

An additional biomedical intervention found to help reduce the HIV transmission risk is
male circumcisia. The ANRS 1265 trialdone in South Aicareported a 60% protection in men
who underwentircumcision[10]. A second trial of 2784 men in Kenya found the same level of
protection[11]. A third clinical trial in Uganda also found male circumcision to be 55%
protectivefor men with circumcisiongl2]. The results of these three trials in addition to other
studies prompted the WHO and UNAIDS to jointly recommend riedemcisionas an
effective prevention for HIV trasmission to mealthough consistent, proper condom use
strongly encouragefd 3]. Unfortunately, male to female transmission is not reduced by male
circumcision.

While each of these methods presented indhapter have shown progress, they are
male/penetrative partner controlled dayely limited by acceptability. Therefore, great efforts
arein progress to develop alternative, potentially more aatépimethods for HIV prevention

that can be used by tfiemale or receptive partner.
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HIV TRANSMISSION PREVENTION: ANTIRETROVIRAL BASED STRATAEGIES
UNDER INVESTIGATION

For several years, abstinence, condom asd male circumcision were the main
methods available to prevesgxual transmission of HIVOver the past decade, several
antiretroviral dug based strategies have been under investigation for effective HIV prevention. In

general, these strategies can be dividedbyerof administration; orappical or injectable

Treatment as Prevention

Current NIH guidelines support the initiation of ART at any stage of HIV infection but
places especially strong recommendation to start ART when CD4 cell counts drop below 500
cells/mn?. An HIV infected individual could delay starting ART for years so lonthas CD4+
T cell count remains high enough to result in an effective immune response, thereby delaying the
inevitable pill burden and possible complications of being on ART. This makes sense from the
individual treatment perspective, but in terms of pubealth, initiating ART early could help
reduce the number of HIV transmissions in the population.

In 2011, the results of the HIV Prevention Trials Network (HPUBY clinical trial
showed a 96% reduction in HIV transmission betweendiseordantcouples when the HIV
infected partner started ART eaflyd]. This study provided the key scientific evidence needed
to encourage Atr eat mAES.Akey somponeatfoetredtmentasd st r at e
prevention is the HIV positive person must be diagnosed. Unfortunately, ldf\thimfected
people in the USA, onlg of 5 are aware they are infectdd]. Therefore, for treatment as
prevention to be effective against the HIV/AIDS epidemic a greater emphasis on HIV testing

with linkage to care will be necessary.
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Oral PrEP

In 2012, thdirst drug-based HIV prevention optigff ruvadawasapprovedor
prophylactic usén the U.S.[17]. Truvada is aingle pill containing two drugsenofovir
disoproxil fumarate (TDF) and emtricitabine (FTTjuvada has been and still is heavily
prescribed taH1V -infected patients as part of their fiste therapy. Its approval for
prophylactic usevas kased on results of the iPRERartnerPrER, and TDFZlinical trials
where oral use of Truvada in Hivegative individuals resulted in reduced transmission of HIV
[18-20]. Rates of protection increased when adherence was takegccounfl8, 21] In the
IPREX clinical trial, Truvada prevented 47% of infections when given to high risk HIV negative
men who have sex with m¢h9]. This protection rose to 90% when investigators excluded
participants who did not have detectable drug in their béamaples collected during study visits
[19]. Therefore, participants who acliyaook the drug as prescribed had a very high level of
protection from HIV ifiection.Partners PrEP reported a 75% protectibren Truvada was
prescribed tahe HIV -negative individuain a serodicordant coup|22]. Adherence was very
high in this study, 97%, which investigators attribute tacoonseling of the couples, awaess
of partnerds HIV infection, and the tendency
[22, 23] The TDF2 trialenrolled sexually active men and women in Botswanaepaorted a
62% protectiorfor those who were instructed to take ddilyivada[24]. A fourth major clinical
trial evaluating Truvada fdPrER, FEM-PREP did not show protection but was terminated early
due to poor adhereng25].

The failure of FEMPREP highlights a very important issiée efficacy é oral PrEP

strategies is greatly undermined by poor adherf2]e Adherence, as determined by detectable
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drug levels in blood samples, was highest in the ParfP=P studyd©0%) and lowest in FEM
PREP 830%)[22, 24} One theory to explain this vast difference in adherence is that
participantshad a very different perception thie possibility of HIV infection. Participants in the
Partners PrEP study were chosen because they were sexually active with a partner who was
known to be HIV positive. Participant&lievedthemselves to be at high risk of HIV acquisition.
This is a stark contrast to the FENREP study where 70% of tiparticipantd el t t hey wer e
little to no r[k6Eko of acquiring HIV
The efficacy found in iPREX, Partners PrEP, and TDF2 was sufficient for the FDA to
approve Truvada for use as PrEP. Unfortunately, prescriptidruvada for use aB8rEP has
been disappointingly lowReportshave suggesteseveral factors limiting the number of
prescriptions for Truvada as PrEP. Despite the release of guidelines by the CDC, clinicians have
demonstrated considerable variability in their opinionsdeuisionto prescribd27]. Despite
the availability of official sources of information, at risk individuals may be unaware of the
availability of Truvada for PrEPmissinformed regarding its prescriptipar simply unaware
t hat t hreiyslheatigon, Btigma also playsstrongrole. Critics of Truvada as PrEP
have argued that prescribing HIV PrEP will result in greater promiscuity. Supporters of Truvada
as PreP argue thptescribingHIV PrEPisanactddei ng responsi bl.& for on

may take several years for the medieald general population to suppéruvada as PrEP

TOPICAL PREP/ MICROBICIDES
Topical PrEP or microbicides are a gel, liquid, foam, or dissolving sheet ddsign
to be used vaginally and/or rectally to previdi¥ transmissionThere are multiple reasons why

microbicides are attractive as tools for HIV prevention: (i) microbicides are user confed@]ed
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(iv) microbiades are predicted to be cetective[29, 30]local administratiorof an

antiretroviral gel at the site of exposure will result in higher drug levels at the intended
anatomical location than can be achieved using oral R&ER133] while reducing the

likelihood of experiencing systemic dostagsociated toxicitief83, 34} (ii) the reduced toxicity
associated with topical microbicides is expected to increase adh§8éhdgi); (v) topical
microbicides can be developed with combinations of viral inhib[@8F (vi) an ideal

microbicide would be safe and effective in both rectal and vaginal compar{@&3]; and

(vii) antiviral microbicides may also proteggainst viruses other than HIV (e.g. herpes simplex)

[40, 41]

Topical Microbicides that Failed: what can we learn?

Clinical trials evaluating the use of topical microbicides to prevent HIV treasson
have shown mixed resultimitial clinical trials were focused on utilizing spermicidal agents to
prevent vagial transmission of HIV while also preventing pregnancy. Nonox9r(&l-9) is a
detergentype vaginal spermicide available without a prescript@mical trials of N9 found
an average 75% effective at preventing pregn2y4. N-9 6 s mechani sm of act |
preventing impregnation is to destroy a lipid membrémeacrosome, of spa cells thereby
rendering them immobile. In theory, investigators believed this same ability to break down lipid
membranes would affect the lipid membrane surrounding the HIV virion thereby rendering the
particle unable to bind/merge with a target ¢&f]. In 1985 andl988, N9 was reported to be
effective at reducing HIV infection im vitro [46, 47] Based on these results, several
investigators recommended the use 69 b prevent HIV tansmission to wome@d8-50]. In a

clinical trial of commercial sex workers in Nairobi, the women who uséllddntaining sponges
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had a 10% higher rate of HIV acquisition compared to the placebo grbu his increase in
HIV acquisition may have been due to #pethelial damage experiertc@ith N-9 use resulting
in increased frequency of genital ulcers and vulvitis reported w#@uNe[51, 52] This
exfoliating effect of N9 was also observed when9\tontaining products are applied rectally
and also results in increased viral transmisfs3566]. Therefore, N9 has been discarded as
completely unsuitable for topical HIV preventifsb]. This study has madedtear that future
microbicides must not induce breaks in epithelial integrity or induce an inflammatory response.

Alternative "firstgeneration” microbicides that have undergone Phase I/1l safety and
tolerability studies irHIV -uninfected and/oHIV -infected volunteers include polymeniral
fusion inhibitors (dextna sulfate/Emmelle, carrageenans {PT3, PC503, PGC515/Carraguard],
cellulose sulfate/Ushercell, polystyrene sulfonate, naphthalene sulfonate [RP4PFR2
2000/5], acidifying gel [Carbom&74P/BufferGel], Lactobacillus (L. crispatus)
suppository/CTVO5, detergentype dualfunction barriers [ACIDFORM, GEDA Plus,
SURETE, Glyminox/C31G/Savvy, Invisible Condorapd herbal extracts [PraneefsY].
While all of these microbicides were proven effeetn vitro or in cell culture, none of them
passed hunmaefficacy trials.

Much like N-9, eellulose sifate based ricrobicides, like Ushercell, weeveloped to
act & both a birth control and protection against STD acquidii8h Unlike N-9, Ushercell did
not induceepithelial sloughing or ulcer€ellulose sulfatés a polyanionic compound from the
carrageenan family that binds charged surfaces in &pecific manorThese types of
molecules are used by many microbes for initial attachment to cell membranesryn dhgel
with cellulose sulfate will result in sperm and infectious virions binding to the compounds in the

gel rather than to target ce|&9, 60] In the rabbit model, Ushercell was found to be an effective
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contraceptive capable of preventing BB% of pregnancig88]. This same paper reported
Ushercell to be netoxic to host cells or thactobacilligrowth [58]. In vitro, Ushercell had

several antmicrobial effects on herpes virusesgd€ 59ng/mL for HSV1 and 1Ge= 24 rg/mL

for HSV-2, on HIV, IG between 3 and 78 ug/mL for various HIV strains, on Neisseria
gonorrhoeae, I§= 2 ug/mL, and on Chlamydia trachomaticsd€ 78 ug/mL[58]. Multiple

phase | and lla&fety trials were donfor vaginal application of Ushercell and reported no safety
concerng61, 62] One study evaluated Usheragdle in HIV infected women. While the
investigators concluded there to be no safety issue, it should be noted that 70% of study
participants reported minor to mild adverse events in both the experimental and the control arms
of the study[62]. Another study evaluated the safety of Ushercell when applied to the penis of
HIV infected meri63]. I n this study, the investigators
despite 42% of Ushercell users reporting adverse events suchiag,iburning, testicular pain,
dysuria, and warm/cold feeling83]. In 2007, wo phase lll trials evaluating cellulose sulfate
based microbicides were terminated edudg to an increased risk of HIV acquisition in
participants using the cellulose sulphate gel, Ushercell. Infoiese studies, the Ushercell gel
was being tested on 1333 women in Benin, India, South Africa, and Uganda as collaboration
with Conrad, the Eastern Virginia Medical School, and the US Agency for International
Development with funding from the B#ind Mdinda Gates Foundatid64]. The second study

was leing conducted by Family Health International in Nigeria on 1800 wd6#dnAt the

time, the FHI study did not have an increase HIV risk with Ushercell, but the study was stopped
given the preliminary results in the Conrad tf&4]. What data was collected from the Conrad

trial indicated that Ushercell was not preventing HIV transmission and thatloageabf

adherence to gel was low; 50% of sexual encounters without a cq68pm
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Dextraridextrinsulfateis another polyanionic compound theds found effective in cell
culture HIV protection assay86]. Unfortunately it is not absorbed well when given in oral
dose[67]. To investigate the arHIV potential of dextran sulfate, one study administered the
drug via continual intravenous dosing to H¥gsitivepatientg68]. Despite achieving plasma
drug levels 200 fold greater than thevitro IC50, the patientexhibited an increase in
detectable viral p2f68]. In addition, continuadlosingresulted in high toxicity68]. Topical gel
formulation of dextrin sulfate (Emmelle) was found to be safe when applied to the vagina or the
penis of healthy voluntee[69-71]. Before starting a Phase Il efficacytriain d er t he UKO®O s
Microbicides Development Programme (MDRIL laboratories themakers oEmmelle
announced that they would abandon development of Emimdl&or of a newer, more pent
microbicide, PRQ000[72].

