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ABSTRACT

Currently, the HIV pandemic remains a major global health challenge. In order to
effectively control and cure HIV-1 infection, it is necessary to perform greater research on
host-HIV interactions and develop novel preventive and therapeutic approaches. The
human cytidine deaminase APOBEC3G (A3QG) is the first identified host restriction factor,
which can serve as an initial line of defense against HIV-1 by inducing lethal mutations
on proviral DNA and disrupting viral reverse transcription and integration.

In order to better understand the action of A3G on HIV-1 replication, my study was
focused on characterizing the interplay between A3G and HIV-1 reverse transcriptase
(RT). The results indicated that A3G directly bound to RT, which contributed to
A3G-mediated inhibition of viral reverse transcription. Overexpression of the RT-binding
polypeptide A3Ges.132 was able to disrupt wild-type A3G and RT interaction,
consequently attenuating the anti-HIV effect of A3G on HIV replication.

While the potent antiviral activities of A3G make it an attractive candidate for gene
therapy, the actions of A3G can be counteracted by HIV-1 Vif during wild-type HIV
infection. In order to overcome Vif-mediated blockage and maximize the antiviral activity
of A3G, this protein was fused with a virus-targeting polypeptide (R88) derived from
HIV-1 Vpr, and various mutations were then introduced into R88-A3G fusion protein.
Results showed that Vif binding mutants R88-A3Gposx and R88-A3Gpia9a exhibited
very potent antiviral activity, and blocked HIV-1 replication in a CD4" T lymphocyte cell
line as well as human primary cells. In an attempt to further determine their potential

against drug resistant viruses and viruses produced from latently infected cells,



R88-A3Gpask was chosen and delivered by an inducible lentiviral vector system.
Expression of R88-A3Gp) sk in actively and latently HIV-1 infected cells was shown to
be able to inhibit the replication of both drug sensitive and resistant strains of HIV-1.

In conclusion, this thesis has demonstrated one of the mechanisms that how A3G can
disrupt HIV-1 reverse transcription. Meanwhile, an A3G-based anti-HIV-1 strategy has
been developed, which provides a proof-of-principle for a new gene therapy approach

against this deadly virus.
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CHAPTER 1

Introduction

1.1 Overview

Human immunodeficiency virus (HIV) is the cause of acquired
immunodeficiency syndrome (AIDS) (24, 267). Within years of its initial recognition,
HIV/AIDS has expanded rapidly throughout the world and become a major global
health challenge. According to estimates by the Joint United Nations Program on
HIV/AIDS (UNAIDS), 34 million people were living with HIV by the end of 2011. In
2011 alone, 2.5 million people became newly infected and 1.7 million people died
from AIDS. The HIV epidemic varies substantially between countries and regions,
where Sub-Saharan Africa continues to be the most severely affected region with an
average adult HIV-1 prevalence of 4.9%, followed by Caribbean, Eastern Europe and
Central Asia with an adult prevalence rate of 1.0% (http://www.unaids.org/).

Globally, HIV is predominantly transmitted via sexual contact (129). However,
HIV can be transmitted by other identified routes, including mother-to-child, drug
injection and exposure to blood products (59). Regardless of how the virus was
acquired, after initial infection, HIV disseminates into draining lymph nodes within
days, and then systemically spreads throughout the body (59, 207). HIV preferentially
targets activated CD4" T lymphocytes and induces their massive depletion during
acute infection (77, 78). In the prolonged chronic infection stage, intense interplay

between HIV and the immune system leads to progressive loss of CD4" T cell



responses and accelerated disease progression (77, 218). Eventually, HIV-induced
immune dysfunction results in the development of AIDS with its associated
opportunistic infections and cancers (78, 254).

In the last three decades, promising progress has been made in controlling
HIV/AIDS around the world. Effective antiviral therapies, especially the introduction
of highly active antiretroviral therapy (HAART), have dramatically prolonged life
expectancy of people with HIV and reduced AIDS-related deaths (256). However,
there are still limitations associated with antiviral therapies. While considerable
research has been conducted in designing and developing vaccines to prevent HIV
infection, the progress has been slower than expected. Most vaccine candidates were
tested to be ineffective, and only a small portion of candidates showed even modest
effects (307, 334).

Thus, continued efforts are needed to eliminate HIV/AIDS. Knowledge of the
host restriction factors would greatly contribute to our understanding of the
mechanisms by which host defense against HIV infection and provide the basis for
subsequently design of new therapeutic approaches. The aim of this thesis is to define

the action of A3G in HIV replication, and develop an A3G based antiviral approach.

1.2 HIV-1 virology
1.2.1 Classification of HIV
HIV is a member of the genus Lentivirus in the family Retroviridae. Retroviruses

are defined by their RNA genome, which is transcribed into DNA within the cell using



the viral enzyme reverse transcriptase (RT). Lentiviruses are one of the seven genera
of retroviruses, they are so-called because of their long incubation period before the
onset of overt disease (39). There are three subtypes of primate lentivirus: HIV-1,
HIV-2 and simian immunodeficiency virus (SIV). The first two are the causative
agents of AIDS (82). SIV targets various species of African nonhuman primates (345).
Unlike HIV, SIV infection does not cause AIDS-like illness in natural host, despite
their high viral loads levels (117, 255). SIVcpz from chimpanzees is believed to be the
zoonotic origin of HIV-1. It is phylogenetically and geographically closely related to
HIV-1 (101).

Based on full-length viral genome sequencing, HIV-1 strains are classified into
four highly divergent groups, named M (main), O (outlier), N (non M or O) and P
(putative) (265, 303). Group M is the predominant group in the world and is
responsible for more than 95% of HIV-1 infections (295). Prevalence of the other
groups is extremely low and remains restricted to West Central Africa (257, 328, 329).
Group M can be further divided into phylogenetic subtypes or clades. Currently, nine
clades, A, B, C, D, F, G, H, J, and K have been recognized and are distributed
relatively evenly worldwide. For example, clade B is the dominant form in Americas
and Europe, but is barely found in Africa (104). Furthermore, different clades within
multiple infected individuals can genetically recombine to create circulating
recombinant forms (CRFs) (274, 323). Currently, the most prevalent HIV-1 subtype is
clade C, accounting for the highest number of infections (50%), followed by clade A

(12%), clade B (10%), CRF02-AG (5%) and CRFO1-AE (4.8%) (125, 323).



HIV-2 is also highly divergent and can be classified into eight distinct groups (A
to H). In contrast to the global prevalent of HIV-1, HIV-2 is geographically more
restricted, and has been found in West Africa and most recently in Europe and India
(38, 69). Although HIV-2 shares similar genetic properties with HIV-1, it is different
from HIV-1 by 50-60% in nucleotide sequence (114), and more closely related to the
SIVsmm from the West African sooty mangabey (69). In terms of the level of disease,
HIV-2 infected patients develop AIDS slower and survive longer (205, 268) than
HIV-1 infected patients. Additionally, the vertical and horizontal transmissibility of
HIV-2 is significantly lower than that of HIV-1 (152, 247). Hereafter, we will mainly

discuss HIV-1 in this thesis.

1.2.2 HIV-1 structure and genome

HIV-1 is about 100 to 120 nm in diameter with spherical shape as shown in Fig.
1.1. The virion is coated with a lipid envelop, which contains cell-derived lipid
bilayers and viral envelope glycoproteins (Envs) (347). On the surface of the mature
virion, Envs are displayed in knobbed spike structure, formed from surface protein
gp120 and transmembrane protein gp41. These two glycoproteins noncovalently bind
to each other and form the heterodimers (124). The central core of the virion is
constituted of the Gag structural proteins: pl17, p24, and p7. The matrix (MA) protein
pl7 forms the inner surface of the viral envelope; the capsid (CA) protein p24 forms

the cone-shaped core; and the nucleocapsid (NC) protein p7 is located within the core,
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Fig. 1.1 Morphologic structure of HIV-1. HIV-1 virus is enveloped by a lipoprotein
membrane. Env glycoprotein complexes composed of gp120 and gp41 are integrated
into this lipid membrane. MA is anchored to the inner surface of viral envelop. CA
forms the cone-shaped core. NC is associated with two copies of HIV-1 genome RNA
within the core. The viral particle also contains viral enzymes RT, IN, PR, and
non-structural proteins.



as a binding partner of viral RNA (180). Inside the core, there are two identical copies
of single-stranded RNA genome, which is associated with viral enzymes and
accessory proteins (356). Besides that, cellular molecules such as tRNAs, annexins,
actin A3G and moloney leukemia virus 10 from the infected cells are incorporated into
virions as bystanders or through interacting with viral proteins (51, 163, 251, 279, 296,
337).

