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INVESTIGATING HIV-1 TRANSMISSION TO HUMAN CERVIX USING
REPORTER VIRUS TECHNOLOGIES

DANA FRANCES INDIHAR
MICROBIOLOGY
ABSTRACT

Around 39 million people globally are currently infected with Human
immunodeficiency virus 1 (HIV-1), more than half of whom are women. HIV-1 is a
retrovirus that infects and depletes an individual’s immune cells, culminating in the
development of acquired immunodeficiency syndrome (AIDS) if not managed with anti-
retroviral therapies (ART). Most women acquire HIV-1 through heterosexual intercourse.
However, the early mechanisms and virologic determinants of HIV-1 transmission to
women remain unclear.

Herein, we demonstrate transmitted/founder (TF) HIV-1 representing two
genetically and pathogenically distinct subtypes (A and D) in vivo have distinct
replication phenotypes in an ex vivo cervical explant tissue (CET) model of mucosal
HIV-1 transmission. We identified significant differences in the replication of
biologically relevant infectious molecular clones (IMCs) representing subtype A and D
TF HIV-1 in the CET model. This finding was enabled by our development and
application of innovative HIV-1 reporter virus approaches, which underpin exceptional
sensitivity and reproducibility in the quantification of HIV-1 replication ex vivo and in
cellulo.

We conceptualized a novel reporter IMC in which a luminescent peptide, HiBIT,

was appended to C-terminally truncated HIV-1 Vif. Previous research suggested that the



19 C-terminal residues of Vif were dispensable for Vif function. The Vif C-terminus was
hypothesized to be interchangeable with HiBiT. The resulting Vif-HiBIiT IMC was
sensitively detected and replication-competent in HIV-1 target cells and retained the
ability of Vif to mediate APOBEC3G degradation.

Our ex vivo studies of HIV-1 transmission were based on the hypothesis that
properties mapping to Env affect the efficiency of mucosal HIV-1 transmission. Human
cervical explant tissues were inoculated with IMCs engineered with an isogenic proviral
backbone, a reporter gene, and encoded the Env ectodomains of pathogenically distinct
HIV-1 subtypes. We determined that Env-based properties, CD4 binding and subtype of
Env, affected viral transmission and replication ex vivo.

Our application of reporter virus technologies for studies of HIV-1 biology
provides a powerful approach for the elucidation of HIV-1 mucosal transmission
mechanisms, which is urgently needed for guiding the development of targeted HIV
prevention strategies to improve the health outcomes of women at high risk of HIV

infection worldwide.
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INTRODUCTION

Human immunodeficiency virus 1 (HIV-1) attacks and depletes an individual’s
immune cells, leaving that individual susceptible to opportunistic infections by other
pathogens and to immune dysregulation maladies, a disease state clinically referred to as
acquired immunodeficiency syndrome (AIDS). Although anti-retroviral strategies have
been developed to prevent the acquisition and progression of clinical HIV-1 infection, they
are not always available or accessible. Additional strategies are needed to prevent the
transmission of HIV-1 following viral exposure. An improved understanding of the
mechanisms of HIV-1 transmission— gained through optimized tools and models to study

HIV transmission- is critical to the development of efficient prevention strategies.

Overview of HIV-1 Molecular Biology

In this overview, the classification, genomic organization, and structure of HIV-1
will be described, followed by a summary of each step of the viral replication cycle: (1)
attachment/binding, (2) fusion/entry, (3) reverse transcription, (4) integration, (5)
transcription and translation, (6) assembly, (7) budding and maturation. Furthermore, we
will summarize key anti-HIV drugs and therapeutics targeting distinct stages of the

replication cycle.