PRO 2000 was aaphthalene sulfonate polymer containing geleloped by Interneuron.
This polyanionic compound had been shown to liineictly to the HIV gp120 proteirand
interfere with viral attachment/fusidi3]. In tissue culture atlies PRO 200@as found to be
highly potent and did not generate a cytotoxic efféd}. As mentioned above, PRO 2000 was
evaluated for efficacy in a MDP clinical stupgb]. MDP-301 was a three arm study performed
in South Africa, Tanzania, Uganda and Zambia. Women were randomly assigned to receive
either a 0.5% PRO2000, 2.0% PRO2000, or a placebo gel dnccted to use the gel (available
in single use applicators) within one hour before sexual intercpiBEeParticipants were
followed for 52 weeks and evaluated for HIV status. While the gel was well tolerated, it was
completely ineffective at preventing HIV transmission and the trial was terminated#arly
76]. Despite this, interesting data wasleoted regarding adherendalherence to orally

administered drugs can be estimated by the presence of drug in the blood. Adherence to topically
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administered interventions may not result in detectable levels of drug in the blood &trdas.
clinical tral, in addition to selfeporting geluse, women were asked to bring aised applicator
to each study visit. These applicators were then stained us#grgpan blue solution and
evaluated for whether or ntitey were vaginally insertdd@7]. This testhadpreviously been
found to be fairly accurate and offered a novel aspect to the-8MRtudy77]. Participants in
the MDR301 studywere only considered to have used the gel consistently if they filled three
criterion i) self-reportedconsistengel use, ii) presented a used vaginal applicator at each study
visit, and iii) attendance of at least half of all study visits. Adherence, and how it is determined,
will play a large role in clinical study design and interpretation of reMIX¥?-301 was one of
the first topical microbicide trials to measure adherence using a criterion beyerepseling
and applicator count.
Carraguard (P&15) was developed by the Population Council in New York and, much
like PRO2000, was designed to inibiral binding/fusion to target cell$n 2008, the results of
a clinical trial involving over 6,000 participants found Carraguard to be safe but ineffective at
preventing HIV transmissiofr8]. While this study did not find efficacy, it provided useful
information regarding acceptance and adherence. In this studsepetfing of gel use was very
high (96.2% Carraguard arm, 95.9% placebo arm) but analysis of used applicators estimated a
far lower adherence (41.1% Carraguard arm, 43.1% placebd@mThis is a lower adherence
that what was reported for tipeeviousMDP-301 studylt has been suggested that adherence
was higher in MDP301 due to the meuitment of seralisordantcouples where the study
participant is fully aware of their partneros
BufferGel isa productdesignedo maintain an acidienvironmenin the vagina. A pH

value around 4 is considered healthy for the vaginal cavity and may kill or inactivate potential
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pathogens. During sexual acts, the alkalinity of semen may temporarily raise the iy there
removing some of the antimicrobial protecti®ufferGel was tested for safety and efficacy in
multiple animal models. When used in rabbits, BufferGel was an effective contraceptive and
reduced transmission of rabbit papillomavifé8]. When used in mice, BierGel prevented
vaginal transmission of Chlamydia trachomatis but did not prevent transmission of Neisseria
gonorrhoea¢79]. When testedraginally and rectallyn macaques, BuffeGelwas found to be
overall safe and did not affect microfldsat did result in epithelial desquamination when used
rectally[80]. Thissame study reported that BufferGel did not prevent cervical or rectal
chlamydial infectior[80] A safety study found daily administration to the penis of HIV negative
or HIV-positive men resulted in no serious adverse ewelnicsh supportedorogressing to
efficacy trials in womei81] A safety study in India, Thailand, Maki, and Zimbabwe asked
participants to apply BufferGel vaginally twice per day for two w¢8R§ In this trial,
BufferGel did not disrupt the vaginal epithelial layer and treatment resulted in reduced
prevalence of bacterial vaginosis from 30% at eneoit to 69482]. Unfortunately, BufferGel
was found to have no effect on HIV transmission to wofB8h

While none of the igviously mentioned microbicides were effective at preventing HIV
transmission, their clinical trials highlighted two main issues that need to be considered before
starting another phase Il trial. First, greater attention and more diligence is neeskadblisie
microbicidesafety before moving on to efficacy trials. This carabldressed with momggorous
ani mal testing and a stricter definition for
research is adherence. Several of the clinical triatsysrized here utilized variguefinitions
of @ adh e rmakesd coosswdmparison between trials difficult. In some cases, the clinical

trial itself reported low adherence. While some trials such as the-30Pnade a concerted
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effort to discover facts affecting adherence (housing conditions), this information should be

part of every microbicide trial.

Topical Microbicides that Succeeded: What can we learn?

The greatest successes have been with antiretroviral based topical microbicides. Of the
antiretroviral drugs being evaluated, témor based microbicides have shown the greatest
promise. The CAPRISAQ004 study evaluated the use of seh®dovirgel to prevent
transmission of HIV in women who were instructed to apply the gel vaginally witieirre
hours before sex and to apply a second dose witiglve hours after exposure. Overall
protection was 39% and this increased to 53% in women with high adh@8hcEhis was the

first clinical trial to demonstrate protection using a microbicide.

Rectal Microbicide Development

Based onlie CAPRISAOO4uccess, the same drug formulation was ésedinical
evaluation to preventectal HIV transmission, MTN06. Unfortunately, the formulation
induced unpredicted side effects, low adherence, and several reported adverssieheags
diarthea, nausea, bloating, and pgd]. It was thought thathe side effects were due to the high
osmolarity of thegel formulation[84]. Results of this trial highlighted the need for development
of a rectal specific microbicelor ideally a microbicide safe and effective for both vaginal and
rectal use. The following clinical trial, MTHRO7, was a phase | safety and acceptability trial
designed to test a new formulation of the 1% tenofovif&fgl This newl% tenofovir gel had a

reduced osmolaritgnd did not cause the gastrointestinal side effect reported inQUBIB5].
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This new, rectal safe gel is currently under investigation for HIV prevention efficacy in the
MTN-017clinical trial.

Further trials are needed @waluate dosing strategies and optimal formulataeneell as
potential alternative antiretroviral drug candidatasg the future for microbicide development is
encouragingEvaluation of potential antiretvaal drugs with various dosing strategies and

optimization can be evaluated, grinically, using animal models.

DRUG DISTRIBUTION FOR ORAL VS TOPICAL ANTIRETROVIRAL

ADMINISTRATION

PrEP is being evaluated in three main routes of administration 1) oral, 2) topical, and/or
3) injection. While several antiviral compounds have been investigated, the ones furthest along
in development are antiretroviral drugs that have been approvese@stARTOf these drugs,
tenofovir (TDF or TFV)andemtricitabine have been characterized the most and will be the

focus of the following sections.

Oral administration of PrEP

Currently, ART drugs are prescribed as one or more pills to be taken Ballye
purposes of PrEP, an ideal antiretroviral drug candidate should have high penetration in tissues
where HIV is likely to transmit (cervix, vagina, penis, rectum). Antiretroviral drugs from the
protease inhibitor class only reach concentrationsarfémale genital tract that are less than half
of what is in the plasm@6]. Drugs from the acleoside reveestranscriptase inhibitorsan

reach two to six fold higher concentrations in mucosal tissues tharsmaji6]. In one study,
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hedlthy volunteers took 300mg of Maravirbwice a day for seven dajg7]. The area under the
drug concentration curves reported a 1.9 fold increase in vaginal tissue and a 2.7 fold increase in
cervioovaginal fluid compaad to blood plasma leve[87]. The integrase inhibitaaltegravir has
similar levels, multiple dosing resulting in CVF drug concentrations two fold greater than plasma
[88].

As mentioned in a previowsection, Truvada has beapproved for use as oral PrEP.
Maraviroc is also under evaluation for both oral and topical PTE&efore, this section will
describe the reported dyulistributions of tenofoviemtricitabing and maravirod=or oral
administation, tenofovir (TFV) is formulated as a tenofovir disproxyl fumerate (TDF). This
prodrugform of tenofoviris readily absorbednddisassociates into TFV whigsthenconverted
to the active drug fornwithin the cell Under steadgtate conditions (redar oral dosing), the
area under the curve values for TEke 4 fold higher in vaginal tissue aB8 fold higher in
rectal tissues than in blood plasfB8]. Under steadygtate conditions, emtricitabine reaches
values 4 fold higher in vaginal tissues and 4.4 fold higher in rectal tissues tHaadrptasma
[89]. Maraviroc reaches 4 fold higher in vaginal tissues and 27 fold higher in rectal [B3jues

Oral administration of antiretroviral drugs does not always result in uniform drug
distribution to tissues. All tiee drugs achieved drug concentrations in tissues that are greater
than in blood plasma Tenofovir and maraviroc attained higher drug concentrations in rectal
tissue than what is achieved vaginally. Emtricitabine achieves roughly the same concentration in
both rectal or vaginal mucosal sites. These differences in drug distribution have been considered
as possible contributions to the different levels of protection measured in IPREX, a MSM
protection study, and in FEArEP, a heterosexual women protectionlgtuOn the other hand,

Partners PrEP and TDF2 showed protection regardless of participant gender.
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Topical Administration of PrEP

Topically administered PrEP comes in several forms 1) gels, 2) liquids, 3) disovable
sheets, 4) dissolvable pills/supgoses, 5) vaginal rings, 6) drug containing sponges,
7)aerosols/nebulizers, 8) powders, and other creative options. For this section, | will focus on the
forms which have been most frequerdtydied gels, liquids, dissolvable solids, and vaginal
rings.