The HIV-1 genome is a 9.2 kb positive-stranded RNA molecule. It contains nine
open reading frames (ORFs) and several structural landmarks (Fig. 1.2). Three of
ORFs encode Gag, Pol and Env polyprotein precursors, which are proteolytically
processed into individual proteins. Gag precursor p55 is cleaved by protease (PR) to
generate structural proteins pl7, p24, p7, and p6. Gag-pol precursor is proteolytically
processed into three enzymes PR, RT and integrase (IN). Env precursor gpl60 is
cleaved by endoprotease furin into gp120 and gp41l (118). HIV-1 also encodes six
non-structural proteins which have particular regulatory or accessory functions,
including transactivator (Tat), regulator of expression of virion protein (Rev), negative
factor (Nef), virion infectivity factor (Vif), viral proteins R and U (Vpr and Vpu,
respectively) (183). In addition, the HIV-1 RNA genome forms several secondary
structures, including the internal ribosome entry site (IRES), packaging signals (pis),
psudoknots, transfer RNA mimics, ribosomal frameshift motifs, cis-regulatory
elements, Tat-acting region (TAR), primer binding site (PBS), dimer initiation site

(DIS) and polypurine tract (PPT)(340, 344). These RNA structures regulate viral
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Fig. 1.2 Genomic organization of HIV-1. HIV-1 genome flanked by the long
terminal repeats (LTRs) contains 9 ORFs (shown as rectangles) and several structural
landmarks (shown in underlined italic characters). Gag and Gag-pol polyproteins are
processed by viral protease into matrix (MA), capsid (CA), nucleocapsid (NC), p6,
protease (PR), reverse transcriptase (RT), integrase (IN). Envelop (Env) is cleaved by
cellular proteases into gp120 and gp41. Landmarks include Tat-acting region (TAR),
primer binding site (PBS), dimer initiation site (DIS), splice donor (SD) and central
polypurine tract (cPPT), rev response element (RRE) and PPT.



replication, from reverse transcription initiation and reading frames manipulation to

RNA nuclear export and viral RNA packaging.

1.2.3 Overview of HIV-1 proteins
1.2.3.1 HIV-1 structural proteins

Viral structural proteins are shared by all retroviruses, their functions are
reviewed as below.

Gag encodes a 55 kDa precursor Pr55-Gag that is cleaved to produce the mature
proteins: MA, CA, p2, NC, pl and p6Gag. These proteins play critical roles at several
steps of viral replication.

MA is a 17 kDa structural protein that is post-translationally myristoylated at
N-terminus (25). During viral assembly, being the N-terminal domain of Gag, MA
regulates the Gag intracellular location, and directs Gag to the plasma membrane (25).
It also interacts with the gp41 cytoplasmic tail and promotes incorporation of Env into
the virion (27, 102). Additionally, it contributes to nuclear migration, nuclear import
and integration as a part of the reverse transcription complexe (RTC) and
pre-integration complex (PIC) (37, 262, 333).

CA is a 24 kDa protein responsible for the formation of viral core. During viral
assembly, the interactions between CA domains promote Gag multimerization and
formation of the immature virion (3). After entry into the target cell, CA is thought to

modulate the core uncoating through controlling capsid stability and disassembly (2,



140). Interaction between CA and host protein cyclophilin A enhances early stages of
viral replication (186).

NC is a 7 kDa nucleic acid binding protein. During viral assembly, by binding to
genomic RNA, NC drives selection, dimerization and encapsidation of genomic RNA
into virions (68, 226). NC also facilitates nucleic acid structural reorganization which
is required for efficient reverse transcription, viral DNA maintenance and integration
(36, 181).

P6 ¢ is located at the C terminus of Gag and regulates the final step of virus
budding. It promotes separation of assembled virion from the plasma membrane
through interacting with components of cellular budding machinery such as
endosomal sorting complex required for transport (ESCRT) (327). It is also required
for the incorporation of Vpr into virions (166, 358).

Env encodes the polyprotein precursor gpl60 that is cleaved by the cellular
protease furin into two subunits gp120 and gp41. These two subunits non-covalently
bind to each other and form the gp120/gp41 complex. HIV-1 Env mediates viral entry
into target cells, in which the gp120 subunit is responsible for cell receptor (CD4) and
coreceptor (CCRS or CXCR4) binding, and gp41 facilities the fusion between viral

and cellular membranes (63, 347).

1.2.3.2 HIV-1 enzymatic proteins
Pol ORF partially overlaps with Gag, and is expressed as 160 kDa Gag-Pol

polyprotein Pr160-Gag-Pol through -1 ribosomal frameshifting (144). During viral



maturation, viral PR auto-activates and cleaves Gag-Pol into MA, CA, p2, NC, the
transframe protein, and vial enzymes PR (p10), RT (p66/p51), IN (p32).

PR is an aspartic protease that functions as a homodimer. Besides cleaving viral
precursors, PR also targets host cellular proteins, such as cytoskeletal proteins, Bcl-2,
and contributes to viral induced cytotoxicity (301, 311).

RT is an asymmetric heterodimer that consists of a 66 kDa (p66) and 51 kDa (p51)
subunit. The p51 subunit is produced by proteolytic cleavage of p66 C-terminal
ribonuclease H (RNase H) domain (127). The p66 subunit exhibits all catalytic
activities, whereas p51 is catalytically inactive and plays primarily structural role
(269). RT is responsible for several distinct activities, including DNA- and
RNA-dependent DNA polymerase, RNase H, strand transfer and strand displacement
synthesis (105, 283).

IN exists as tetramers and catalyzes integration of viral DNA into host
chromosome. It facilities site-specific endonucleolytic cleavage of the 3'-ends of the
viral DNA (3’ processing), and integration of processed viral DNA ends into host
chromosomal DNA (strand transfer) (53). In addition to integration, IN also
contributes to other steps of viral replication, including reverse transcription, nuclear
import and post-integration steps (polyprotein processing, assembly, and maturation)

(85).

1.2.3.3 HIV-1 regulatory proteins

Tat is a 9-11 kDa (size varies in different viral strains) protein that is essential for
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HIV-1 transcription from the viral LTR promoter. Rather than other transcriptional
activators, Tat functions at the stage of transcription elongation through interacting
with TAR. Their interaction promotes recruitment of positive transcription elongation
factor (P-TEFD) to increase hyperphosphorylation and functional capacity of RNA
polymerase II (RNAPII) (200). In addition to its primary role as endogenous
trans-activator, Tat is secreted by infected cells and acts as an extra-cellular toxin (98).
Exogenous Tat can induce various biological effects, including production of certain
cytokines, apoptosis of uninfected bystander CD4" T cells and neurotoxicity in the
central nervous system (183, 281).

Rev is a 19 kDa phosphoprotein located predominantly in the nucleus (58).
During the late stages of viral replication, it binds to single spliced or unspliced viral
mRNAs via the RRE, and mediates their nuclear export through interacting with the
cellular nuclear export receptor CRM1 (95). Rev also affects stability, translation and
encapsidation of Rev-bound viral transcripts (110). In addition to an essential role in
late stage of viral replication, Rev has been shown to regulate HIV-1 integration
frequency by binding to integrase and LEDGF/p75, as well as preventing

superinfection at a post-entry step (109).

1.2.3.4 HIV-1 accessory proteins
Although several viral nonstructural proteins are found to be dispensable for viral
replication in certain in vitro cell culture systems, these proteins are important in

determining the course and severity of viral infection in vivo. They often play critical
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roles in HIV-1 pathogenesis and host defence evasion. Here, their functions are
discussed in detail.

Vif is a 23 kDa protein that is highly expressed in the cytoplasm of infected cells.
It is essential for in vivo infectivity and pathogenesis. During viral assembly, it binds
to genomic RNA and the NC domain of Pr55-Gag, and acts as a temporal regulator of
viral assembly (126). More importantly, Vif counteracts the antiviral activity of A3G,
and a detailed Vif-A3G interaction will be discussed in the section 1.4.

Vpr is a 14 kDa nuclear protein that plays multifunctional roles in vivo. The ORF
encoding Vpr is found in most HIV-1 primary isolates (197). During viral replication,
virion-associated Vpr participates in the nuclear entry of the PIC, and promotes PIC
binding to nuclear pore proteins (72). In the nucleus, it acts as coactivator to induce
translational activation of HIV LTR and host genes (165). Vpr is shown to induce G;
cell cycle arrest in infected proliferating cells, and thereby optimize the cellular
environment for efficient HIV-1 transcription (106). It also modulates T-cell apoptosis
by inducing apoptosis through mitochondria-dependent pathway (20, 64, 146).