HIV-1 Classification and Genome Organization



HIV-1 is an enveloped single-stranded RNA virus containing 2 copies of its
positive-sense RNA genome!. HIV-1 is a member of the Retroviridae family in the
Lentivirus genus®. As a member of the Retroviridae family, HIV-1 encodes reverse
transcriptase (RT), an RNA-dependent DNA polymerase that converts the viral single-
stranded RNA genome into double-stranded DNA that is then integrated into the
chromosomes of a host cell to establish infection®. The HIV-1 RNA genome is between
9200-9600 nucleotides in size. It is flanked on both sides with a repeated (R) region and a
unique region at the 5 and 3’ ends of the genome (referred to as U5 and U3, respectively).
Following reverse transcription, U5 and U3 are duplicated, forming long terminal repeats
(LTRs) comprised of identical U3/R/U5 regions at both ends of the DNA genome*. The 5°
LTR serves as the promoter region for host RNA polymerase 1l to transcribe viral DNA
into mRNA or viral genomic RNA, and the 3° LTR contains regulatory elements involved
in the 3’-end processing and polyadenylation of RNA transcripts*°. The HIV-1 genome
encodes 9 partially overlapping HIV-1 genes consisting of: gag and env (encoding
structural proteins), pol (encoding enzymatic proteins), and tat, rev, nef, vif, vpr, and vpu
(encoding regulatory and accessory proteins). The mRNAs transcribed from these

overlapping genes undergo alternative splicing to generate viral proteins®.
HIV-1 Virion Structure

Structurally, the mature HIV-1 virion is comprised of a spherical lipid membrane
derived from the plasma membrane of infected host cells'® embedded with as few as 7-14
envelope (Env) glycoprotein complexes®!. Beneath the membrane the matrix protein (MA,
pl7) forms a discontinuous layer that encloses the viral capsid. Around 1200-1500 capsid

proteins (CA, p24) form a lattice of ~250 CA hexamers and 12 CA pentamers that arrange



into a fullerene cone!®. CA encapsulates cellular tRNA (such as Lys3) and two copies of
the genomic viral RNA, which are bound and stabilized by nucleocapsid protein (NC, p7).
The RT and integrase (IN, p32) enzymatic proteins are also enclosed within CA'?. The
functions of each of these virion components in the HIV-1 replication cycle are described

hereon.
HIV-1 Replication Cycle
Transmission, Attachment, and Binding

HIV-1 is most commonly transmitted through sexual intercourse (homosexual or
heterosexual), but it is also transmissible from mother to child and through contaminated
blood (i.e. through needle-sharing during intravenous drug use or blood transfusions)*3*°,
During sexual intercourse, HIV-1 virions present in seminal fluid or vaginal secretions
penetrate genital mucosal surfaces and encounter permissive target cells'®*8, CD4+ T cells
are considered to be the primary targets of heterosexually transmitted HIV®?°, but
macrophages (Mgs) have also been implicated as early targets of infection?:-2, The main
receptor required for viral entry into a cell is surface-expressed CD4. CD4 is a type |
integral membrane protein with 4 extracellular immunoglobin-like domains called D1, D2,
D3, and D4. HIV also requires a co-receptor for entry. The two most common co-receptors
are CCR5 and CXCR4, but HIV can use alternative co-receptors, including: CXCRS6,
CCR1, GPCR1, CCR3, CCRS, and several others®. HIV strains that utilize the CXCR4
co-receptor are referred to as X4-tropic, R5-tropic if they utilize CCR5, or dual tropic if

they use both®.



HIV Env glycoprotein (gp) facilitates binding and entry into a host cell. The env
orf encodes the Env gp160 precursor protein, which is proteolytically cleaved by host furin
into a heterodimer comprised of the glycoprotein surface subunit (SU, gp120) and the
transmembrane protein (TM, gp41)3. Three gp120 and gp4l heterodimers form a
homotrimeric glycoprotein complex that is critical for receptor binding and viral entry into
a host cell. Gp120 is composed of 5 conserved domains (C1-C5) and 5 variable loops (V1-
V5), which are named for their degrees of genetic heterogeneity®?. V1-V5 comprise the
outer domain of gp120, which is a key target for HIV vaccine design, and a bridging sheet
connects the outer domain and inner domain of gp120%. Gp120 is non-covalently attached
to gp41, which imparts structural flexibility to the heterodimer that allows conformational
changes for facilitating viral entry®*. Gp120 and the extracellular portion of gp41 constitute
the ectodomain of Env. The ectodomain contains the CD4 binding site (CD4bs) and the
co-receptor binding site, and it is a target for host neutralizing antibodies®®. Gp41 is
anchored in the virion membrane via its transmembrane domain (TMD) and a cytoplasmic

domain (CTD). Gp41 is necessary for fusing virus and host cell membranes during entry3!.