Gels and liquids are popular options due to their ease of use and similarity to sexual
lubricantsand spermicides hey have the potential to release a large amount of drug in a short
period of time (ideal for pewoital dosing) or can be designed tovaly release a constant
amount of drug over longer periodstwhe (ideal for daily dosingMTN-001 was a three arm
clinical trial evaluating the pharmacokinetics of a 1% tenofovir gel appliedalbg(40mg)
and/or orallyadministeredenofovir (300mgJ]90]. Results from this study reported that serum
concentrabns after vaginal dosingere56-fold lower than oral dosing bthat vaginal tissue
tenofovir diphosphate was 136ld higher than in oral dosin@0]. Another curious result was
that rectal fluid tenofovir concentrations in vaginally dopadicipantsvere higher tha
concentrations measured in the orally dosed arm. Towsdiasuggest that vaginal application of
tenofovir results in some drug migration to the rectum. A similar effect was measured in
macaques where rectal fluid TFV concentrations were a log lowev#uamal fluids after
vaginal dosing91]. RMP-02/MTN-006 evaluated theharmacokineticef a 1% tenofovir gel
apdied rectally as compared to oraligministeredenofovir[84]. Unfortunately, the gel

formulation evaluated wasot optimized for rectal use and resulted in several adverse events
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[33]. The pK data gathered from this study demonstrated that topically applied gel resulted in
maximum tissue drug levels in less tham@0utesand these levels werel® times greater than
the maximum levels oral drug admimegion achieve@34].

Dissolvable solids such as sheets and pills have beermpreseduslyfor distribution of
contraceptior{fvaginal) orlaxativesor opiates (rectal). These devices are designed to release a
large amount of drug in a short period of tirAestudydone in pigtaimacaqueshowed that a
vaginally applied rapidly disintegrating tablet containingpfewir (10mg/pill) or tenofovir and
emtricitabing(10mg each) was able to dissolve in less that 30mins with no effect on local
inflammatory cytokines, pH or microbiof82]. Investigators found peak vaginrconcentration
around the 107075 ng/gtissue(147-571 uM)rangeat 4hr post dose with sustainledels
24hrs post dos@?2]. Similar levels were reported for FTC. These concentrations are predicted to
be protective based on previous studigss 94}

Vaginal rings are commonly used for contracep#ad function by the device slowly
releasinga constant amount of drug for several days (usually a mdslkike gds and
dissolvable solids, drug releasing rings may not be practical for reetalMisle vaginal mgs
designed to elute antiretroviral druggve not been tried in humans, they have shown very
promising results in macaque modgls]. Smithet.al.testedTDF-eluting vaginal rings in
macaqes[95]. Each ring eluted TDEontinuouslyfor 28 days and was then replaced with a new
ring for a total of 4 months of drug/ring exposuidter 16 weekly vaginal exposures to
SHIV162p3, all of the animals with TDF rings remained-ndected while 11 out of 12 control
animals became infect¢@5]. Similar to the pharmacokinetic results seen in gels and dissolving
solids, the rings gemated high cervical fluid levels of tenofovir (mean 1.8x10"5 ng/f9&).

Preliminary acceptability trials using placebo rings in Afrieparted that women found vaginal
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rings to behighlyacceptabl® nce i nitial concerns such as t
(20% of participants) weraddresse{b6].

In general, topical admisiration of antiretroviral drug®sults in higlestdrug leves
where the PrEP is administered. Depending on adsorption, some drugs applied topically can be
detected in plasma and other tissues but these Ieagisiotoffer protectionThere are many

options for topical administration of PrEP which may improve asitcs.

Long acting injections for PrEP

Long-acting injections of antiretroviral drugs have gneatientialfor both ART and
PreP. In theory, a patient would be ablegoeivean injection of drugs once a month or once a
quarter instead of taking dailylisi This technology has beerfaly used for administration of
common methods of birth control, Depoovera and DMPA, in many sub Saharan countries
where HIV is most prevalef®7]. In terms of PrEP, long acting injections could greatly improve
adherence by providing a consistent, systemic level of drug releasaroextended period of
time [98-100]. At this time, these antilV injections have only been tested using animal models
but the results are very encouragj@g-101]. In a recent study publishédl Sciencea novel
long-acting injectable itegrase inhibitor was administered to macaques at two time points 4
weeks aparfl01]. These animals were challenged weekly for 8 weeks and remained non
infected[101]. The same study also did an experiment were animals were give a single drug
infection followed by weekly exposures to virus until the animals became infaé€teld The
animals remained protected from infection until plasma drug levels dropped several weeks after

initial drug administratio101].
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Topical vs Oral PrEP

Topicallyadministered PrEP cathievehigher tissue drg levels than has beachieved
with oral PrE Topically administeredPrEP is most effective at the site of application.
Formulations for topically administet PrEP need to be designed to function in both vaginal and
rectal compartments.

Drug formulatons for oral PrERs much simpler since the oral preparations used for
ART already have passed safety evaluations and gained FDA ap@aoaity administered
PreP can provide systemic distribution of drugsch may result in HIV protection from
multiple routes of exposure including from injection drug use.

Overall, it isunknown what concentration of drug is needed for protecttdne different
sites of mucosal exposure. More detailed studies will be needed to determine what the minimum
amount of drg presence is needed to provide significant proteciiba.only assumption that
can be inferred is that fAmore is bettero. I n
presence will not provide protection. On the other hand, several clinalaldarrelate drug
presence with protection.

Ideally, topical, oral anchjectale forms of PrEP should be developed and approved for
use. Having multiple options availaliter PrEP may encourage adheretxese at least one if

not more métods to prevet HIV transmissn.

DRUG SUSCEPTIBILITY AND RESISTANCE
ADrug susceptibilityo r efsepresyiraloeplicationin a moun't
vitro. Drug susceptibility testing issuallydone byculturing a fixed viral inoculum with a serial

dilution of a viral inhibitor ananeasuring some output signal for viral replication (p24, copy
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number, fluorescent indicatcetg. The concentration of inhibitor needed to prevent 50% of in
vitro replicationis the 1Go. The choice of culture cells, viral inoculum, indicator for viral
replication, and othgrarametersan result in different I§3values unique to that particular assay
and to the specific viral inhibitor use@iherefore, comparisons ofdg&ralues can only be done if
the assay used to generate them are similar.
While drug susceptibility testing cannot be used to pratietamount of drug needed for
in vivotreatment, it is a powerful tool for evaluating relative dsugceptibilitiedor genetically
different viral strains. These differencessimsceptibilitiegoften expressed as fold charge
fi s h in fCg)dave been used to determine which genetic mutations contribute to drug
resistance. For examplreversdarahseriptésé prdeinmill tesultinaon i n
2 to 4 fold increase in tenofovir 6 This means, a virus containing the K65R mutation is
expected to require 2 to 4 times more drug to reach the same suppression seen in a virus with the
original lysine residuet should be noted that drug resistance is usually referring to fold changes
in ICsp as a result of one or a few mutations difference faonoriginali wi | d t yped seque
This is different from the natural variation insfalues observed between stsof HIV who
woul d each be considered Awild typed. This co

sections.

Drug Resistance Based on Genotype

As mentioned before, HIV has an incredible amount of natural diversity and variation in
genetic sequence which makes drotunatelyalgnces A wi | d
in gene sequencing technology and the creation of large sequence dasalchsathose

provided by the NIH anthe Stanford Drug Resistance Databaise¢have allowed researchers to
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compile phenotypic information as they relate to specific genotypic sequences. Not only have
consensus sequences been developed for all majoclBidMs, specific variations from these
consensus sequences have been idensierbntributing to drug resistant phenotypésing the

same example from the previous section, the K65R mutation represents a single amino acid
variation from consensus sequerthat has been shown to decrease susceptibility to tenofovir.
Therefore, sequence data obtained from patients can be compared to the consensus (wild type)
sequences available for each HIV clade.

Variations between patient sequence and wipe tsequere also known as
polymorphismsare common but not all variations contribute to drug resistance. To simplify
matters, the WHO and the IAS publish yearly updates listing which mutations are considered to
be nfrdsistargé mut & shouddesnoted tught that variation in viral polymorphisms

can often reduce or increase the effect of a known drug resistance mut@apn

De novo drug resistancend replicative fitness

HIV can developesistance to all drugs currently available for treatrfisd®, 104] The
mechanism for development drug resistance | ie
transcriptase. Each round of viral replication can result in one or more nucleotide
misincorperations. Sonmaisincorperationsvill result in a defective viral genonand the
progenyvirus will be noninfectious or have a reduced replicative capacity. These viral lineages
will be rapidly out competed by viral lineages that do not have a déf#st106] Other
nucleotide mutations may result in changes of amino acid sequence that confer resistance to
antiviral drugs. These mutations are rawécan occur at any time resulting in resistance to any

antiretroviral drud107]. In very rare cases, a single round of replication can result in
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accumulation of more than one drug resistance mutdtigdhe absence of antiretroviral drugs,
drug resistant viral genomes do not have an advantage and are therefore unable to ceit compet
thegeneraliral population.n the presence of antiviral drugs, the relative fitness of drug
resistant virus is greater than that for drug susceptible virus and the resistant virus will be able to
out compete and dominate the infectj@5, 106, 108L11]. Therefore the use of antiretroviral
drugs does not create druesistance mutations in HIV. The mutations occur randomly and
selective pressure provided by the presence of an antiretroviral drug is what allows a drug
resistant HIV to dominate the infection.

To prevent theut growth of drug resistant HIVuaent ART therapies consist of a
cocktail of multiple drugs with different classes of actidfhile it is possible toauire a drug
resistance mutation easily, this mutation is usually only effective against one drug or one class of
drugs. For example, the K65Rutation is effective against the NRTI drug tenofovir, but the
mutation is not effective against any of the protease inhibittvexefore even if a patient has
viral population with a tenofoviresistance mutation, this population will be suppressed by one
of the other drugs being prescribed. It is possible, budiksly, for a single round of viral
replication to result in two drug resistance mutations. For this reason, patients aregquedcrib
least three different antiretroviral drugs. The likely hood of a single round of viral replication
resulting in acquisition of three drugsistancenutations is extremelpw. T h e  likelinoodd
of developing drug resistance is often referredsttha genetic barrier to resistan@everal
studies have beetnied to quantifythe genetic barrier to resistarjdd 2-114]. Factors that affect
thelikelihood of developing a drug resistance mutation include what type of mutation is needed

to induce the amino acid change and how many nucleotide mutations are [1€&ddd 5, 116]
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Polymorphismsat other nucleotide locations may also affect the selection of drug resistan

mutationg102, 117119].

Transmitted Drug Resistance

For this section, Adrug resistant viruso w
genetic mutations listed on the WHO or IAS drug resistanceeillancereports[103, 120]
Drug-resistant viruses can be transmitbexm person to persdi21-124]. The inherent ability
of replicating HIV to revert to a drug sensitive genotypthaabsence of drug pressure makes it
difficult to study in patientespecially if (1) thetime/duration/route of infectioareunknown
(2) there is no way to proweRT naive status, and (8)e HIV sequence iithe infectingpartner
is unknown Despite these difficulties, genotypic analysis of ART naive patesgrovided
evidence that drug resistant HIVis being transmittedndcan result in treatment failuf@25-

131].