Vpu is a 9 kDa integral membrane protein that has two primary functions in
HIV-1 replication. First, it hijacks BTrCP/SCF ubiquitin ligases to degrade newly
synthesized CD4, which further prevents CD4-Env binding in the endoplasmic
reticulum and at cell surface (179, 202, 322); second, Vpu enhances the release of
virion through promoting the virion detachment from the cell surface (235). More
recently, studies found that Vpu counteracts host factor BST-2 mediated inhibition of

viral release through B-TrCP and endo-lysosomal trafficking (79, 216).
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Nef is a 27 kDa myristoylated protein that is abundantly expressed at the early
stage of viral replication (305). It promotes viral replication and survival through
multiple ways, and its pathogenic role is highlighted in long-term nonprogressors
whose HIV-1s are Nef-deleted (84). Long-term nonprogressors is a group of HIV-1
seropositive, therapy-native individuals who remain asymptomatic for prolonged
length of time(214). Nef mediates down-regulation of cell surface CD4, CXCR4,
CCRS5 coreceptors, and thereby restricts superinfection (213, 331). It also
down-regulates cell surface expression of major histocompatibility complex class I
(MHC-I) and facilitates evasion of infected cells from cytotoxic T lymphocytes
mediated lysis (353). Additionally, Nef promotes viral replication through modulating
cytoskelatal remodeling, vesicular transport and cellular signal transduction pathways

(183).

1.2.4 HIV-1 life cycle

HIV-1 replication is a complex procedure regulated by both viral and cellular
proteins. At the cellular level, HIV-1 life cycle can be divided into two phases: the
early stage from viral entry to viral DNA integration; and the late stage from

transcription of integrated DNA to virus budding and maturation (Fig. 1.3).

1.2.4.1 Early phages
HIV-1 binding and entry HIV-1 initiates infection through entry of target cells.

First, HIV-1 attaches to the host cell by binding to cellular receptor CD4 via gp120
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Fig. 1.3 HIV-1 life cycle. After binding and fusing to host cell membrane (step 1), the
viral core enters the cytoplasm and undergoes uncoating (step 2). The viral RNA is
reverse transcribed into double-strand DNA (step 3), and transported into nucleus,
where viral DNA is integrated into host chromosome (step 4). After integration, the
provirus is transcribed into viral RNA genome and mRNAs, which are transported
into cytoplasm (step 5). Viral mRNAs are translated into viral proteins (step 6),
together with viral genome are incorporated into viral particles (step 7). New virions
bud from cell membrane, followed by PR-mediated maturation (step 8).
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protein. CD4 binding triggers a conformational change in gp120, resulting in exposure
of coreceptor (CCRS5 or CXCR4) binding sites. Together, CD4 and coreceptor binding
induces gp41 rearrangement and exposure of the hydrophobic gp41 fusion peptide,
which further promotes virus-cell membrane fusion by inserting into the cell
membrane (221, 343).

HIV-1 uncoating Following the entry of HIV-1 core into target cell, CA shell
undergoes a disassembly process that allows the release of genomic RNA. Although
the precise location and timing of uncoating are poorly defined, this process is
believed to be regulated by viral and host cellular factors through modulating capsid
stability (2, 16).

HIV-1 reverse transcription Reverse transcription is a complex process that
occurs in the RTC and is catalyzed by the virus-encoded RT. By using cellular
tRNAY as primer, this enzyme first converts the plus-strand viral RNA template to
minus-strand DNA. Meanwhile, it performs RNase H activity to degrade the reverse
transcribed viral RNA except PPT regions. PPTs function as the primer and initiate
plus-strand DNA synthesis. Then the minus- and plus strand DNAs are elongated,
leading to the synthesis of the complete, double stranded linear viral DNA (137, 181).

Nuclear import and integration Once synthesized, viral DNA is transported into
nucleus as part of the PIC. PICs cross the nuclear envelop with the help of cellular
active transport machineries (319). Following entry nucleus, virus-encoded IN protein
catalyzes integration of the viral DNA into chromosomal DNA. During 3’ processing,

IN recognizes and removes a pGT dinucleotide from each 3" end of LTR. This step,
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termed strand transfer, generates 3'-hydroxyl group viral DNA ends, which are
covalently ligated to the 5'-phosphates of staggered cut in chromosomal DNA.
Subsequently, unpaired viral 5" ends and DNA gaps created between viral and
chromosomal DNA are repaired by cellular DNA repair enzymes (66, 330). Thus,
viral DNA is completely integrated into host genome as provirus, serving as the

template for new virion synthesis (148).

1.2.4.2 Late phages

HIV-1 transcription and nuclear export Following integration, HIV-1 provirus
acts as a template for mRNA synthesis. This step is catalyzed by cellular RNA
polymerase II (252). Initially, completely spliced short mRNAs encoding Tat, Rev and
Nef are synthesized and exported to the cytoplasm through an endogenous cellular
pathway. As the transcriptional activator-Tat protein accumulates, transcription is
actively up-regulated, and incompletely spliced mRNAs encoding Env, Vpu, Vif and
Vpr are synthesized. It is followed by the production of full-length unspliced
transcripts, which are served as virion genomic RNA and mRNA for Gag-Pol
polyprotein (157, 326). Unspliced and incompletely spliced mRNAs are transported
through the nuclear pore to cytoplasm via Rev dependent export pathways (157).

HIV-1 translation Prior to translation initiation, HIV-1 mRNA undergoes 3’
processing and polyadenylation, which are directed by HIV-1 regulatory elements
within the 3" LTR region (157). Once in the cytoplasm, HIV-1 recruits the cellular

translation machinery to synthesis viral proteins (157). Gp160 is synthesized in the
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endoplasmic reticulum (ER), and transported to the cell membrane for virus assembly
via vesicular transport. Gag and Gag-Pol precursor are synthesized on free
polyribosomes from unspliced genomic RNA, and Gag-Pol is generated by a
programmed -1 ribosomal frameshift (103, 326).

Assembly In most cell types, HIV-1 assembles on the plasma membrane, which
is initiated by Gag multimerization. Gag acts as “assembly machine” that drives a
number of essential events in virion assembly (100, 151). It specifically recruits viral
genomic RNA and protein components, targets viral membrane and assembles into
spherical particles. Meanwhile, upon post-translational modification, Env
glycoproteins traffic independently to the assembly site, and incorporate into
immature virions (225).

Budding and maturation In order to begin the budding process from host cells,
HIV-1 recruits the ESCRT pathway through a late-assembly domain in p6*. The
ESCRT complex promotes membrane fission and facilitiates virion release from the
plasma membrane (327). During or shortly after budding, immature virion undergoes
maturation. Gag and Gag-Pol polyproteins are cleaved by viral PR and rearranged to

create fully mature and infectious virions.

1.3 Host restriction factors and their roles in HIV-1 infection
It is apparent that HIV-1 replication largely relies on multiple cellular factors.
Further studies have revealed that host cells also harbor intrinsic defense proteins that

function in blocking intracellular replication of HIV-1. These proteins are termed host
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restriction factors.

Since the discovery of A3G in 2002 (296), several unrelated host restriction
factors were uncovered. These factors target viral replication through different
mechanisms and are important in determining viral host range and cross-species
transmission. Nevertheless, HIV-1 encodes viral accessory proteins to antagonize
them. The interaction between host restriction factors and viral proteins further

reflects host-pathogen coevolution (81).

1.3.1 General properties of restriction factors

So far, four HIV-1 restriction factors have been identified: A3G, tripartite motif
(TRIM) 50, bone marrow stromal cell antigen 2 (BST-2) (also known as tetherin) and
sterile alpha motif and histidine-aspartic domain 1 (SAMHDI1). These factors share
several universal properties, which are summarized in Table 1.1.

First, restriction factors must have very potent antiviral effect and impair viral
infectivity by at least 10-fold. Rather than innate immune response which is meditated
by immune cells via complex pathways, restriction factors act in a cell-autonomous
manner and mediate ‘cell-intrinsic’ immune response. Their antiviral activity can be
demonstrated experimentally by single-cycle viral replication assay, where restriction
factors are either overexpressed in permissive cells or knocked out in non-permissive
cells (30, 81).

Second, restriction factors are germline-encoded and expressed constitutively in

some relevant cell types. They respond to interferon (IFN) stimulation, which
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Table 1.1 Characteristics of host restriction factors

Restriction Regulation Targeted viruses Targeted step Viral antagonist Antagonistic mechanism

factor

A3G IFN retroviruses, retrotransponsons, reverse transcription  Vif polyubiquitination and
hepadnaviruses and integration degradation

TRIMS5a IFN retroviruses uncoating high variability variation in retroviral capsid

BST-2 IFN retroviruses, flaviviruses, viral release HIV-1 Vpu; HIV-2 internalization and

herpesviruses, rhabdoviruses,
paramyxoviruses, arenaviruses
SAMHD1  IFN, Retroviruses, herpes simplex
IFN-stimulatory virus type 1, vaccinia virus
DNA

reverse transcription

SIVmac Env, SIV
Nef

HIV-2, SIVmac Vpx;
SIVdeb, STVagm Vpr

sequestration from sites of
viral assembly
proteasomal degradation
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up-regulates their protein expression, thereby enhancing their antiviral activity (234).
However, IFN induction is not necessary for achieving considerable antiviral effect
(30).

Third, restriction factors are antagonized by viral proteins with the exception of
TRIMSa. Although viral antagonists overcome antiviral effect through diverse
mechanisms, antagonism is exclusively triggered by direct protein-protein interactions
between viral antagonist and corresponding restriction factors, and often recruits
cellular degradation or transport pathways (121). As the consequence of positive
selection, their interactions may further drive the evolutionary change in both hosts

and viruses (30, 81).