Viral attachment to host cells can either be specific (through interactions between
Env and host a4B7 integrin) or non-specific (through virion interactions with negatively
charged host surface heparan sulfate proteoglycans)!. Attachment brings the virion into
close proximity to host cell receptors, where HIV-1 canonically enters host cells through
interactions with surface receptors. The mature, cleaved, membrane-associated Env trimer
iIs metastable, and single-molecule fluorescence resonance energy transfer (SmMFRET)
studies have shown that Env trimer spontaneously transitions to one of three distinct

prefusion conformational states: State 1 or the “closed” state, State 2 or the intermediate



state, and State 3 or the “open” state. In State 1, gp120 variable loops V1 and V2 obscure
V3%, and this is the predominate Env conformation because high activation barriers limit
the transition of Env to other conformations®’. The D1 domain of CD4 interacts with and
becomes bound by the CD4bs of HIV Env®, resulting in the State 2 conformation®. When
the CD4bs of gp120 binds the CD4 D1 domain, activation barriers are lowered and Env
trimer is triggered into the State 3 conformation. This “open” conformation of trimer

permits the binding of an HIV co-receptor by the V3 loop of gp120323637,
Fusion/Entry

Recent data suggests that V3 binding of the CCR5 co-receptor brings Env trimer
close to the host membrane to induce membrane fusion®. Co-receptor binding by the V3
loop triggers the exposure of a hydrophobic fusion peptide in the gp41 portion of Env,
which inserts into the cell membrane and tethers the viral and host cell membranes together.
The N-terminal and C-terminal hinge regions of each of the three gp4l subunits join
together to form a six-helix bundle (6HB), which brings host and virus membranes into
close proximity to create a fusion pore32. The formation and stabilization of the fusion pore
enables the viral core to be delivered into the cytoplasm of the host cell®24°. This process
represents viral entry into a host cell via a classic receptor/co-receptor mechanism.
Alternatively, HIV-1 can enter cells (including epithelial, astrocyte, and HeL a cells without
CD4) through endocytosis. Though the viral particles are usually shuttled to endosomes or
lysosomes in clathrin- or caeloin- coated vesicles and degraded, a small number of particles

have been observed to escape the vesicles and establish infection®!.

Reverse Transcription



Reverse transcription is initiated after viral entry*®, with the viral capsid serving as
a container for reverse transcription to occur*?. The cone-shaped capsid, formed by CA
hexamers and pentamers, encloses the NC-bound viral genomic RNA to protect it from
degradation by cellular nucleases*. Reverse transcription is executed by viral RT, which
is a heterodimeric enzyme that reverse transcribes RNA into DNA. RT is comprised of two
subunits: p66 and p51. The p66 subunit has DNA polymerizing and RNase H activities
while p51, which has an identical amino acid sequence to p66 but lacks the RNase H
domain, serves to stabilize the viral RNA/DNA replication complex®#%, RT thus has two
enzymatic functions to carry out reverse transcription: as an RNA-dependent DNA
polymerase and as an RNase H for degrading viral genomic RNA within RNA-DNA

duplexes®40:44:45,

For the first step of reverse transcription, host tRNA (HIV-1 usually uses Lys3)
binds the primer binding site (PBS), which is located ~180 nucleotides from the 5’ end of
the positive-sense viral genomic RNA. The tRNA is used as a primer by RT to synthesize
the minus-strand strong-stop DNA (-sssDNA), which is a minus-strand DNA copy of the
5’ end of the genomic RNA comprising R and U5. As -sssDNA is synthesized, an RNA-
DNA duplex forms, and RT degrades the 5’ end of the viral RNA template through its
RNase H activity to expose the -sssSDNA. The tRNA/-sssDNA complex is then translocated
to the 3’ end of the viral genomic RNA. The -sssDNA anneals to the 3° end because the R
sequence at the 3’ end of the genome and the newly synthesized R region of the -sssSDNA
are complementary. Minus-strand DNA synthesis and RNase H degradation then resume;

however, the entire RNA template is not degraded*®4®.