As mentioned before, drug resistant HIV can only be selected for by the presence of
antiretroviral drugs. Proper prescription and adherence to ART can prevent out growth and
spread of drug resistant HIV. Therefore, it is no surprise that the regionsreatie s}
transmitted drug resistance are areas where antiretroviral drugs have only recently been made
available and adherence is monsistentFor example, the past decade has seen a dramatic
increase in ART availability in resource limited areas ine¥asind southern regions in Africa.
along with this increase in ART, there has been an increassnsmitted drug resistant HIV
[132].

The frequency otransmitted drug resistance varies depending on the specific drug

resistance mutation in questignh at mut ati onds predi ¢canekwhatef f ect
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antiretroviral drugs are used in the region where transmissamtisring For examplethe most
commonly transmittedrug resistance mutations tend to be NRTI or NNRTI mutations due to
the high use of these drugs for ARID3, 120, 123, 124, 128, 129, 132} thesemutations,
K65R and M184/ are of specific interest since they confesistanceo the two drugs most

heavly investigated for PrEP (tenofovir and emitracitabine).

Effect of PrEP on Transmitted Drug Resistance

The use of first line therapy drugs for both protection and treatment has raised concerns
that there will be an increase in transmission of drugteeg HIV. An example of this would be
a patienwho is taking Truvada as a PrEP but who experiences a break through infection and
continues to administer Truvada. Truvada is a dual drug formulation that may not be sufficient to
fully suppress HIV infectin and the end result is rapid de novo development of drug resistant
HIV which can then be passed to future individuals. This exact scenario has occatrksdat
one ofthe oral PrEP clinical trial22]. While this is a real concern for individuals, it may not
result in an increase in transmitted drug resistance at the population level.

In 2010, Superviet. al.published a model wbh predictthatPrEPwould reduce the
prevalenceof drug resistant HI\J133]. This reduction is based on two main predictions. First,
use & PrEP will reduce the number of HIV infected individuals, which will inturn reduce the
opportunity forde novadrug resistant HIV to develop. If there are fewer people who develop
drug reistance, then there are fewer opportunities for drug resistano lBB/ttansmitted.
Supervie finds this to be true even if a percentage of individuals on PrEP develop resistance due
to undetected breakthrough infection. The second main prediction assumes that transmission of

drug resistant HIV will still be inhibited (dast by some small degree) by PrEP. This prediction
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is based on the fact that #Adrug resistanceo i
a reduction in drug efficacy rather than a complete immunity to drug effect.
Most models assuntbatthe PrEP being used is an oralyministeredantiretroviral
drug.As described in the previous section, drug distribution patterns are very different between
oral and topical administration. How these differences in drug distribution can affeetrtbeo
or transmission of drug resistance in a PrEP/microbicide situation will require more study. There
is as of yet, no evidence that topically administered antiretroviral PrEP can result in generation of
drug resistant HIVAnimal studieould be very usful to evaluate the safety of topical PrEP in

infected individuals.

MICROBIOTA EFFECT ON HIV TRANSMISSION

The term fAmicrobiotad refers to a collecti
specifically refers to the genetics of those microbial species. There is no realistic way to measure
the fAimicrobiotad since most dandmitescsp | mi cr obi
classification of every species in an individ
ways to evaluate the fAmicrobi ome[IB4]tDeepough hi g
sequencing platforms suels the Illumina series and 454 Life Sciences systems allow
researchers to determine the composition of a
genome leve]135]. These technologies have been used to highlight the importance and
involvement of the human microbiome in wellness and disease.

Highly competitive environments suchthg gastrantestinal tract and male and female

reproductive tract provide sites for complex microevolution and extensigemendence
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networks for the microbiota presqtB6]. The composition of the microbiome can fluctuate
greatly and in a short period of tirfte37-139]. The intestinal tract and reproductive tract of
mammals are initially colonized by microbiota from their mother during birth, nursing, and
interactions with the environmefit40-142]. Through life, the microbiota of the intestinal tract is
greatly influenced by host dift43]. The microbiota of the female and male reproductive tracts
are greatly influenced by sexual activity, changes in hormones, as well as cleaning practices
[144-146]. Biomedical interventions such as antibiotic treatments, use of diuretics, use of
laxatives, anti fungal medications, use of doaged birth controls, and circumcision all have an
impact on microbiota compositigth47-149]. Majority of the changes to the microbiome ge un
noticed by the host organisms, but occasionally changes can result in symptoms. Changes in
intestinal microbiome have ke associated with irritable bowel disorders such as colitis and
Cr o h n 6 s[148, 150]ePatients using large amounts of antibiotics may see rapid out growth
of Clostrida difficile,whichis best treated by fi@troduction of commensal organisms who then
compete withC. difficile for resource$148, 1532153]. Changes ivaginal microbione can result

in a condition known as bacterial vaginosis or yeast infe¢1is4-156].

Microbiome may affect HIV transmission and pathogenesis

Acquisition and pathogenesis @ally transmitted diseasesich as HIV may be
enhanced or limited by microbiota at the site of mucosal expfsfse 154, 155, 157]
Specifically, concurrent symptomatic infection of an STD with inflammation, rash, ulcers, or
other breaches in the mucosa enhance the probability of HIV transniEs8nOn the other
hand, far less is known about the effect of commensal microbiota, but there is a toldynof

evidence supporting the theory that commensal microbiota also plays a role in HIV acquisition.
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Given the inherent tendency for commensal microbiota to rapidly fluctuate in
composition within the same individual, studies to evaluate microbialilcotntn to HIV
transmission in humans are often difficult and can only estimate the microbial composition at the
estimated time of HIV transmission. Despite this large difficulty, commensal microbiota has
been indicated as affecting sexual HIV transmisgiseveral studied 45, 159162]. A study
done in Thailand looked at both HIV negative and HIV positive sex wofké83. This study
found a correlation between vaginosis and HIV infection but could not determine which
condition came first. A different study of 657 HIV negative, female sex workdfsnya
examined the relationship between vaginal colonization with lactobacilli, bacterial vaginosis, and
poteintial acquisition of HI\J161]. Women who did not vaginal lactobacillus species had an
increased risk of acquignHIV and gonorrhea. Women who had abnormal vaginal flora had an
increased risk of both HIV and Trichomonas infection. In general, bacterial vaginosis is
presumed to increase acquisition of HIV while lacto bacilli are presumed to decrease acquisition
of HIV.

The majority of HIV transmission studies focused on the vaginal econiche. Few studies
have been done evaluating the effect of microbiota on rectal HIV transmission and the results
were inconclusivgl63]. In 1994, Law et. al. published the results of a study evaluating 144
MSM subjectd163]. The sudy found a correlation between HIV infection and detection of

spirochaets in rectal biopsies but could not determine if infection was cause ofl&@ct
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ANIMAL MODELS TO TEST HIV PREVENTION

SIV/Non-human Primate Models

The safety and efficacy of antiretroviddugs can beevaluatedn animal models before
their use in human clinical trialBllV represents a unique difficulty due to litaited tropism. In
1986 the etiological agent for AIDS was isolagettlits discovery gave scientists the ability to
start empirical transmission studi€3ne year after the discovery of HiM chimpanges were
utilized as a model to study Hi¥ transmis®n becauséhey are the only animals, other than
humans, naturally capable of sustaining an HIV infecti@mmpanzee studies improved our
knowledge of HI\V1 transmissiorand pathogenesis but had noticeable differences from human
pathogenesis including @bsence inytotoxic T-cell lymphocyteresponse to HIV
infectio164-167]. In addition, many regions consicchimpanzeeto be an endangered
species which greatly restricts their availability for research. Therefore, scientists turned to
alternative models to represent HIMransmissionSIV and SHIV. SIV is the most similar virus
to HIV. Therefore many of #haspects of SIV infection in simians could providgght on HIV

infection in human

Over 40 species of African monkeys are endemically infected with a species specific SIV

[168]. Of these speces, the sooty mangabey (SMs) and the African green monkey (AGM) are
considered to be natural SIV hosts lehother species such as the rhesus macaque (RM) are not
natural hosts. Natural SINoOsts do not typically develop AIDS despite high viral replication
[169-174]. These animal models do not develop AIDS, have high viral replication, maintain
healthy levels of peripheral CDZ-cells, do not have mucosal immune dysfunction, do not
develop chronic immune activation, and do not often pass SIV infection by NMIBEHL74]. In
contrast, nomatural hosts such as the rhesus macaque (RM) respond to SIV ingattiian to
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the wayhow humas respond to HIV infection. SHhfected RMs will progress to AIDS, lose
peripheral CD4 T-cells, developmucosl immune dysfunction, have increased microbial
translocation, develop chronic immune activation, and can readily pass SIV through MTCT
replication[169-174]. These dramatic differences in how host species respond to SIV infection
has led to great insights intmderstandinghe human response to HIV infectifit68]. The
mechanisms by which natural hosts limit the effects of SIV infection may be useful for

developing novel HIV therapeutic strategies.

To further enhance the usefulness of the-haman primate models, investigators have
developed viral strains that mix the genes of SIV with HIV to create chimera SMiple
SHIVs have been created with varying mixturéSt/ and HIV genes. In generéHIVsmust
contain a Sl\envgene to enable the virus toéat simian cells. SHIVs have been used to

evaluate the species specificity of viral proteins such as vif and vpu.

Humanized Mouse Models

Twenty years after the discovery of HIV, a novel model becaradable for
transmission studies: the humanized motrsgally, this model was limited to genetically
immune deficient micéSCID and Bg/Nu/XIDwho receiveda human peripheral blood
transplantatiofl75-177] Then, humanized mice wenmaprovedby the availability of different
genetic backgrounds and human cell/tissue engraftment techniques. The following work was
done utilizing thebone marrow/liver/thymusBLT) humanized mouse model. This humanized
mouse model is made&ith NOD/SCIDIL -2 receptogammaeachain knockout mice thdiave been

irradiated, implanted with human thymus and liver tissue under the kidney ¢apslileceived
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a bone marrow transplant with autologous hematopoietic stemRellanice harbor ale novo

generated humammune system distributed throughout each an]|tiés-200].

BLT mice recapitulate nearly all of the features of HIV transmission and infection. BLT
mice are capable ofiucosal transmission of HV via vaginal, rectal, or oral routes and sustain
HIV infection for the duration of their lifespdA01-205]. Studies utilizing these animals have
demonstrated the presence of a viral reservoir much like that of human HIV patf@jtgIV-
infected mice respond to ART and can develop drug resistant HIV infections when ART is given
in suboptimal dos€ld.79, 206] Therefore, BLT mice provide an excellent small animal model
for testing the efficacy of HIV transmission prevention sigas where enough animals can be
used to generate statistically meaningful results.