1.3.2 APOBEC3G

A3G is a 46 kDa cytoplasmic protein that localizes in the mRNA processing (P)
bodies and stress granules, which are the ribonucleoprotein-rich cytoplasmic
microdomains (99). A3G is a single-stranded DNA cytidine deaminase that blocks
HIV-1 infection in the absence of Vif. It induces the G-to-A hypermutations in viral
cDNA, and inhibits HIV-1 reverse transcription and integration. However, HIV-1 Vif
counteracts the action of A3G through multiple mechanisms (4), which will be

discussed in detail in section 1.4.

1.3.3 TRIMSa

TRIMS5a is the second discovered restriction factor identified by screening of a
rhesus macaque cDNA library (315). It is a 57 kDa cytoplasmic protein (30).
Immediately following viral entry, TRIMS5a targets incoming viral CA for

disassembly and/or degradation, thereby disturbing viral uncoating and promoting
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downstream innate immune response (259).

As a member of the TRIM family proteins, TRIMSa contains a typical TRIM
composed of N-terminal Really Interesting New Gene (RING), B-box and coiled-coil
domains (30). RING is a zinc-binding domain that confers E3 ubiquitin ligase activity.
B box and coiled-coil domains mediate formation of TRIMS5a multimers, which is
required for antiviral activity. C-terminal domain (CTD) of TRIMS5a, called B30.2 or
SPRY domain, recognizes the lattice of viral CA in a species-specific manner, and
determines specificity of restriction (30, 196).

Generally, TRIM5a is ineffective against retroviruses that naturally infect same
host species, but actively blocks replication of retroviruses that are found in other
species. For example, human TRIMS5a (hTRIMS5a) only exhibits relatively weak
anti-HIV activity, but potently inhibits equine infectious anemia virus (ELAV) and
N-tropic murine leukemia virus (MLV) infection. In contrast, rhesus TRIM5a actively
restricts HIV-1 infection (315). Interestingly, the point mutation at residue 332

(R332P) in CTD of hTRIMS5a confers its restriction potential against HIV-1 (359).

1.3.4 BST-2

BST-2 is a 19.7 kDa IFN-induced protein that acts as an inhibitor against the
release of HIV-1 and other enveloped viruses. It blocks viral release by trapping
nascent virions on the surface of the infected cells, from where they may be
endocytosed (236). BST-2 is an unusual type II single-pass transmembrane protein. It
is composed of a short N-terminal cytoplasmic tail (CT) followed by an a-helical
transmembrane (TM) anchor, a extracellular coiled-coil domain and a C-terminal
glycophosphatidylinositol (GPI) lipid anchor. It also contains three extracellular

cysteines that promote BST-2 dimerization (258).
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BST-2 is concentrated at sites of viral assembly and directly cross-links virions to
the plasma membrane (92). A study from Perez-Caballero et al. clarified that BST-2
configuration, but not its primary sequence, is critical for its antiviral activity (258).
They further proposed the model of the action of BST-2. One pair of anchors, either
TM anchor or GPI anchor, is incorporated into virion envelope, whereas the other pair
of anchors remains in the plasma membrane, thereby physically tethering virions to
cells. Alternatively, both anchors are incorporated into virions and link virions to each
other, or trap the virions on the cell surface through multimerization of BST-2
distributed between virion envelope and plasma membrane (258).

However, in order to replicate efficiently, viruses have adapted diverse strategies
to antagonize BST-2. More than one antagonist has been employed by primate
lentiviruses, including Vpu, Nef, and Env. HIV-1 Vpu directly interacts with BST-2
via their transmembrane domains and transports BST-2 to the trans-Golgi network/
early endosomes where BST-2 undergoes proteasomal and/or lysosomal degradation
(162). Instead of Vpu, some SIVs use Nef to antagonize BST-2. Nef recruits Adaptor
Protein-2 clathrin adaptor complex to target BST-2 and induces its endocytosis (364).
Additionally, Env gp4l cytoplasmic tail of HIV-2 and SIVumac physically interacts
with BST-2 and promotes the internalization and sequestration of BST-2 from sites of

viral assembly on the cell surface (121, 177).

1.3.5 SAMHD1

Most recently, SAMHD1 was defined as a restriction factor. It is highly expressed
in myeloid cells and resting CD4" T cells, and indirectly inhibits viral reverse
transcription by reducing intracellular deoxynucleoside triphosphate (ANTP) levels

(22, 136, 173). SAMHDI1 is 72 kDa protein that is responsive to IFN-y and tumor
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necrosis factor (TNF)-a (188). It is composed of an N-terminal nuclear localization
domain, SAM domain, HD domain and C-terminal variable domain (370). The SAM
domain mediates protein-protein interaction. The HD domain contains conserved
histidine and aspartate residues, and is involved in nucleic acid metabolism and RNA
binding (15, 342).

SAMHDI1 depletes the intracellular ANTP pool through dNTPase activity. After
activation by dGTP, SAMHDI1 hydrolyzes dNTPs substatrates to deoxynucleosides
and inorganic triphosphate (107, 174). SAMHD1 mediated restriction can be relieved
by addition of exogenous dNTPs to the level required for the synthesis of viral cDNA.

However, HIV-2 and certain SIVs express Vpx to antagonize the effect of
SAMHDI1. Vpx recognizes the C-terminal residues of SAMHDI and binds to it
through the N-terminal unstructured region. Meanwhile, Vpx binds to the
DDBI1-Cul4A-associated-factor-1 protein and recruits a Cullin4A-based unbiquitin
ligase complex for polyubiquitination and degradation of SAMHDI1 (370). In contrast,
HIV-1 does not encode Vpx or alternative proteins capable of counteracting
SAMHDI. This deficiency provides explanation for the fact that HIV-1 replicates
poorly in macrophages, dendritic cells and resting CD4" T cells (172). Restricted
HIV-1 replication limits immune detection in these cells, thereby ensuring initial viral

infection and transmission.

1.4 APOBEC3G protein
1.4.1 General properties of A3G

A3G, originally called CEM15, belongs to the APOBEC enzyme family (296).
APOBEC family consists of a panel of polynucleotide (deoxy) cytidine deaminases

that share a conserved zinc-coordinating motif His-X-Glu-X;3 23-Pro-Cys-X;, 4-Cys(X
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stands for any residue) (147). These enzymes catalyze the hydrolytic deamination at
the C4 position of the cytosine, thereby converting cytidine to uridine (122).

The APOBEC family in humans includes activation-induced deaminase (AID),
APOBECI, APOBEC2, seven paralogs of APOBEC3 (A-H) and APOBECA4 (55, 275).
The functions of the first two deaminases have been well-studied. APOBECI is
involved in lipid metabolism by introducing a premature stop codon in apolipoprotein
B mRNA (210). AID is required for the antibody diversification via promoting
somatic hypermutation and class switch recombination (224). Besides A3G, other
APOBEC3 family members also have the antiviral potency against various viruses
including HIV-1 (54).

Human A3G is encoded on q13.1 of chromosome 22. It contains two homologous
zinc binding domains, of which only the C-terminal domain (residue 195-384) has
catalytic activity (Fig. 1.4 A). The N-terminal domain (NTD, residue 1-194) is
responsible for the virion packaging and Vif interaction (48, 196). Structural studies
indicate that the CTD of A3G consists of five a-helices and five B-strands. al-f3-02
further forms zinc-coordinating motif (50). In this motif, the catalytic zinc is
coordinated by a histidine (H257) and two cysteines (C288, C291) (294). Guided by
structure of APOBEC2, Zhang et al. modeled the structure of A3G NTD (366).
Together with other studies, it was shown that residues 124 to 127 are critical for A3G
packaging into HIV-1 virions, and adjacent residues 128 to 130 are crucial for Vif
binding (141). In correspondence with active catalytic glutamate E259 in CTD, NTD
contains a pseudo-catalytic residue E67 (115).

The level of A3G varies in different tissues. It is highly expressed in spleen
followed by lymph node and lung, but poorly expressed in skeletal muscle and brain

(167, 270). Also, A3G expression in hepatocytes and lymphoid cells are induced upon
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Fig. 1.4 Domain structure of A3G and Vif. (A) Human A3G contains two zinc finger
domains with the conserved zinc-coordinating motifs (HECC), only the C-terminal
motif is enzymatically active. Virion packaging motif (YYFW) and Vif-interacting
motif (DPD) are located at N-terminal domain as indicated. (B) HIV-1 Vif is a 194
amino acid protein with indicated functional domains. Vif interacts with Cul5 and
ElonC via the C-terminal Zinc-binding motif and BC-box. N-terminal domains
(YRHHY and YXXL) bind to A3G. Numbers indicate amino acid positions.
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T-cell activation or certain cytokine and mitogen treatment (33, 222, 284). One
cellular function of A3G is to protect host cell genome from invasion by exogenous
retroviruses and endogenous retrotransposons, such as musD, and Alu elements (56,

139).