Plus-strand DNA synthesis is primed and initiated at a purine-rich sequence
adjacent to the 3° U3 called the polypurine tract (PPT), and this site is initially resistant to
RNase H degradation. RT generates plus-strand DNA from the minus-strand DNA and the
first 18 nucleotides of the tRNA, which forms the plus-strand strong stop DNA (+sssDNA)
that contains U3/R/U5/PBS regions. RT RNase H activity then degrades the tRNA and
PPT, exposing the +sssDNA. The PBS sequence in the +sssDNA is complementary to the
PBS sequence in the minus-strand DNA, and the sequences anneal. DNA synthesis
continues until both the plus and minus DNA strands are completed, resulting in linear,
double-stranded viral DNA with identical LTRs at both ends*%*6. As reverse transcription
proceeds, CA transports the viral genome from the cytoplasm into the nucleus through a
nuclear pore and shields the viral genome and replication proteins against host innate
immune factors. Once inside the nucleus, CA disassembles after the completion of reverse
transcription, and the newly synthesized double-stranded viral DNA is released into the

nucleus along with IN*3,
Integration

IN processes the blunt 3” ends of the viral DNA, removing a dinucleotide from each
end to create “sticky” or chemically reactive 3’-hydroxyl groups. IN then binds the host
chromosomal DNA, particularly in transcriptionally-active chromatin regions for HIV-1,
and uses the 3’-hydroxyl groups to form staggered cuts in the host DNA. This process also
joins the 3’-hydroxyl groups at the ends of the viral DNA strands to the 5’-phosphate
groups at the ends of host DNA. Gaps between the recombined viral/host DNA are repaired
by host ligase to complete the integration reaction*’. HIV-1 infection is established when

the proviral genome is integrated into the host genome.



Transcription and Translation

Following integration of the provirus, HIV-1 temporally controls its gene
expression through early and late phases, a strategy which helps virally infected cells evade
host immune responses. During the early phase, transcription from the 5> LTR by host
RNA polymerase 1l is low and transcripts are fully spliced into (~2 kb) early mRNA
transcripts that are exported to the cytoplasm and translated into essential viral regulatory
proteins*®94849 These proteins include Tat (transactivator of transcription, p14) and Rev
(RNA splicing-regulator, p19), and the accessory protein Nef (negative regulating factor,
p27)%830 Tat enters the nucleus and binds the trans-acting responsive region (TAR), a
stable stem-loop structure that forms on the nascent RNAs, located in the 5° LTR. As Tat
levels increase, so does TAR binding, which enhances transcriptional initiation and
elongation of late mMRNA trancripts®®5!. After Rev levels increase in the cytoplasm
following translation, Rev is re-imported into the nucleus. Rev then binds the Rev-
responsive element (RRE) intron present in full-length RNA transcripts with high affinity,
preventing the complete splicing of the transcripts®°. This results in unspliced (~9 kb in
length) or partially spliced (~4 kb) late RNA transcripts, which Rev transports out of the
nucleus and into the cytoplasm for translation of late gene products®®5*. Nef downregulates
cell surface-expressed CD4 and major histocompatibility complex | (MHC I) to subvert
host immune responses and sequester host restriction factors, such as tetherin, that interfere
with viral particle release®?. The early expression of Nef is advantageous to the virus
because the downmodulation of host MHC | and CD4 facilitates the evasion of host
immune responses that would otherwise destroy the infected cell during viral replication®?,

including cytotoxic T lymphocyte (CTL)-mediated lysis and antibody-dependent cellular



cytotoxicity (ADCC). Nef contribution to the downregulation of CD4 also helps prevent

superinfection of a cell and premature CD4 interaction with Env®4,

During the late phase of HIV-1 gene expression, unspliced and partially spliced
RNA transcripts are transported out of the nucleus by Rev. The unspliced, full-length RNA
has two roles: as MRNA encoding Gag and Gag-Pol polyprotein and as genomic RNA that
will be packaged into nascent viral particles*®>°. Ribosomal translation of the full-length
MRNA primarily results in the generation of Gag, the polyprotein precursor of CA, MA,
NC, and a p6 domain. Gag is crucial for virion assembly and budding, and its cleaved
protein products comprise the major structural components of the mature virion®. In 1 out
of 20 translations of Gag, a -1 frameshift occurs at the “slippery sequence” 5’-U UUU
UUA-3’ located at the 5° end of the mRNA. The -1 frameshift results in translation of Gag-
Pol wherein Pol is the polyprotein precursor of the RT, IN, and protease (PR, p12) viral