Previously, BLT mice were used to test the protective effect of systemically administered
antiretroviral drugs to prevent HIV transmission after rectal or intravenowserg)184].

Briefly, BLT humanized mice wergdministered daily FTC/TFV for seven consecutive days. On
the third day, mice were exposed rectally or intravenously te HIMicereceivingPrEP were
completely protected from rectal transmission of HIV and had only oaéthreugh infection

(1 of 8 micg when exposed intravenoug84]. The BLT mouse model has also been used to
recapitulate the human clinical trial CAPRISAQ004. In this clinical trial, partntgpaere

instructed to apply a 1% tenofovir gel vaginally before and after ddi@y®93] The human

clinical trial found topically applied tenofovir to be protective against vaginal HIV. The same
topical tenofovir PrEP was fourtd be protective utilizing the humanized Bimodel[180].

Within the same humared mouse study, sexdditional topical microbicide candidatesre
successfully evaluatdd80] . Of the six topical microbicides, four were found protecteive 1)

C52L, a Gpeptide fusion inhibitor at 500uM concentration, 2) topical combination of 16.5uM

42



TDF and 28uM FTC , 3) C5A, a membragisrupting amphipathic peptide inhibitat 200uM
concentration, and 4) PIE Alzimer, a trimeric Bpeptide fusion inhibitor at 100uM
concentration. Of the six topical microbicides testethioester compound (TC247) at 500uM
concentratiorone was found to only offer partial protecti@®%) am a small molecule Rac
inhibitor (NSC23766,Calbiochem) at 10mM concentration was found to have no protection at
all.

Humanized mice have also beeseful for evaluatingffective ART for HIV treatment
In one study, BLT mice were infected with HIV andatied withdaily injections ofART
(200mg/kg body weight FTC, 208mg/kg TDF, and 80mg/kg RAL) resulting in viral load
suppression to undetectable levels within two wé¢283]. Interruption o fART resulted in viral
rebound208§].

In summary humanized mice provide a reliable small animal model to evaluate novel
HIV transmission interventions. They are susceptible to HIV transmission through vaginal,
rectal,woundintravenous, and/or oral exposure. Previous studies with himetkmice have

shown them capable of evaluating both systemic and topical PrEP strategies.

SIGNIFICANCE AND OBJECTIVES

The only way to stem the HIV/AIDS epidemic is to prevent viral transmission to
uninfected individuals. In the pastehaviormodification strategieddlV testing, encouraging
condom usage, and discouraging sharing needles have all helped to prevent the spread of HIV

along with other pathogenRecommendations such as Option B or Option B+ have greatly
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reduced motheto-child transmission rates in regions with access to antiretroviral diimdate,
sexual transmission of HIV is the greatest driver oHhW&/AIDS epidemic.Consistentondom
usage and malg@rcumcisionhave both proven to be effective at reducing HIV transmidsion
require the penetratingartner to consent and accept these practices.

Topically applied interventions or microbicides, on the other hand, may have higher
acceptability due to their similarity to already available sexual products/lubricants, thslvl@o
availability overthe-counter, and local administration of product may not result in as many side
effects or complicationg herefore, the main objective of my dissertation is to explore factors
affecting mucosal transmission of HIV and evaluatenfoof HIV prevention that are applied
topically.

Topically applied PrEP/microbicides designed to previttransmission have been
and arecurrentlybeing testedor efficacyis multiple clinical trials Among these interventions,
antiretroviral drugs guied topically for PrEP is the furthest advanced through clinical trials.
Therefore, part of my dissertation work evaluated the efficacy of topically applied antiretroviral
drugs from two different drug classes to prevent HIV transmis$iom.use of antetroviral
drugs for prevention as well as treatment has raised concerns about transmitted drug resistant
HIV. To address this | demonstrated how drug resistant HIV may be transmitted albeit
inefficiently. Topically applied interventions that are not attoviral based are also under
investigation. Among these are interventions aimed at affecting the commensal flora at the site of
exposure to prevent masal HIV transmissionl o evaluate the effect of commensal flora on
HIV transmission, | developed a hamzed mouse model with a human associated microbiome.
Utilizing these mice, it wadeterminedhat commensal microbiota composition does affect HIV

transmission.
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Oveanll, by using humanized mice as experimentgblatform, we expanded our
knowledge ofmucosal HIV transmission prevention strategies. Knowledge gained from this
work supports the development of tenofovir and/or Maraviroc based PrEP for human use,
reduces some of the concern of transmitted tenofovir resistant HIV, and provides powerful

empitical evidence supporting microbial involvement in HIV transmission.
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CHAPTER Il 1 RECTAL TRANSMISSION OF TRANSMITTED/FOUNDER HIV -11S
EFFICIENTLY PREVENTED BY TOPICAL 1%) TENOFOVIR IN BLT HUMANIZED
MICE

AUTHOR SUMMARY

Rectal microbicides are being developed to prevent new HIV infections in both men and
women. We focused our in vivo preclinical efficacy study on rectgiylied tenofovir. BLT
humanized mice (n = 43) were rectally inoculated with either the primaryadels-1JRCSF or
the MSM-derived transmitted/founder (T/F) virus HIMTHRO within 30 minutes following
treatment with topical 1% tenofovir or vehicle. Under our experimental conditions, in the
absence of drug treatment we observed 50% and 60% rectalissiosnby HI\V\1JRCSF and
HIV-1THRO, respectively. Topical tenofovir reduced rectal transmission to 8% (1/12; log rank p
= 0.03) for HIV1JRCSF and 0% (0/6; log rank p = 0.02) for HIVHRO. This ighe first
demonstration thatlauman T/Fvirus rectally iffects humanized mice and thisttransmission
can be efficiently blocked by rectally applied 1% tenofovir. These results obtained in BLT mice,
along with recent ex vivo, Phase 1 trial and-haman primate reports, provide supportive

evidence to promotihe development of tenofovivased rectal microbicides.

! This chapter previously appeared as an article in the journal of ®heSThe original citation

is a follows: M.L. Chateau, P.W. Denton, M.D. Swanson, I. McGowan, and J.V. Garcia. Rectal
transmission of transmitted/founder HIVis efficiently prevented by topical 1% tenofovir in

BLT humanized mice. PLoS One. 2013;8(3)@®40.

Author contributions are dellows: conceived and designed the experimelt€ MS; IM, VG
performed thexperimentsMC ; analyzed the dat&)C; wrote the papeMC, PD, MS, IM, VG
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INTRODUCTION

Efficacious biomedical HIV prevention interventions could dramatically reduce the
number of new HIV infections global[209-216]. Microbicides (also referred to as topicalpre
exposure prophylaxis [topical PrEP]) represent one of several classes (e.g. oral PrEP, treatment
asprevention) of such interventions currently being develdpéd217222]. There are multiple
reasons why microbicides are attractive as tfwl$ilV prevention: (i) local administratioof
an antiretroviral gel at the site of exposure will result in higher drug levels at the intended
anatomical location than can be achieved using oral R&ER1-33] while reducing the
likelihood of experiencing systemic dostagsociated toxicitief83, 34} (ii) the reduced toxicity
associated with topical microbicides is expected to increase adh§8&hd@i) microbicides are
user controlled28]; (iv) microbicides are predicted to be cesfective[29, 30} (v) topical
microbicides can be developed with combioas$ of viral inhibitord36]; (vi) an ideal
microbicide would be safe and effective in both rectal and vaginal compar{@&3]; and
(vii) antiviral microbicides may also protect against viruses other than HIV (e.g. herpes simplex)
[40, 41]

All microbicide efficacy clinical trials to date have tested the prevention of vaginal HIV
transmission35, 56, 75, 78, 213, 217, 22227]. However, an important driver of the epidemic
in both men and women is HIV transmission resulting from anal intercf2#8€35] such that
rectal microbiadle development is also requir@b, 53, 94, 23&38]. Proof of concept that
administration of an antiretroviral gel rectally can prevent transmission of SIV/SHIV has been
demastrated for tenofovif239] and MIV-150[240]. Tenofovir, UC781, and nonoxynr8élhave

been tested for safety and acceptability in Phase 1 rectal microbicide clinicdB&je8s, 55,
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241]. Of these three candidates, only tenofovir 1% gel has advanced to Phets¢ t2seng and
could be considered for Phase 3 efficacy trials in the f§i@8&je Therefore, oum vivo

preclinical efficacy study in bone marrdwer-thymus (BLT) humanized mice was designed to
determine the efficacy of topical tenofovir for the prevention of rectal Htkansmission.

BLT mice are the expeariental platform of choice for this study for several reasons. For
example, BLT mice harbord@e novagenerated human immune system distributed throughout
each anima]178-200]. In the context of this study, an important characteristic of BLT mice is
their susceptibility to rectal HIVA transmissioii184, 187]due to the presence of human C4
cells, macrophages and dendritic cells found throughout BLT mouse intestines, indheding t
rectum[178, 187] previously both topicdll80] and systemi¢183, 184]HIV prevention
interventions have been extensively tested in BLT mice for their ability to block vaginal
transmission of HIVL. The results obtained from these studies were highly predictive of the
clinical trial outcome$180, 18, 184, 217, 221, 242]

An important and novel aspect of this study is the use of a M&fwed
transmitted/founder (T/F) viry243]. Typically only one or a few virions (defined as the T/F
viruses) are responsible for a mucosal transmission event in humans making T/F viruses
physidogical relevant foin vivo efficacy studies of HIV prevention interventioj2gi4, 245]

BLT mice were treated rectally with topical 1% tenofovir and then rectally inoculated with HIV
1;rcsr @ Well characterized lopassage primary isolate, or the T/F virus HiY,ro. We found

that rectal transmission of both viruses was efficiently prevented by topical tenofovir.
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RESULTS

Human PBMC reconstitution of BLT mouse pre-exposure

This study was designed to determihein vivo efficacy of topical tenofovir for the
prevention of rectal HIVL transmission. Prior to HRZ exposure of the BLT mice, their
peripheral blood was characterized by flow cytometry to confirm reconstitution with human
cells. All BLT mice used hein (n=43) had high peripheral blood reconstitution levels of human
lymphoid (CD45) cells (67% mean + 17 SD) and human CD4ells (80% mean + 6 SD)

(Summarized in Tables 1 and 2).

Topical tenofovir prevents rectal HIV-1JRCSF transmission.

A total of 29 mice were exposed to Hljrcsy @ CCR5tropic virus that has been well
characterized for its mucosal infection of BLT mj&80, 181, 183, 184, 187, 199, 200]
Seventeen mice received vehicle &2dmice received topical tenofovir (Figure 2; Table 1).
Following viral exposure, peripheral blood from the BLT mice was sampled weekly for the
presence of HIVL RNA (Figure 1). Eight of the 17 mice in the control arm of the experiment
were infected as detmined by the presence of viral RNA in plasma (Figure 2A). In contrast, 11
of 12 topical tenofovir treated mice were consistently negative for the presence of plasma viral
RNA (Figure 2A). One tenofovir treaéckod mouse
with readily detectable plasma viral RNA (Figure 2A). No tenofovir resistant mutations from this
breakthrough virus were identified when the entire reverse transcriptase gene was sequenced.