1.4.2 A3G and HIV-1 replication

The action of A3G in HIV-1 replication was discovered during the investigation
of the function of Vif (4, 296). According to Vif’s requirement for productive
infection, human cell lines are grouped as “Vif-dependent/nonpermissive” for cells
that do not support the replication of Vif HIV (eg. H9, CEM, HUT7S), or
“Vif-independent/permissive” (eg. CEM-SS, SupTl1, 293T, C8166). Once permissive
and non-permissive cells were fused, virions produced from heterokaryons were
non-infectious, suggesting that nonpermissive cells contain a restriction factor that
Vif overcomes (193). Later on, by using a suppression subtractive hybridization
technique, Sheehy et al. identified this restriction factor-A3G. They have
demonstrated that A3G is expressed preferentially in nonpermissive cells, and
expression of A3G renders permissive cells nonpermissive for the replication of Vif
virus (296). Since then, a number of studies have been conducted to explore the

antiviral mechanisms of A3G (Fig. 1.5A).

1.4.2.1 Deaminase-dependent antiviral activity

In the absence of Vif, endogenous or overexpressed A3G from viral producing
cells is packaged into budding HIV-1 virion and carries-out its function in the
subsequent round of infection. In the target cells, during viral reverse transcription,

A3G specifically targets minus-strand DNA and deaminases cytidine to uracil. Next,
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Fig. 1.5 Effect of A3G on HIV-1 replication. (A) Effect of A3G on Vif HIV-1. In the absence of Vif, A3G is efficiently incorporated into newly
formed virions. After A3G-containing virions enter the target cell, A3G impedes HIV-1 reverse transcription through a deaminase-independent
antiviral action (1). Once reverse transcription starts, A3G induces the dC to dU mutations on minus-strand DNA (2). (B) Effect of A3G on wild
type HIV-1. In viral producing cells, Vif binds to A3G and recruits the E3 ubiquitin ligase complex for A3G polyubiquitination and proteasomal
degradation (1). Also, Vif physically inhibits A3G encapsidation (2). Thus the produced virions remain infectious and are able to complete the
replication cycle.
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during plus-strand DNA synthesis, adenine is incorporated as the complementary base
to uracil, resulting in Guanine to Adenine (G-to-A) hypermutation in viral plus-strand
(195, 198). Consequently, the proviral DNA harboring such hypermutation would
encode viral proteins with premature stop codons or mutated proteins (360).
Alternatively, uracil in minus-strand DNA could be recognized and excised by cellular
DNA repair enzymes (eg. uracil DNA glycosylases-2, single-strand selective
monofunctional uracil DNA glycosylase-1). The resulting abasic sites may further
trigger apurinic/apyrimidinic endonuclease mediated degradation of viral DNA (120).

Detailed features of A3G-mediated mutagenesis have been demonstrated through
analyzing hypermutated HIV-1 genomes. First, A3G preferentially causes mutations
within 5" GG dinucleotide motifs on the plus-strand, especially 5" TGGG site (target
cytidine underlined) (360). This preference by converting tryptophan codon (TGG) to
a stop codon (TAG) offers explanation for the fact that hypermutation commonly
induces formation of truncated viral proteins. Second, A3G induces two highly
polarized gradients of hypermutation, where mutation rates increase in a 5’ to 3’
direction from cPPT and 3’ PPT (46, 318). Given that plus-strand synthesis is initiated
at these two PPT sites, the gradients are consistent with the time that minus strand
DNA substrates remain single stranded (318). Additionally, biochemical studies
indicated that A3G binds ssDNA randomly and scans for the processive substrates
through either sliding within a localized region or jumping among multiple regions

(47, 293).

1.4.2.2 Deaminase-independent antiviral activity
The catalytic activity of A3G is not the only determinant of its antiviral activity

(299). A number of studies indicated that A3G is capable of inhibiting HIV-1
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replication through deaminase-independent effects. Replacement of critical residues
(H257R, E259Q, C2918) in CTD abolishes the enzymatic activity of A3G, but fails to
significantly impair their antiviral activity (237).

Results from in vitro systems where nucleases are absent suggest that A3G affects
viral DNA content by impeding DNA synthesis (195). Indeed, it is shown that A3G
interferes with several steps of HIV-1 reverse transcription, including the inhibition of
tRNAY primer annealing through interaction with NCp7 (111, 112), the blocking of
strand transfers which consequently reduces late viral DNA synthesis (185, 206) and
the suppression of tRNAY cleavage and removal which produces aberrant viral
3’-LTR ends (206). Using purified A3G protein, Iwatani et al. showed that A3G
significantly inhibits all RT-catalyzed DNA elongation reactions (143). Additionally,
endogenous reverse transcription assays in cell-free HIV-1 particles demonstrated that
A3G reduces HIV-1 viral DNA levels by inhibiting the elongation of reverse
transcripts rather than enhancing degradation (10).

Still, the effect of deaminase-defective A3G on the accumulation of viral DNA is
debatable. Since most studies proved its antiviral effect in the context of
overexpression systems (eg. transfection of expression plasmids for cell culture
experiments and artificially high amount of purified protein for in vitro experiments)
(195), it is therefore desirable to clarify the relative contributions of
deamination-dependent versus -independent effects of A3G in physiologic relevant

concentrations and in vivo infections.

1.4.2.3 Effect of A3G in vivo
Several in vivo studies carried out in rhesus macaques indicated that following

immunization, the level of A3G in lymphatic tissues and immune cells is significantly

29



increased. A3G expression is further shown to correlate with vaccine and
adjuvant-induced protection against subsequent SIV challenge (316, 338, 339).
Meanwhile, increasing evidence has linked upregulated A3G expression with
improved clinical status. Albin et al. summarized data from 11 cohort studies and
concluded that, A3G mRNA levels and hypermutation rate positively correlate with
CD4" T cell counts and negatively correlate with viremia (4). Moreover, higher level
of A3G expression has been found in HIV-exposed seronegative individuals and
HIV-1-infected long-term nonprogressors.

Despite some researchers proposed that A3G induced hypermutation may
contribute to HIV-1 evolution, leading to the occurrence of drug resistant and immune
escape mutations. This theoretical possibility is supported only by limited in vivo data
(4). Also, results obtained from in silico model suggest that the effect of A3G on the
HIV-1 evolution is very low (149). Therefore, A3G can still be considered a suitable

target for the development of new anti-HIV-1 strategies.

1.4.3 The role of A3G against other viruses

In addition to HIV, other retroviruses including SIV, ELAV, MLV and foamy
viruses (FVs) are also the target of A3G (198). A3G triggers G-to-A hypermutation in
their viral genome through editing activity (71).

A3G has shown a more general antiviral activity against T cell leukemia virus
type-1 (HTLV-1) and hepatitis B virus (HBV), mainly in a manner that does not
require deamination. Both wild type and catalytically inactive A3G are able to be
incorporated into HTLV-1 virions and regulate viral infectivity. But hypermutations
are not abundant in HTLV-1 viral DNA (285). As to HBV infection, G-to-A

mutations are found rarely in infected individuals (243, 273). Instead, studies using
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human hepatoblastoma cell lines indicated that A3G targets the DNA-RNA hybrid,
and reduces virus synthesis at early steps of viral reverse transcription and elongation
through deamination-independent activity (238, 242).

In addition, A3G acts as an ancestral defense against endogenous retroelements
(86, 87). Retroelements are mobile genetic elements, which make up 8-10% of host
genome (194). Both human A3G and murine homologue A3G are shown to be able to
inhibit retrotransposition of murine intracisternal A-particles and MusD, and induce
G-to-A hypermutations in their transposed sequences. Thus, partially due to its
catalytic activity, A3G is capable of inhibiting replication of multiple viruses and

endogenous retroelements.

1.4.4 Interactions between A3G and viral components
In order to be incorporated into virions and perform antiviral effects, A3G
interacts with several viral components. Meanwhile, HIV-1 regulates the action of

A3G by Vif protein, mainly through proteasomal degradation pathway.

1.4.4.1 Interaction with HIV-1 Vif

Lentiviruses, such as HIV-1, encode a viral accessory protein Vif to counteract
the antiviral effect of A3G. In the viral producing cells, Vif neutralizes A3G’s activity
through at least three different actions. First, Vif binds to A3G and promotes its
degradation through the 26S proteasome; second, Vif directly inhibits A3G
encapsidation; and third, Vif impairs the translation of A3G mRNA (Fig. 1.5B) (4,
126).