enzymes>>®’,

Env and Vpu (viral protein unique, p16) are translated from the singly-spliced
env/vpu bicistronic mMRNA. The 43S pre-initiation complex passes through the vpu start
codon to initiate ribosome binding for Vpu translation, and a six-nucleotide sequence
overlapping the vpu start codon initiates Env translation®®. Vpu localizes to the
endoplasmic reticulum (ER) of the host cell, where it retains de novo CD4 and facilitates
CD4 degradation through the ER-associated degradation pathway. Vpu also contributes to
the release of progeny virions by counteracting the restriction factor tetherin®, similarly to
Nef. Importantly, Nef, Vif, Vpr, and Vpu are all classified as HIV accessory proteins®*°,
Env is translated in the rough ER from the env/vpu bicistronic mRNA, resulting in a gp160

polyprotein precursor with an N-terminal signal peptide®®®8, The signal peptide anchors



the N-terminus of Env to the ER lumen, where the glycosylation of Env begins®®. Env has
approximately 25-30 N-linked glycosylation sites that become glycosylated in the ER-
Golgi system, forming a “glycan shield” that accounts for ~50% of the mass of Env3*%,
Glycosylation of Env is essential for viral infectivity, as previous studies have
demonstrated that mutation of Env glycosylation sites results in the loss of viral
infectivty33. Glycosylation continues following the delivery of Env to the Golgi apparatus
and the cleavage of the signal peptide3*3®. In the Golgi apparatus, host furin cleaves the
gp160 polyprotein precursor into gp120 and gp413-%. Additional information regarding
the cleavage of Env and its incorporation into virions is described in the Assembly section.
The structure and function of Env are described in the Transmission, Attachment, and

Binding section.

Vif (viral infectivity factor, p23) and Vpr (virus protein R, p15) are translated from
partially spliced mRNAs. Vif plays a critical role in viral infection by directing host
APOBEC proteins to the E3 ubiquitin ligase complex for ubiquitination and degradation.
If not degraded, the APOBEC proteins, in particular A3G, are incorporated into virions
and mutate the cytidines present on minus-strand viral DNA to uridines during reverse
transcription, creating non-functional viral proteins after the hypermutated viral genome is
transcribed and translated®®-%°. Vif and its properties that were exploited in the optimization
of a new virologic tool for HIV-1 transmission research are described further in Chapter 1.
Vpr interferes with the host cell-cycle by impeding the transition from G2 to mitosis and
then mediates viral entry into the nuclei of the non-dividing cells through an importin-
independent pathway®®®’. Vpr also increases the rate of viral replication in T cells and is

critical for viral replication in Mqs®" 8,
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Assembly

Once the Gag/Gag-Pol polyproteins are translated, the nascent virion is assembled
at the plasma membrane of the host cell. The localization of the Gag and Gag-Pol
polyprotein precursors to the host plasma membrane is mediated by interactions between
MA and phosphatidylinositol-4,5-bisphosphate [P1(4,5)P2] lipid, located within the host
plasma membrane. MA binding to P1(4,5)P. lipid triggers a conformational change in MA
that exposes a myristoyl group, which promotes the targeting of Gag to lipid rafts within
the plasma membrane®®. Around 2,500 copies of Gag polyprotein (MA-CA-NC-p6)
assemble into a spherical layer beneath the plasma membrane in a radial arrangement,
where the N-terminus of Gag attaches to the membrane and the C-terminus of Gag projects
towards the center of the budding virion*®'27°, The CA domain stabilizes lateral Gag-Gag
interactions, forming an immature hexameric lattice™. The immature lattice is contiguous
with a single gap comprising approximately one-third of the virion membrane surface
area*?. The NC domain binds the ¥ site on the viral genomic RNA to capture the RNA and
tether it to Gag for incorporation into virions!>™. Two copies of host cellular tRNA anneal

to the 5> PBS located upstream of the ¥ site on the viral genomic RNAs!?,

There are two pathways through which Env is processed and transported to the cell
surface for assembly and incorporation into virions: “conventional trafficking” through the
Golgi and “unconventional trafficking” that bypasses the Golgi®’. During “conventional
trafficking”, Env is transported through the Golgi apparatus where it is glycosylated,
assembled into trimer, and then cleaved from the gp160 precursor into gp120 and gp41 by
host furin®1:36:37.72 as discussed above. This mature, cleaved Env is then transported to the