Over the course of this experiment, we also monitorecetredd of CD4 T cells in peripheral
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blood. The breakthrough infection mouse and the infected vehicle controhatperipheral
blood CD4 T cell levelssimilarto the HI\-1 negative mice (Figure 2B)

Prior to defining topical tenofovir treated BLT mice arotected from rectal HNL
transmission, we tested tissues harvested from these mice for the preseneassbcedted
HIV-1 DNA. All mice without plasma viral RNA were also found to be negative for viral DNA
in all tissues evaluated (e.g. bone marrspleen, human thymic organoid and lymph nodes)
confirming the lack of HIV1 transmission in these animals (Figure 2C; Table 1). The HIV status
and time to plasma viremia were then combined to generate a Kdplanplot of the
protection from reet HIV transmission provided kppical tenofovir (Figure 3). Log rank
analysis (p=0.03) confirmed that topical tenofovir prevents rectal H¥srtransmission in

BLT mice.

Rectal transmission of transmitted/founder HIV-1ryro is prevented by topical tenofovir

HIV -1turo is a CCRBtopic, MSM-derived T/F viru§243]. A total of 14 BLT mice were
exposed rectally to HMyro (Figure 4). Eight mice received vehicle and six mice received
tenofovir. Five of the mice receiving vehicle were infected as determined by the presence of
plasma virus RNA (Figure 4A). In contrast, none of the tenofovir treated BLT mice (0/6)
exposed redlly to HIV-1ryro exhibited plasma viremia (Figure 4A). In addition to plasma
viremia, we also monitored the levels of human CD4ells in the peripheral blood of all the
HIV -11hro exposed mice. The levels of human CD4cells in the infected mice dicbhchange
throughout the course of infection (Figure 4B).

To confirm the lack of HIV1 infection of the tenofovir treated mice we used real time

PCR to determine the presence of-easlsociated HIVL DNA in tissues obtained from these
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mice. None of the me&treated with tenofovir had detectable levels of viral DNA in any of the
tissues examined (Figure 4C; Table 2). In contrast, the presence of viral DNA in tissues from
infected animals was readily confirmed (Figure 4C; Table 2). Log rank analysis of¢bakse
presented in a KaplaMeier plot (Figure 5) revealed that topical tenofovir administered prior to
exposure to BLT mice prevents rectal transmission of the physiologically relevant T/F virus,

HIV-1tHro (p:OOZ)

DISCUSSION

Mucosal infection aftesexual intercourse is the most common route of-HIV
transmission worldwide which makes the cervicovaginal and rectal mucosa the two most
important anatomical sites for viral expos{246]. Receptive anal intercourse has the highest
risk of HIV-1 infection and accounts for most new infections in thg243, 248] Nevertheless,
the vast majority of past and ongoing clinical trias 1V prevention using topical
microbicides have focused on preventing vaginal Hl&cquisition35, 56, 75, 78, 213, 217,
223-227]. The formulation of tenofovir 1% gel used in the RIBBEMTN-006 Phase 1 rectal
safety study was the same formulation used vaginally in the CAPRISA 00@B8&;i&17]
Unfortunately, there was a significant increase in gastrointestinal adverse events seen in the
RMP-02/MTN-006 study, possibly due to the hyperosmolar nature of tH88e85] We
therefore elected to evaluate the efficacy of tenofovir directly, in the absence of any type of gel,
to make a clear determination of the potential efficacy of tenofovir for the prevention of rectal

HIV transmission. Our stydsupports the choice of tenofovir as an appropriate active
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pharmaceutical ingredient around which a specifically engineered microbicide can be designed
for rectal[32, 33, 35]or dual compartment u$a8, 39]

Our goal was to evaluate tirevivo efficacy of aviablecandidate for inclusion into a
rectal microbicide to prevent HXY acquisition. We focused on rectal HIV transmission because
this route of virus spread continues to be a major contributor to the number of men and women
becoming infected with HIY228-234]. We chose topical intervention because of the many
potential benefits associated with this drug delivery ri28e30, 3341]. BLT mice were chosen
as the experimental platform for this evaluation because previous studies have shown that FDA
approvel drugs prevent mucosal HIV transmission of the human primary virus isolate HIV
1;resrin this mode[180, 183, 184]Here when BLT mice were pretreated with topical tenofovir
(or vehicle) and then rectally exposed to Hlycsy we found that topical tenofovir efficiently
prevents rectal transmission of HIMrcsr(Figures 2 and 3; Table 1).

To extend and expand on this observation we also evaluated the protective effect of
tenofovir using a second virus, Hfpyro. HIV-1ryro is @ MSMderived T/F virus and therefore
its evaluation in the context of rectal transmission is of significant releyaa8g T/F viruses
represent the one or few founder viruses that undergo amplification in local T cells and
subsequent systemic dissemination after mucosal exp@8245, 249] These T/F viruses
use CCRS5 as a coreceptor for entry and replicate poorly in monocyte/ macrophages relative to T
cells[243]. Despite their intrinsic relevance, T/F viruses have not besngqusly used fom
vivo transmission studies in animal models. We found that H\4o transmits rectally in BLT
mice and that its transmission can be efficiently prevented by pretreatment with rectally applied

tenofovir (Figures 4 and 5; Table 2).
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Analysis of the data from two HRI isolates indicates that 1 of 18 BLT mice became
infected despite treatment with topical 1% tenofovir prior to rectal HBkposure, while 13 of
25 vehicle treated BLT mice becamelandRf.lect ed (
anin vivo study using nofhuman primates (NHP), 2 of 6 macaques became infected despite
treatment with topical 1% tenofovir 15 minutes prior to rectal SIV exposure, while 3 of 4 vehicle
treated macaques became infe¢®89]. The conclusion reached by the authors of the macaque
study and our conclusion of the study presented hetdartepical tenofovir can inhibit rectal
transmission of SI\239], primary HIV-1 (Figure 3) and T/F HIM (Figure 5).

Topical microbicides are of significant interest in HIV prevention bgedley achieve
high local drug concentrations capable of preventing HIV transmission with reduced risk for
toxicity [28, 33, 34] Thein vivo preclinical efficacy data presented here together with previous
data from NHH239] show that topical tenofovir can efficiently block rectal transmission. The
incorporation of a physiologically relant T/F HIV-1 into this study of rectal HIV prevention
increases its translational value. The results presented here show the importance of animal
models for the evaluation of HFY prevention strategies and demonstrate the potential for
efficacy of tenobvir-based rectal microbicides in humans. Future studies will leverage the
results from this work and the BLT model to perform das®ging tenofovir studies, evaluate
rectatspecific gel formulations containing tenofovir and evaluate other topical rectabicide

agents for efficacy.
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MATERIALS AND METHODS

Preparation of BLT mice and characterization of human reconstitution.

BLT mice were prepared essentially as previously descfib&d185, 187, 20Q]Briefly,
thy/liv implanted[250] and preconditioned NOD/SCiBamma chain null (NSG) mice (Jackson
Laboratories, Bar Harbor, ME) were transplanted with autologoushdetal liver CD34cells
(Advanced Bioscience Resources, Alameda, CA) and monitored for human reconstitution in
peripheral blood by flow cytometf{t83, 185, 187]Mice were maintained at the University of
North Carolina at Chapel Hill Division of Laboratory Animal Medicine in accordance with

protocols approved by the Instiional Animal Care and Use Committee.

Topical application of tenofovir and rectal exposure of BLT mice to HI\A1.

Stocks of HIV1rcsd251] andHIV -11yro [24 3] were prepared artitered as we have
previously describefl81, 252] Mice were exposed rectally using 0% p24 of HI\VF1jrcsk
(4x1@ TCIU, tissue culture infectious units) and @1y p24 of HIV:1ryro (5x1C° TCIU).

Topical tenofovir consisted of 1% tenofovir (PMPA(Bphosphonyimethoxypropyly)
adenine) in PBS. The vehicle (placebo) control was PBS.

The exposure timeline (Figure 1) consisted of rectal application of vehicle or of 1%
tenofovir less than 30 minutes prior to rectal application of virus. Rectal exposures with HIV
1iresrand HIV-1r4ro Were performed essentially as previously descrih8d, 187]except that

all the mucosal exposures were carried out atraumateadlywithout simulated rectal
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intercoursg253]. All rectal applications of vehicle or inhibitor as well as virus were peréd
while mice were anesthetiz§t84, 187] After viral exposure, mice were returned to their
housing to recover and were then monitored longitudinally for evidence oftHiNection as

indicated below.

Analysis of HIV-1 infection of BLT mice.

Infection of BLT mice with HIV1 was monitored at the indicated time intervals in
peripheral blood by dermining plasma levels of viral RNA using real time PCR (limit of
detection 750 copies/m[179, 180]and by monitoring CD4T cell percentages by flow
cytometry[183, 184] At necropsy, tissues were harvested and mononuclear cells isolated as
previously describefll78, 180, 183, 185, 18Mlononuclear cells were washed, enumerated and
tested using real time PCR for the presence of-HIDNA (limit of detection 10 copie$)80,

181, 183, 184]

Sequence analysis was performed on plasma RNA samples in the sole case of
breakthrough infection of a tenofosieated, HIVV1;rcsrexposed BLT mouse. The entire
reverse transcriptase gene from plasma-#HIRNA amplification products was sequenced. No

resistance mutations in reverse transcriptase were pféééntl15, 116, 254]

Statistics.

All statistical analyses (alpha level: 0.05) were performed using Prism v. 5 (Graph Pad

Software). KaplafMeier plots indicate the percentagf animals that are HRY positive in the
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peripheral blood at each time point analyzed. Power analysis calculation for experimental group
sample sizes were determined as previously desdi@a&d 256] Briefly, we assumed 50 and

65% variance in transmission between our experimental grioup1V-1;rcsrand HIV-1ryro,
respectively. In the case of each viral isolate, the chosen sample sizes were determined to have
90% power to detect statistically significant differences via log rank test analysis in the treatment

arm versus the vehiclerar
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Table 1. BLT mice used to test the efficacy of topical tenofovir to prevent rectal HIV-1;gcse transmission.*

% human CD45" % hCD45" hCD3" Tissue Cell associated viral HIV
Mouse in PB atexposure hCD4" in PB at exposure  DNA? Status
Jo1 78 87 B, S, O, LN Neg
JO2 69 86 B, S, O, LN, Neg
Jo3 67 79 B, S, O, LN Neg
S Jo4 39 83 B, S, O, LN Neg
S Jos 78 67 B,S,O,LN Pos
§ J06 54 84 B, O, LN Neg
= Jo7 69 71 B, S, LN Neg
= Jos 73 68 BM, S, O, LN Neg
2 J09 86 69 ND Neg
J10 65 88 BM, S, O, LN Neg
J11 79 86 B,S, O Neg
J12 80 86 BM, S, O, LN Neg
Mean 70% 80%
(+/- SD) (+/-13) (+/-8)
J13 73 88 B,S, O, LN Pos
J14 52 79 ND Neg
J15 32 85 ND Neg
J16 84 73 B,S, O, LN, Pos
J17 68 86 ND Pos
J18 56 85 ND Neg
J19 31 79 B,S Pos
o J20 83 72 B,O,S, Neg
2 21 61 71 S, O, LN, Pos
2 32 71 83 ND Neg
J23 79 88 B, S, O, LN Neg
J24 62 84 B, S, O, LN Neg
J25 72 84 ND Neg
J26 60 80 S, 0, LN Pos
J27 75 82 B, S, O, LN Neg
J28 76 88 B,S, O, LN Pos
J29 77 87 ND Pos
Mean 65% 82%
(+/- SD) (+/-16) (+/-6)

*The data shown in the table includes analyses performed on both infected and uninfected mice with the text in bold

used to highlight that HIV-1 was found in the indicated tissues.