In order to promote A3G’s degradation, Vif recruits an E3 ubiquitin ligase

complex comprising the proteins Cullin5 (Cul5), Rbx2, Elongins B (EloB) and C
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(EloC). Vif binds to this complex via two motifs (Fig. 1.4B). In particular, the
C-terminal conserved S'**LQ(Y/F)LAL" motif forms the BC-box and binds to EloC.
The highly conserved zinc-binding motif HIOS-Xs-C-Xl7_18-C-X3_5-H139 (HCCH) binds
to Cul5. Substitution of the BC-box domain (SLQ portion) or the HCCH motif in Vif
is sufficient to prevent A3G polyubiquitylation and degradation (54).

At the same time, Vif interacts with A3G through motifs mainly located in the
N-terminal region (Fig. 1.4B). Both in vitro and cell-based binding assays have
demonstrated that residues 40 to 71 contain a nonlinear A3G binding site, in which
histidine residues at positions 42/43 are of crucial importance (209). Double-
alanine-scanning further indicates that the hydrophobic motif Y*RHHY™* is essential
for A3G binding, and replacement of YRHHY with alanines almost abolishes
Vif-A3G binding (280). Another conserved motif Y®XXL™ has been reported to
mediate A3G interaction (260). In particular, Tyr69 and Leu72 are shown to be
important for degradation of A3G. Additionally, rather that affecting EloC and Cul5
binding, mutations in C-terminal motif P'*'PLP'®* impair Vif mediated degradation by
reducing interacting with A3G (75).

The motif in A3G responsible for interaction with Vif was discovered based on
the observation that a single-amino-acid difference between the A3G proteins of
human and Africa Green Monkey (AGM) at position 128 modulates the
species-specific recognition of HIV/SIVgm Vif (32, 199). Replacement of aspartic
acid residue at this position in human A3G with lysine found at the corresponding
position in AGM A3G renders hA3Gpjask resistant to HIV-1 Vif but sensitive to
SIVagm Vif-induced degradation. Detailed studies revealed that the D'2PD"*° motif in
hA3G is critical for recognition by Vif. Pro129 and Asp130 contribute to an overall

negative charge that is necessary for Vif binding. This motif specially interacts with
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D"RMR' of HIV-1 Vif (141, 291). Replacement of DRMR in HIV-1 Vif with
corresponding residues SEMQ in SIVgum Vif allows HIV-1 Vif to counteract AGM
A3G and hA3Gpsx mediated restriction (332). Moreover, phosphorylation is
involved in the regulation of A3G-Vif functional interaction. Phosphorylation of
residue Thr32 in hA3G by protein kinase A (PKA) reduces its binding and
degradation by HIV-1 Vif, thereby promoting its antiviral activity (300).

In addition to the amino acids in A3G that are critical for Vif interaction, lysine
residues at position 297, 301, 303, 334 in the C-terminal domain were identified to be
responsible for A3G ubiquitination (142). Substitution of these four lysine residues
blocks Vif-mediated degradation. Once four lysine residues were all mutated to
arginine, A3G became completely resistant to Vif induced degradation, and capable of
suppressing the replication of Vif" virus (142).

Meanwhile, there is evidence suggesting that Vif directly impedes A3G
encapsidation, and this action is separable from Vif-induced degradation. First,
substitution of the conserved phosphorylation sites in Vif impairs the infectivity of
progeny virus without affecting Vif-mediated A3G degradation (208). Furthermore,
Vif was able to inhibit the encapsidation and antiviral activity of an A3G mutant
C97A, which is resistant to degradation (249). In Kao et al.’s study, the intracellular
level of A3G was adjusted by transfecting various amounts of A3G-expressing vector.
Then the amount of A3G incorporated into wild type virions was compared to Vif’
virions, and it was found that less A3G was packaged into wild type virions (153, 154).
This suggests that Vif can directly inhibit A3G packaging through
degradation-independent pathway. Indeed, it is proposed that Vif may interfere with
A3G packaging by competitively binding to components that are critical for A3G

encapsidation, such as viral genomic RNA or NC proteins (54, 126).
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Vif has also been shown to inhibit A3G translation (211, 310). By using
biochemical and biophysical methods, it was demonstrated that Vif binds to sites in 5’
and 3" UTRs of A3G mRNA with high affinity, and blocks both 5" UTR-dependent
and -independent translation of A3G (211).

Moreover, virion-associated Vif could serve as the last defense against A3G by
directly disrupting the catalytic activity of A3G (34). In bacterial models where
proteasomal degradation pathway is absent, the presence of Vif leads to the reduction
of A3G-induced hypermutation (282). Also, recombinant Vif protein or Vif-derived
peptide Vifys39 inhibits A3G-mediated deamination in vitro (34). Recently, a
biochemical study demonstrated the mechanism by which Vif inhibits A3G enzymatic
activity. It indicated that through physically interacting with A3G, Vif could inhibit
either jumping or sliding movement of A3G on single-stranded DNA (90).

In summary, Vif interacts with both A3G mRNA and protein. Their interaction
may directly neutralize the action of A3G, or promote A3G degradation by recruiting
proteasomal degradation pathway. Also Vif attempts to inhibit A3G virion
encapsidation, which is independent of Vif-A3G interaction. Thus, the tumultuous
relationship between Vif and A3G demonstrates that Vif-A3G axis could be an

attractive target for developing new therapeutics for HIV-1 infection.

1.4.4.2 Interaction with other viral proteins

HIV-1 Gag facilitates the virion incorporation of A3G (96). Studies found that
NC domain of Gag mediates direct interaction with A3G. Mutations/deletions in the
NC domain reduced the packaging of A3G into virions (5, 76). In A3G, NTD is
responsible for NC interaction, especially the Y'**YFW'?" motif that is critical for

A3G encapsidation (191, 195).
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By using bimolecular fluorescence complementation assay, Friew et al. analyzed
the interaction between Gag and A3G in living cells. They found that both Gag and
A3G form multimers in RNA dependent manner, and multimerization is required for
their interaction and A3G incorporation (96). In contrast, the function of
betaretrovirus Mason-Pfizer monkey virus (MPMV) Gag is opposite. MPMV Gag
poorly binds to simian A3G, thus limits the amount of simian A3G incorporated into
virion and avoids restriction by host A3G (73).

Besides viral structural protein, A3G binds to two viral enzymes that are critical
for early stage of viral replication. Luo et al. reported that both wild type A3G and
catalytic defective mutant A3Gcy9is bind to HIV-1 IN, and interfere with proviral
DNA formation (192). Our group identified the interaction between A3G and HIV-1
RT. Peptide competition experiment further confirmed that their interaction
contributes to A3G-mediated inhibition on HIV-1 reverse transcription (336).
Additionally, Nguyen et al. revealed that A3G binds to the RT of HBV, which is

required for the incorporation of A3G into HBV virions (239).

1.4.4.3 Interaction with RNAs

A3G is an RNA binding protein that interacts with nonautonomous retroelement
Y RNAs, Alu RNAs, and mRNAs encoding A3G, ubiquitin, and protein phosphatase
2A (57, 168, 276). Among them, interaction between A3G and 7SL RNA was well
studied. Host noncoding RNA 7SL RNA is involved in the signal peptide recognition,
which is selectively packaged by HIV through interaction between Gag and cis-acting
sequences of 7SL RNA (159). As a component of viral ribonucleoprotein (RNP)
complex, 7SL RNA interacts and promotes A3G associating with RNP, which may

contribute to A3G association with RTC (368). Additionally, 7SL RNA has been
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identified as the cofactors of A3G virion packaging (248, 335).

Studies also suggested that viral genomic RNA is required for A3G packaging.
A3G was found to bind to viral genomic RNA and form A3G complex (168, 308). In
the virion, their association inhibits enzymatic activity of A3G. However in the
following round of infection, this inhibitory effect is eliminated by RNase H treatment
during reverse transcription (308).

Although which type of RNA is involved in A3G encapsidation remains
controversial, increasing evidences indicate that association of A3G with cellular and
viral RNAs promotes A3G packaging, oligomerization and antiviral function (314,

320).

1.5 HIV-1 therapeutics based on host restriction factors

Identification and characterization of restriction factors has inspired the
development of novel therapeutics against HIV. Indeed, detailed understanding of
interactions between viral antagonist and restriction factors provides a rational to
design small molecules of interaction inhibitors and/or artificially engineer restriction

factors to which HIV-1 is sensitive.

1.5.1 Pharmacological inhibitors

By blocking the interaction of restriction factors with viral antagonists or host
machinery required for antagonism, pharmacological inhibitors should be able to
inhibit the antagonistic effect of viral proteins, and thereby mobilize the activity of
restriction factors. Due to the limitations on the detailed information as to their
interacting domains and three-dimensional structures which are required to effectively

target their interaction, so far, only a few small molecules that disrupt A3G/Vif
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interactions have been identified.