plasma membrane surface through the cellular secretory pathway, and Env gets
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incorporated into viral particles following interactions between the MA myristoyl group
and the CTD of Env gp41l through a currently unknown mechanism!27%72 Although
cleaved Env is critical to mediate the fusion of virus and host membranes to complete entry
and cleaved Env is preferentially incorporated into virions, not all Env is cleaved®®?.
Zhang et. al reported that a small amount of Env escapes the Golgi prior to cleavage, and
this uncleaved Env may be incorporated into virions either through direct interactions with
MA or through endocytic machinery. Zhang et. al also described the “unconventional
trafficking” of Env, where the Golgi is bypassed completely, resulting in uncleaved Env
that is transported to the host cell surface but inefficiently incorporated into virions. This
surface-expressed, unconventionally trafficked Env may be advantageous to the virus by
acting as a decoy to misdirect host antibody responses against uncleaved Env instead of

the cleaved Env present on the surface of infectious virions®'.
Budding and Maturation

While assembly proceeds, the p6 domain of Gag binds host cellular endosomal
sorting complex required for transport (ESCRT) pathway proteins, such as TSG101 and
ALIX, to mediate budding. TSG101 and ALIX recruit ESCRT-III complexes, which are
necessary for fission and release of cell and virus membranes'?®73, ALIX and TSG101
link the p6 domain of Gag to the ESCRT-11I complex, which facilitates the assembly of an
ESCRT-III spiraling tube structure within the “neck” of the budding virion. The ESCRT-
[l tube constricts and pinches the “neck” until fission of viral membrane from host
membrane occurs spontaneously®’. At this budding step, host tetherin can block HIV

release. However, viral Vpu and Nef can counteract tetherin®125259,
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When two Gag-Pol polyproteins (MA-CA-NC-p6-PR-RT-IN) interface, the PR,
IN, and RT domains transiently dimerize’. This dimerization is driven by p66-p66
interaction and is necessary for the activation of PR, which cleaves viral protein precursors
to form a mature and infectious virion. PR becomes activated after forming a homodimer
between the PR domains of two Gag-Pol polyproteins and then autoprocessing the dimer
though an autocatalytic process’®’’. PR then proteolytically cleaves IN and RT into fully
processed proteins?’®, IN is cleaved by PR following IN dimerization”. RT initially forms
a p66 precursor homodimer until PR cleaves the RNase H domain from one subunit,
creating the mature p66/p51 heterodimer’7°. Gag polyprotein is also proteolytically
cleaved by PR in a highly ordered manner, resulting in the formation of mature and fully-
processed MA, NC, CA, and p6 structural proteins. Mature MA remains associated with
the lipid membrane of the virion. Mature CA collapses or disassembles from MA to form
the mature fullerene cone comprised of pentameric and hexameric protein rings that
encloses the viral genomic RNA. NC remains bound to the genomic RNA, and PR
proteolysis further triggers the condensing of the RNA viral genome and the stabilization

of CA around the viral RNA-NC complex!? 717880,
Acute and Chronic HIV-1 Infection

Following maturation, the virion is ready to infect and replicate in new target
cells!?, Initially, after transmission to a new host, viral spread to new target cells
(particularly CD4+ T cells) is rapid, and this period of acute infection can last from a few
weeks to a few months. During this time, CD4+ T cells are depleted and viral load
increases. In response, host CD8+ T cells become activated and engage in anti-viral

activities to slow the rate of viral replication and spread®-2, Early during acute infection,
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HIV-1 establishes latent reservoirs in effector T cells, myeloid cells, and potentially other
cell types such as dendritic cells. These latent reservoirs occur when the virus becomes
transcriptionally dormant following integration of the provirus into the host cell genome.
Latently-infected cells are undetectable by host immune surveillance factors, and these
cells can persist for years. These latent reservoirs contribute to chronic infection®-2, If the
latently-infected cell divides, daughter cells will carry the provirus®. Stimulation of
latently-infected cells during the host immune response can re-activate the provirus.
Cellular transcription factors such as NF-kB are upregulated during the immune response,
and these transcription factors can drive the initiation of proviral transcription following
their recruitment to the HIV-1 LTR848%, Although the activation of latently-infected cells
stimulates the host immune response, continuous replication provides opportunity for the
virus to adapt and continue to deplete and exhaust host immune cells. If left untreated, the

depletion of their immune cells makes a host vulnerable to AIDS8182,
Approaches for Inhibiting HIV-1