NAbbreviations: B 7 bone marrow; LN i lymph nodes; ND - not done; Neg i negative; O 1 thymic organoid; PB 1

peripheral blood;; Pos 1 positive; and S spleen.
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Table 2. BLT mice used to test the efficacy of topical tenofovir to prevent rectal HIV-11,ro transmission.*

% human CD45+ % hCD45+ hCD3+ Tissue Cell associated viral HIV
Mouse in PB at exposure hCD4+ in PB at exposure DNA”" Status
= TO01 56 83 B, S, O, LN Neg
E TO2 81 81 B, S, O, LN Neg
% TO3 82 77 B, S, O, LN Neg
T: TO4 87 82 B, S, O, LN Neg
§ TOs 24 80 B, S, O, LN Neg
= To6 29 80 B, S, O, LN Neg
Mean 60% 81%
(+/- SD) (+/-28) (+/-2)
TO7 61 82 B, S, O, Pos
TO8 85 81 B, S, O, LN Neg
TO9 70 76 B,S,0 Pos
S Ti0 86 78 B,S, 0 Pos
§ T11 42 83 B,S, O Pos
T12 56 77 ND Neg
T13 83 75 B, S, O,LN Neg
T14 73 78 ND Pos
Mean 70% 79%
(+/- SD) (+/-16) (+/-3)

*The data shown in the table includes analyses performed on both infected and uninfected mice with the
text in bold used to highlight that HIV-1 was found in the indicated tissues.

NAbbreviations: B 1 bone marrow; LN i lymph nodes; ND - not done; Neg i negative; O i thymic
organoid; PB 1 peripheral blood;; Pos i positive; and ST spleen.
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Figure 1: Experimental design and timeline

BLT mice were utilized to determine the efficacy of topically applied tenofovir to prevent
rectal HIV-1 transmission. Rectal HKY exposures were performed within 30 minutes following
rectal application 01% tenofovir. Plasma viral load and real time PCR amplification of tissue
associated viral DNA were used as Hl\etection strategies to determine whether peripheral
blood samples collected at the indicated times and tissues collected at harvestabiitaibe
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Figure 2: Analysis of peripheral blood and tissues for the presence of H¥¥;rcsk after

rectal exposure in the presence or absence of topical tenofovir

(A-B) Longitudinal analyses of peripheral blood plasma viral RNA (A) and the
percentage of peripheral blood CDBcells also expressing CD4 (B) are presented for vehicle
(left) and topical tenofovir (righttreated BLT mice exposed rectally to HiMrcsk (C) Real
time PCR analysis of tissues for presence or absence el HIMA. Thin dashed lines represent
the limit of detection for the respective assays. Error bars indicate standard error of the mean.
Open symbols are used to depict data from HIV negative mice and closed symbols are used to
depict data from HIV positive mice.
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Figure 3: Topical tenofovir prevents rectal HIV -1;rcse transmission in BLT mice.

KaplanMeier plot indicates the time tbetectionof viral RNA or DNAollowing rectal
HIV -1,rcsexposuren BLT mice pretreated with either vehicle or topical tenofovir. dagk
(Mantel Cox) analysis reveals a statistically significant difference in rectallbHyse
transmission between the vehicle and topical tenofovir arms.
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Figure 4: Analysis ofperipheral blood and tissues for the presence of HMryro after
rectal exposure in the presence or absence of topical tenofovir

(A-B) Longitudinal analyses of peripheral blood plasma viral RNA (A) and the
percentage of peripheral blood CDBcells also expressing CD4 (B) are presented for vehicle
(left) and topical tenofovir (righttreated BLT mice exposed rectally to HIMuro. (C) Real
time PCR analysis of tissues for presence or absence o1 INA. Thin dashed lines represent
the limit of detection for the respective assays. Error bars indicate standard error of the mean.
Open symbols are used to depict data from HIV negative mice and closed symbols are used to
depict data from HIV positive mice.
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Figure 5: Topical tenofovir prevents rectal transmission of HIV\1tyro, @ T/F virus in BLT
mice

Kaplan-Meier plot indicates the time ttetection of viral RNA or DNAollowing rectal
HIV-1turoexposure in BLT mice pretreated with either vehicle or topical tenofovirrank
(Mantel Cox) analysis reveals a statistically significant difference in rectallriNo
transmission between the vehicle and topical tenoforisa
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CHAPTER Ill. INEFFICIENT VAGINAL TRANSMISSION OF TENOFOVIR
RESISTANT HIV -172

AUTHOR SUMMARY

Transmission of drug resistant HIV has been postulated to be a threat to current first line
antiretroviral therapy (ART) regimes and the efficacy of several antiretroviral based pre
exposure prophylaxis (PrEP) strategies being tested. Here we evaluagfdd¢hef the common
tenofovir (TFV) resistance mutation, K65R on vaginal HIV transmission. Our results
demonstrate that despite no overt loss of overall replication compétevige, this mutation
results in significantly reduced mucosal transmissighen transmitted the mutant virus

eventually reverts to wild type the absence of drug therapy

INTRODUCTION

In absence of a cure or vaccine, and despite valuable efforts toward better HIV education
including safe sex practices, the HIV epidemic continues to grow at a faster pace than the current
availability of antiretroviral therapy (ART). For every two peopieo begin ART, five are
newly infected2]. Of the people infected, only 47% have access to ART in low and middle

income countrie§3]. There is a great need to prevent transmission of HIV. To address this need,

% This chapter previously appeared as an article in timagb of . The original citation is a
follows: M.L. Chateau, P.W. Denton, M.D. Swanson, I. McGowan, and J.V. Garcia. Inefficient
Vaginal transmission of tenofovir resistant HIVPLoS One. 2013;8(3):e60024.

Author contributions are dellows: conceivedand designed the experimgnt4C MS;

performed thexperimentsMC, MS ; analyzed the dat®C; wrote the papeMC, PD, MS,
IM, VG
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extensive efforts are being made to develop and implement effectrexposure prophylaxis
(PreP) approaches. So faretgreatest progress has been made using antiretroviral drug based
treatment as prevention aRdEP[14, 93] When the patidrhas a positive diagnosssd access
to ART, then early treatment is highly effectivepaéventing transmission of HIV to uninfected
partnerd14]. Unfortunately, a significant number of HIV+ individuals do not know their
infection statusespecially during acute infection when transmission potential is $ti#S3].
Most currentPrEPclinical trials are investigating the use of antiretroviral drugs either singularly
or as a two drug combination for systemic or topical[@de 22, 24, 26, 93]This raises an
importart concern with the dual use of antiretroviral drugs for both treatment and prevention: the
consequences of the developmamnd transmission of drug resistant HIV.

HIV-1 develops resistance to virtually all drugs currently available for treafa@3t
104]. For this reason, curreART therapies consist of a cocktail of multiple drugs with different
classes of action to prevent or at least postpone the development of drug resistant HIV within the
pat i ent Dsugresistard A@rpsasrcan be transmitf@A1-124]. During new infections
certain mutations like M184V aranely detected by routine genotyping but significantly higher
proportions can be detected using more specific methodfl@dy123]. The inherent ability of
replicating HIV to revert to a drug sensitive genotypthaabsence of drug pressure makes it
difficult to study in patientgespecially if (1) thetime/duration/route of infectioareunknown
(2) there is no way to provR&RT naive status, and (#)eHIV sequence irthe infectingpartner
is unknown Despite these difficulties, genotypic analysis of ART naive patesgrovided

evidence that drug resistant HIVis being transmittedndcan resulin treatment failur¢125-
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131]. Giventhat animal studies are the best option to overcoin@@nherent limitations of human
studieqg257], we utilizedhumanized mice to investigatevivo transmission of a drug resistant
HIV-1.

Currently,transmitted drug resistant HIV is very rare, but the novel use of antiretroviral
drugs for prevention as well as treatment has g&tspme concernSince tenofovir is the
furthest along for development as a topical microbicide and is one of the tggtdal make up
the only approved systemic PrEP Truvada, it is logical to look at tenofovir resistanGKBN
that animal studies are the best option to overconggnherent limitations of human studies
[257], we utilizedhumanized mice to investigatevivotransmission of a drug resistant HIV

Tenofovir (TFV) is the drug most commonly used in clinical trials evaluating systemic
and topical PrEP. Tenofovir disoproxil fumarate, the oral formulation of T9=&lso part of
every DHHS recommended first line therd@$8]. For this reason, we chose to study
transmission of a tenofovir resistant HIV. The mutation of the lysine at amino acid position 65 in
HIV reverse transcriptase to an arginine (K65R) confers resistance to terasioell as other
NRTIs. For this reason K65R is on both the WHO and IAS surveillance lists for HIV genotyping
[103, 104] Analysis of crystal structures suggests that the lysine at position 65 normally interacts
with the incoming dNTRo form a salt bridge between the gamma phosphate of the dNTP and
the epsilon amino group of the lysifiel 6, 259] This interaction is lost when arginine is
substituted for lysine and therefore the interactions between enzyme and triphospahte bearing
molecules (like NRTIs and dNTP) is redudéd6]. The end result is a reduced replication
capacity (loss of dNTP interaction) but a reduced susceptibility to tenolioss ¢f NRTI

interactions)116].
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There is clinical evidence that HIV containing t@5R mutation can be transmitted
after mucosal exposure albeit at lower frequency than other mutations like NILEBU\M 22,
125, 131] To evaluate the rolef this single amino acichutationon mucosal HIV transmission,
we introduced the K65R mutation (AAA to AGA) into a proviral clone of Hhcse[251]. In
addition, to differentiate the mutant virus from the parental clone after reveassenpnd, silent

mutation (TAT b TAC, Tyrosine) was icluded to act as a molecular marker.