RN-18 is the first reported small molecule antagonist of HIV-1 Vif (230). It
blocks the function of Vif by downregulating its protein levels, and thereby increases
A3G expression and incorporation. Later, Cen et al. discovered two compounds that
protect A3G from Vif-induced degradation (44). Rather than inducing global
inhibitory effect on the ubiquitin-proteasome pathway, compounds IMB-26 and
IMB-35 specifically bind to A3G and disrupt A3G/Vif interaction, resulting in
reduced polyubiquitination of A3G by Vif. Thus, treatment by these compounds
restores A3G protein expression and virion encapsidation in the presence of Vif.
IMB-26 and IMB-35, together with RN-18 have shown antiviral activity against Vif"
HIV-1 replication in A3G expressing cells, which provide proof of principle that
A3G/Vif can be targeted by small molecules.

Additionally, the compound PF74 is found to be able to mimic the action of
TRIMS5a, and destabilize HIV-1 CA. This compound binds specifically to and induces
rapid dissolution of HIV-1 CA, resulting in premature HIV-1 uncoating in target cells
(298). Moreover, in order to identify inhibitors targeting Vpu/BST-2, Zhang et al.
developed a high-throughput cell-based ELISA, which can be used to measure the

amount of BST-2 on the cell surface (367).

1.5.2 Gene therapy approaches

Gene therapy, as a promising alternative anti-HIV approach is attracting
increasing attention (312). By targeting one or more steps of viral life cycle, gene
therapy is able to suppress viral replication, or even block the initial infection and
keep the modified cells virus-free. Additionally, though gene modification, gene

therapy may provide life-long protection particularly if hematopoietic progenitor cells
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are targeted. Until now, both viral components and cellular genes critical for viral
replication have been exploited in HIV-1 gene therapy, and host restriction factors are
not exceptions (135).

Several groups, including ours, have targeted A3G for gene therapy (4). Despite
difference in targets, all strategies attempt to achieve a unique goal: to increase A3G
encapsidation. Once substantial amounts of A3G are incorporated into virions, the
virions become non-infectious regardless the presence of HIV-1 Vif.

To indirectly increase A3G encapsidation by preventing its degradation, in a pilot
study ubiquitin-associated domain 2 (UBA2) was fused at the C-terminal end of A3G
(184). UBA2 is a stabilization signal that protects proteins from proteasome-mediated
proteolysis. UBA2 fusion made A3G protein more resistant to Vif-inducted
degradation, and modestly improved the inhibitory effect of A3G against Vif" HIV-1.

Alternatively, strategies directly increasing A3G encapsidation by actively
directing it into virion have been proposed. In our previous study, A3G was fused with
virus-targeting polypeptide R88 (14). R88 is a fragment of HIV-1 Vpr that is
incorporated into virion through interaction with Gag p6 (356). R88-A3G was able to
overcome the HIV-1 Vif barrier and efficiently packaged into the Vif™ virus. Similarly,
A3G can be delivered via Nef7 fusion (108). Nef7 mutant is derived from HIV-1 Nef,
whose pathogenicity is abolished after two point mutations (V153L, E177G). Both
delivery vehicles have natural HIV-1 core access, and their fusion was sufficient for
A3G to be packaged into virion and exhibit antiviral activity.

Together, strategies discussed above provide proof-of-concept that simple
modification on A3G is able to override Vif-targeted inhibition and restore its
anti-HIV activity. Additionally, in order to determine how effective A3G-based gene

therapy could be, Krisko et al. used humanized mice to evaluate the action of A3G in
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vivo (170). In their study, A3G efficiently blocked the replication of CCRS5-tropic Vif’
viruses, as indicated by the extensive G to A mutation in proviral DNA, which further
confirmed in vivo antiviral potential of A3G.

Meanwhile, studies on human and rhesus TRIM5a promote the development of
gene therapy strategies based on TRIMSa. Anderson et al. generated a chimeric
human-rhesus TRIMS5a, which contained the critical region from rhesus macaque
involved in HIV-1 capsid recognition (6). This chimeric TRIMSa was shown to
inhibit HIV-1 infection in a hematopoietic stem cell gene therapy setting. Moreover, a
human TRIM5a derived protein hTRIMCyp acquired the ability to target HIV-1 by
fusing with human cyclophilin A motif (CypA) (233). hTRIMCyp was shown to
exhibit more potent anti-HIV activity than thTRIMS5a, and be effective against HIV in
humanized mouse model.

In conclusion, these encouraging results, especially data from humanized mouse
models, support the promise of restriction factors based therapeutic approaches.
Furthermore, the development of the most effective and safest approach, where
restriction factors specifically inhibit viral replication without disturbing host
functions, will be benefited from studies aimed at better understanding of host factors

and HIV-1 restriction.

1.6 Scope of thesis

The interaction between A3G and HIV-1 viral components as a representative
example reflects host-pathogen interactions. For one thing, the host suppresses HIV-1
replication and pathogenesis by encoding restriction inhibitors such as A3G; for
another, HIV-1 evades this inhibitory action by encoding viral antagonist, e.g. Vif. In

order to counteract A3G, Vif binds to A3G and targets it for proteasomal degradation,
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or physically blocks its encapsidation. However, in the absence of Vif, A3G exhibits
its antiviral effect by binding to several viral components. For example, A3G
incorporates into viral particles through interaction with Gag NC domain and/or viral
RNA. A3G also binds to IN, which promotes deaminase-independent inhibition on
viral DNA formation.

In order to further uncover A3G-mediated restriction and identify its potential
viral partners, in Chapter 3, co-immunoprecipitation (Co-IP) experiments were carried
out to examine the interplay between A3G and HIV-1 RT. Peptide competition assay
was used to elucidate the role of their physical interaction in HIV-1 replication,
especially in HIV-1 reverse transcription.

Moreover, protein-protein interactions between A3G and viral components
provide tempting targets for HIV-1 therapeutics. In order to help A3G to evade HIV-1
Vif, either A3G or Vif can be targeted. However, given the high mutational rates of
HIV-1, Vif appears to be a less attractive target than A3G, and the relatively immutable
host protein A3G can be a better candidate for therapies against HIV-1.

In our lab, the project aimed at developing an A3G-based anti-HIV strategy was
initiated by fusing A3G with viral targeting peptide R88. R88 helps A3G to overcome
Vif’s physical blockage and incorporate into virions. However, R88-A3G remains
sensitive to Vif induced proteasomal degradation. Thus, in order to prevent A3G
degradation, in Chapter 4, mutagenesis analysis was conducted to characterize the
critical residues in A3G and select Vif-resistant mutants. In Chapter 5, knowledge on
Vif-resistant A3G mutants was extended, and optimized A3G: R-A3Gpjsx was
delivered into susceptible cells by inducible lentiviral vector. The antiviral effect of
R-A3Gpi2sk against active and latent HIV-1 infection was characterized.

In summary, my research aims to provide greater understanding on A3G-mediated
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restriction, and to develop and verify A3G based anti-HIV gene therapy strategy. The

central hypothesis is that A3G restricts viral replication through interaction with viral

partners. Through optimization, A3G is able to exert advanced antiviral activity and

used as a gene therapy candidate to restrict HIV-1 replication and dissemination. To

test this hypothesis, the following objectives were undertaken:

1.

2.

Study the physical and functional interaction between A3G and viral partner-RT.
Characterize the critical residues in A3G involved in viral interaction, including
viral incorporation and Vif-induced degradation.

Screen potential A3G mutants as candidate for anti-HIV gene therapy.

Generate and characterize the inducible lentiviral vectors for R88-A3Gpiask
delivery.

Evaluate antiviral activity mediated by the pTZ-R88-A3Gpi,sk in susceptible cell

populations.
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CHAPTER 2

Materials and Methods
2.1 General reagents
2.1.1 Antibodies

Antibodies for cellular proteins: mouse anti-o-tubulin antibody (Sigma) and
rabbit anti-hA3G antibody (catalog no. 10201) obtained through the NIH AIDS
Research and Reference Reagent Program, were used for Western Blot (WB) analysis.
Mouse anti-CD4 monoclonal antibody (OKT4) used for fluorescence-activated cell
sorter (FACS) was described previously (10, 11, 355).

Epitope tag antibodies: rabbit anti-HA antibody (Sigma) and mouse anti-T7 tag
antibody (Novagen) were used for immunoprecipitation (IP) and WB.
HRP-conjugated anti-T7 antibody was purchased from Novagen.

Antibodies for viral proteins: rabbit anti-RT (catalog no. 6195) and mouse anti-Vif
(catalog no. 2221) antibodies were obtained through the NIH AIDS Research and
Reference Reagent Program. Mouse anti-HIV-1 p24, rabbit anti-Vpr and rabbit
anti-IN monoclonal antibodies were described previously (10, 11, 355, 356, 358).

Secondary antibodies: HRP-conjugated donkey anti-rabbit IgG and sheep
anti-mouse IgG were purchased from Amersham Biosciences. Fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit antibody (Kirkegaard & Perry

Laboratories) was used in the fluorescence assay.

2.1.2 Chemicals
Protease Inhibitor Cocktail Set III, puromycin (puro) and NP-40 were purchased

from Calbiochem. 4'-6-Diamidino-2-phenylindole (DAPI) and TRIZOL reagent was
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purchased from Invitrogen. Doxycycline (Dox) and Propidium lodide (PI) were
obtained from Sigma. ProLabel™ Detection Kit II was purchased from Clontech.
WB-detection ECL kit was purchased from PerkinElmer Life Sciences.
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzenedisul fonate

(WST-1) was purchased from Roche.