Due to the large number of new HIV cases arising from sexual intercourse, the
Centers for Disease Control and Prevention (CDC) recommends condom (or other barrier
method) use as an effective strategy to prevent HIV transmission'*. However, high-risk
HIV populations, such as sex workers, may be unable to negotiate safe-sex practices out of
concern for violent repercussions®®°. Victims of sexual and physical violence are 50%
more likely to acquire HIV than non-victims® due to a combination of the injuries
sustained during the violence and the low likelihood of the perpetrator using protection®.
Thus, condoms/barrier methods are an important anti-HIV strategy, but they are not always

an option. They are also ineffective if improperly applied by the user. Vaccines and the
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elicitation of effective immune responses against HIV-1 are important topics of prevention
research, but a vaccine that safely and effectively protects individuals against the virus has
yet to be developed. Access of individuals to immediate medical intervention following
exposure to HIV-1 and/or infection by the virus varies greatly by geographic region and
socioeconomic status. Effective anti-HIV drugs targeting distinct steps of the HIV-1

replication cycle are available and described below.

To counteract HIV co-receptor binding, R5 antagonists, such as maraviroc, have
been developed to prevent gpl20-R5 binding and inhibit cell entry following viral
exposure. These antagonists have been shown to be effective against R5-tropic viruses, but
viral resistance caused by the selective transmission of X4-tropic and dual-tropic viruses
can occur®. To prevent HIV fusion after (co-)receptor binding, fusion inhibitors, such as
enfuvirtide, can be used to prevent entry of the virus into the host cell®2. Enfuvirtide binds
the first heptad-repeat in gp41 and blocks the 6HB formation required for fusion of the host
cell and viral membranes®. However, mutations to gp41 can arise as enfuvirtide exerts a
selective pressure for resistant virus®*°. Recently, Matsumoto et. al developed the novel
CD4 mimetic compound YIR-821, which competitively binds CD4 to prevent viral entry.
YIR-821 may have clinical applications as it was reported to inhibit the entry of HIV-1
clinical isolates into target cells in vitro %. Past approaches have also investigated soluble
CD4 (sCD4) as a potential clinical inhibitor against HIV binding, but low concentrations

of sCD4 were found to enhance infection®.

To counteract reverse transcription, RT is a common target for anti-HIV
therapeutics. There are multiple classes of RT inhibitors: nucleoside analog reverse

transcriptase inhibitors (NRTISs), nucleotide analog reverse transcriptase inhibitors
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(NtRTIs), and non-nucleoside reverse transcriptase inhibitors (NNRTIs)%. Both NRTIs
and NtRTIs are competitive substrate inhibitors, acting as analogues of nucleosides or
nucleotides that are incorporated during viral DNA synthesis by RT®2°7. Unlike natural
nucleosides/nucleotides, these analogues lack a 3’-hydroxyl group, preventing the
formation of 5’-3” phosphodiester bonds with subsequent nucleosides/nucleotides and thus
terminating the synthesis and extension of the viral DNA chain by RT. However, the
analogues can also terminate host DNA synthesis— resulting in mitochondrial, renal, and
bone toxicity— and resistant viruses can emerge®’. Zidovudine, emtricitabine, stavudine,
and lamivudine are examples of NRTIs, and tenofovir is an example of an NtRTI®2. Pre-
exposure prophylaxis (PrEP) (taken orally as a pill or received through regular injections)
is recommended for individuals in high-risk populations, such as men who have sex with
men (MSM), to prevent HIV from establishing infection, and it contains both tenofovir and
emtricitabine®®. NNRTIs are allosteric inhibitors that bind a hydrophobic pocket in the p66
domain near the RT active site, causing a conformational change in RT that disrupts the
RT DNA polymerization function. However, the hydrophobic pocket is not as conserved
as the RT active site, and resistant viruses can emerge quickly if the NNRTI is not used in
combination with o