RESULTS

The K65R mutation in viral reverse transcriptase increases resistance to TFV

To confirm a decrease in the susceptibility of the mutant virus to TFV, we determined the
in vitro ICsq for wild type HIVircseand the isogenic mutarilV jrcse kesr The K65R mutation
conferred a 4.7 fold increase in finevitro ICso for TFV, which is comparable to the 2 to 4 fold

range reduction in susceptibility repor{dd 5, 260](Figure §.

HIV jresk kesr replicatesin vivo but fithess defects result in reversion to wild type

Previousin vitro studies have shown that the K65R mutation reduces the function of viral
reverse transcriptag@l5, 119] It is unknown to what extent this defect affects viral replication
in vivo. To test then vivoreplication capacity of HIVzcsk kesg humanized mic§261, 262]
were inoculated via IP injection 3x1TCIU and viral load in plasma was monitored over time
[180]. Longitudinal analysis of plasma viral load showed no difference imthieo replication
of the K65Rand wild type strains (Figure demonstrating thim vivofitness of the mutant
virus. Sequence analysis of plasma virus RNA from-Hj¥csk kesrinfected mice confirmed

the presence of the K65R mutation 2 weeks post infection. However, subsequent time points
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showeda population of wild type virus. Sequence analysis indicated that reversion of the K65R
mutation was always to the original sequetticehould be noted that the molecular mayker
present onlyn the mutant virus, served to exclude the possibility of contamination with wild
type virus.

Having demonstrated the replication capacity of the K65R mutantivirago, we next
evaluatedts capacity to transmit mucosallizor this purpose, we utilized BLAumanizednice
[180]. The female reproductive tract of BLT mice is reconstituted with all the cells relevant for
HIV transmission including human T cells, monocyte/macrophages and dendritid 86lls
204]. BLT mice were vaginally exposed once to equofictious dosesf wild type HIV-1jrcsrk
or the isogenic K65R mutant virus (3.5XI0CIU). Three independent exposures (n=4) were
performed on three diffent dates. The results of these vaginal exposures showed a dramatic
decrease in the transmission efficiencyief K65R mutant virus (Figure.8Specifically,
whereas all the mice exposed to the wild type virus were infected (4/4) only 25% of the mice
exposed to the mutant virus were infected (3/12). This difference in vaginal HIV transmission
was highly statistically significant by log rank analysis (p=0.011, Mantel Cox). These results
demonstrate that the K65R mutant is vaginally transmitted at aygredticed rate compared to
the wild type virus. Interestingly, these results seem at odds with those recently published by
Cong et a[257] using SIV. However, these could due to the factsaleatferent mutation was
used and that additional fithess compensatory mutations were introduced into the provirus used
by Cong et aJ257].

To determine if the transmitted virus contained the K65R mutation, plasma viral RNA
was sequenced at different times after expodtoar weeks post exposure we noted the

presence of only mutant virus in one mouse (M1), tesgnce of only wild type (reverted) virus
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in a second mouse (M2), and the presence of both mutant virus and wild type (reverted) virus
populations in a third mouse (M3). Longitudinal analysis of the virus found in the plasma of one
of the infected mice (Ig) showed the presence of both mutant and wild type viruses at weeks 4
and 6 post infection and the presence of wild type virus at all subsequent time points (Table 1).
Cervicovaginal lavage (CVL) from this mouse also showed the presence of both widshtiype
mutant virus 4 weeks post infection. Subsequently only the wild type virus was found in the
CVL (Table 1). Analysis of the virus present in the different tissues from two of the infected
mice generally reflected what was observed in the periphery. Hoynia one mouse the mutant
virus was found in the plasma but all tissues analyzed contained both the wild type and mutant
viruses. Interestingly, analysis of the virus present in tissues 14 weeks post infection showed the
wild type virus in all tissuesxeept thymus where both drug resistant and wild type virus were
found (Table 1). These results are consistent with the hypothesis of Weinberg et al suggesting
that transmitted viruses that contain reversible mutations become archived in lymphocyte

reservars [123].

DISCUSSION

The topical or systemic use of antiretroviral drugs for the purpose of prevetiting
acquisition has the potential to curtail the spread of AIDS and somesReE€gies have shown
great promis¢l4, 22, 26, 263, 264[The fact that tesfovir is a successful first line drug for the
treatment of HIV infection has made this compound the drug of choice for most prevention trials
[265]. However, this dual use approach is not without risk as there is significant potential to
expand the pool of drug resistance in communities utilizing Pt&F264] Here we test K65R

mutated HI\/1 in humanized mice and found that, as in humans, the HIV carrying the K65R
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mutation is (1)eplication competent (Figurg;{2) is present in ggicovaginal secretions

(Table 3; and (3) reverts to wild type in the absentdrag selection although the mutamtus
remains detectable (Tablg Jhe reversion to wild type in our humanized mouse model

replicates what is predicted to occur in human patj@e8]. It is important to note, that in the
absence fo drug pressure, the K65R mutation reverts to a wildtype/drug sensitive genotype both
in the peripheral blood and female reprodrectract. This suggests that despite being initially
infected with a tenofovir resistant HIV, an individual who is not taking ART is more likely to
transmit a drug sensitive form of HIV.

Patients initially infected with a viron contaiing the K65R mutatioay form latently
infected cells with this tenofovir resistargrsion of HIV before the virues reversts to a
tenofovirsensitive genotype. Then, upon initiation of tenofovir based ART, there is a greater
chance of reemergence of the original drug r&sint form. Fourtunatly, the K65R mutation is
specific to NRTI RT inhibitors so a virus containing only a K65R mutation will remain sensitive
to protiease, integrage, and NNRTIs.

Finally, we tested thransmission efficiency of th&65R nutant HIV and bundthat it
could transmit, albeit at a significantly lowerieiéncy than wild type HIV (Figure)8Several
clinical trials have been done to evaluate the efficacy of tenofovir or tenofovir disoproxil
fumarate to prevent HIV transmission. One concembdeen that a virus containing a tenofovir
resistance mutation such as K65R will be able to transmit despite the use of a TFV/TDF PreP.
Given our results, it seams the benefit of drug resistance is overshadowed by a severe defect in
transmissionlt is posible that the protective efficacy of a TFV/TDF PrEP is sufficient to
prevent transmission of K65R containing H®Vverall,our results demonstrate that if this

tenofovir resistant virus is present in the transmitting partner, there is the potential fourtémt
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virus to be transmitted to the uninfected partner with lower efigieompared to wild type

HIV-1.

MATERIALS AND METHODS

Preparation of BLT mice and characterization of human reconstitution

BLT mice were prepared essentially as previouslycdbed178-185, 187, 20Q]Briefly,
thy/liv implanted[250] and preconditioned NOD/SCamma chaimull (NSG) mice (Jackson
Laboratories, Bar Harbor, ME) were transplanted with autologous human fetal livef G&N34
(Advanced Bioscience Resources, Alameda, CA) and monitored for human reconstitution in
peripheral blood by flow cytometf{t83, 185, 187]Mice were maintained at the University of
North Carolina at Chapel HiDivision of Laboratory Animal Medicine in accordance with

protocols approved by the Institutional Animal Care and Use Committee.

IP andVaginal exposure of BLT mice to HIV-1.

Stocks of HIVV1jrcsH251] andHIV -1iresrkesrwere prepared and titered as we have
previously describefll81, 252] Mice were exposed intraperitoneally (IP) using 3x10"4 TaAU
HIV -1rcsk or HIV-1resrkesryMice were exposed vaginally using 3.5x1075 TORHIV -
1iresr or HIV-1iresresr). After viral exposure, mice were returned to their housing to recover

and were then monitored longitudinally for evidence of Hlinfection as indicated below.
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Analysis of HIV-1 infection of BLT mice.

Infection of BLT mice with HI\\1 was monitored at the indicatgdhe intervals in
peripheral blood by determining plasma levels of viral RNA using real time PCR (limit of
detection 750 copies/m[179, 180]and by monitoring CD4T cell percentages by flow
cytometry[183, 184] At necropsy, tissues were harvested and mononuclear cells isolated as
previously describe#[178, 180, 183, 185, 187/lononuclear cells were washed, enumerated and
tested using real time PCR for the presence of-HINA (limit of detection 10 copie$)80,

181, 183, 184]

Sequencanalysis was performed &@NA and DNA samples in the cases of successful
transmission oHIV -1jrcsrkesr) €Xposed BLT mouse. The entire reverse transcriptase gene from
plasma HI\V1 RNA amplification prodats was sequenced. Resistamaéations in reverse

transcriptase were presantebsent as described in tapl®3, 115, 116, 254]

Statistics.

All statistical analyses (alpha level: 0.05) were performed using Prism v. 5 (Graph Pad
Software). KaplarMeier plots indicate the percentage of animals that areHpgsitive in the
peripheral blood at ea¢ime point analyzed. Power analysis calculation for experimental group
sample sizes were determined as previously desd@&0d256] Briefly, we assumed 50 and
65% variance in transmission between our experimental groups feljdé¥¢rand HIV-
1ircsrkesry respectively. In the case of each visallate, the chosen sample sizes were
determined to have 90% power to detect statistically significant differences via log rank test

analysis in the treatment arm versus the vehicle arm.
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Figure 6. Introduction of K65R mutation into HIV jr.cseresultsin a 4.7 fold increase ofn
vitro IC 50 using a luciferase based assay in TZNI indicator cells.

Serial dilutions of tenofovir were applied to indicator cells in triplicate and allowed to
incubate for 30 mins before an equal number of tissue culture infectious units (TCIU) of either
wild type or mutant virus was appl to all wells. Two days later, the media is removed, ONE
GLO reagent (Promega) was added and the amount of luciferase activity was measured. Each
curvewas normalized to wells infected with that specific virus (wild type or K65R virus) in the
absence ofirug. RLU= relativdight units.
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Figure 7.In vivo replication of HIV jr.csrand HIV jr.csk kesr after IP injection into
humanized mice shows no overt difference in replication capacity

Humanized NOD/SCID/gamriamice [261, 262]were infected with equal amounts of

either HIV-1)rcseor HIV-Lircse kesr(3x10* TCIU) by IP injection. The course of infection was
monitored by determining plasma viral loads.
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Figure 8. The K65R mutation reduces vaginal transmision efficiency of HIV-1 by 75%

Humanized BLT mice were prepared and validated as previously desdrédted 85,
204]. Mice were exposed vaginally to a single dose of-Hj¥csror HIV-13rcsk Ke,5p¢(3.5x1(’j3
TCIU). Infection was monitored as a function of viral load in plasma. Kadkayer plot
representshe percentage of HIV negative mice as a function of timeber of weekpost
exposureuntil the first peripheal blood HIV-1 detection. Of the mice exposed to wild type
HIV jresk 4 of 4 mice had detectable viral RNA by week 2 post exposure. Of the mice exposed
to the K65R mutant HIV3 of 12 (25%) mice viral lad was readily det¢able 2 weeks post
exposure. The remaining 91@&mice (75%) mice exposed to the K65R mutant no viral load was
detected at any time point analyzed and no viral DNA was found in tissues at harvest confirming
lack of transmission.
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