2.1.3 Constructed plasmids
2.1.3.1 Plasmids for A3G
The plasmid pAS1B-HA-A3G was constructed previously (14). A3G amplified
from Homo sapiens cDNA clone IMAGE: 1284557 was kindly provided by Dr. S.K.
Petersen-Mahrt (61, 261). The pAS1B-HA-A3G truncation mutants (65-132, 102-257,
and 195-384) were constructed by the PCR-based mutagenesis method with the
following primers:
A3Ggs-Kpn -5
5-CGGGGTACCTATCCTTATGACGTGCCTGACTATGCCAGCCACCCAGAG-3;
A3G;3-BamH [-3": 5-CGGGATCCCTGGTAATCTGGG-3;
A3Gjp-Xba [-5": 5-CTAGTCTAGAAGGGATATGGCCACGTTC-3;
A3Gys57-Pst [-3": 5-AACTGCAGTCAATGCGGCCTTCAAGGAA-3;
A3Gjes-Xba [-5": 5-GGAGATTTCTAGACACTCGATG-3;
A3Gs3g4-Bgl 11-3": 5-ATAGATCTATCGATTCAGTTTTCCTGATT-3.
ProLabel-HA-A3G was constructed by subcloning HA-A3G into a ProLabel-C
vector (Clontech). ProLabel-A3Gpisx was generated by a two-step mutagenic
PCR-based method. The presence of D128K in A3G was confirmed by sequencing.
Primers used were as follows:

HA-Kpn [-5": 5-CGGGGTACCGCTTCTAGCTAT-3;
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A3G-Smal [-3": 5-TCCCCCGGGTCAGTTTTCCTG-3;
A3Gpi2sk-5": 5-ACTTCTGGAAACCAGATTAC-3;
A3Gpi2sk-3": 5-GTAATCTGGTTTCCAGAAGTA-3.

CMVin-R14-88-pcs-A3Gwt (R88-A3Gwt), HA-A3Gwt and pYEF1-R88-A3Gwt
were constructed previously (14). The CMVin-R88-A3G mutants were generated by a
PCR-based mutagenesis method (11). The presence of the corresponding mutations in
A3G was confirmed by sequencing. The primers used for generating different A3G
mutants were:

A3G-Xba [-5": 5-TCATCTAGAAAGCCTCACTTCAG-3;
A3G-Bgl II-3":5-TAAGAGCTCATGCCTGCAGCC-3;
A3Gy1244-5": 5-GCACGCCTAGCATACTTCTGG-3;
A3Gy1244-3": 5-CCAGAAGTATGCTAGGCGTGC-3;
A3Gpi294-5": 5-TTCTGGGACGCAGATTACCA-3;
A3Gpi294-3": 5-TGGTAATCTGCGTCCCAGAA-3;
A3Gg2590-5": 5S-CGCCATGCACAACTATGCTTCCT-3;
A3Gg25900-3": 5-AGGAAGCATAGTTGTGCATGGCG-3.

The AAV2-lacZ vector was described previously, which expresses the lacZ
reporter gene from a cytomegalovirus (CMV) promoter and flanked by AAV2 inverted
terminal repeats (ITRs) (18, 26). The AAV2-R88-A3Gpj94 was constructed by
replacing the lacZ gene with R88-A3Gpi9a amplified from plasmid
CMVin-R88-A3Gpjy94 using the following primers:

R88-Not I-5": 5-ATAGCGGCCGCCATGCCACACAATGAA-3;
A3G-BamH [-3": 5-GCTCGGATCCTCAGTTTTCCTGATT-3.
To construct plasmid pTZ-R88-A3Gpiask, R88-A3Gpiosk was amplified from

CMVin-R88-A3Gpjsk. The PCR fragment was digested with Age I and Cla I, and
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cloned into pTRIPZ-empty vector (pTZ-control, Open Biosystems) by replacing the
original RFP expressing region between Age I (nt 2992) and Cla I (nt 3702). The
following primers were used:

R88-Age I-5": 5-ATCGCACCGGTCGCCACCATGCCACACAATGAAT-3;

A3G-Cla I-3": 5-ATAGATCTATCGATTCAGTTTTCCTGATT-3.

2.1.3.2 Plasmids for viral proteins

To generate the RT expression plasmid, HIV-1 RT was amplified from HIV-1
HxBru using mutagenesis primers to create a BamH I site in the 5" end with the start
codon removed and a Not I site preceded by the stop codon. The PCR fragment was
digested with BamH I and Not I, and cloned into the SVCMVin-T7 vector that was
digested with the same restriction enzymes to generate the plasmid SVCMVin-T7-RT
(11). The T7-RT truncation mutants (1-243, 1-323 and 1-439) were obtained using the
same strategy. The following primers were used:
RT-BamH I-5": 5-CGCGGATCCCCCATTAGTCCT-3;
RT-Not I-3": 5-ATTTGCGGCCGCCTATAGTACTTTCCT-3;
RT243-Cla I-3": 5-CCATCGATCTAAGGCTGTACTGTCCATTTA-3;
RT3p3-Cla I-3": 5-CCATCGATCTATTTTGATGGGTCATAATAC-3;
RT430-Cla I-3": 5-CCATCGATCTACGTTTCTGCTCCTACTATG-3.

pcDNA-hVif was obtained from the NIH AIDS Research and Reference Reagent
Program (240). pcDNA-Vifggmg was generated by PCR-based mutagenesis method
with the following primers:
Vifspmo-5": 5-TGTGGCAGGTGAGCGAGATGCAGATTAACACCTG-3;

Vifspmo-3": 5-CAGGTGTTAATCTGCATCTCGCTCACCTGCCACA-3.
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Table 2.1 List of constructed plasmids

Plasmid for A3G

pAS 1B-HA-A3 G65_132
pAS 1B-HA-A3 G102_257
pAS 1 B-HA-A3G195_384
ProLabel-HA-A3G
ProLabel-HA-A3Gpi23x
CMVin-R88-A3 Gy124A
CMVin-R88-A3 GYD123K
CMVin-R88-A3GYpi20a
CMVin-R88-A3Gg2590
AAV2-R88-A3Gp 294

pTZ-R88-A3 GD128K

Plasmid for viral proteins

SVCMVin-T7-RT
SVCMVin-T7-RT1 243
SVCMVin-T7-RTj.323
SVCMVin-T7-RT1 -439
pCDNA-VingMQ

Plasmid for provirus

HxBruARI-Vif
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2.2 Cells and viruses
2.2.1 Cells and transfection

Human embryonic kidney 293T cells, 293 cells and HeLa cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 100units/ml penicillin and 100pg/ml streptomycin. ACH-2 cells are
obtained through the NIH AIDS Research and Reference Reagent Program (94).
ACH-2 cells and CD4" C8166 T cells were maintained in Roswell Park Memorial
Institute (RPMI)-1640 medium containing 10% FCS, 100units/ml penicillin and
100pg/ml streptomycin. Peripheral blood mononuclear cells (PBMCs) were isolated
from the blood of healthy adult volunteers by sedimentation on a Ficoll (Lymphoprep;
Axis-Shield) gradient. CD4" T lymphocytes were isolated from PBMCs by negative
selection with EasySep™ Human CD4'CD25" T Cell Isolation Kit (STEMCELL
Technologies). Isolated PBMCs and CD4" T lymphocytes were stimulated with
3ug/ml phytohemaglutinin (PHA) for 3 days and maintained in RPMI-1640
supplemented with 10 U IL-2. PBMC-derived macrophages were generated by
dispensing fresh PBMCs into 12-well plates at the desired density at 37 °C for 2 hours.
After gentle washing with DMEM, the adherent cells were cultured in DMEM
containing 10% FCS and 10ng/ml macrophage colony-stimulating factor (M-CSF;
R&D Systems) for 7 days. DNA transfection of 293T or HeLa cells was performed

using the standard calcium phosphate DNA precipitation method (358).

2.2.2 Viruses production and infection

The HIV-1 proviral clones pNL4.3-Nef /GFP, pNL4.3-Bal, HxBru-Vif,

HxBru-Vif and HxBruARI were previously constructed (9, 11, 14). In HxBru Vif,

the amino acids at positions 21 and 22 of Vif were changed to a stop codon (14). In
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HxBruARI, RT and IN gene sequences were deleted, while a 194-bp sequence

harboring cPPT/CTS cis-acting elements was maintained, as previously described

(11). HxBruARI-Vif provirus was constructed by two-step PCR. First, cDNA that

encompassed a region between the Apa I and Sal I sites of the provirus was amplified,
in which the amino acids at positions 21 and 22 of Vif were changed to a stop codon.
Then, the amplified PCR fragment was digested with Apa I and Sal I restriction
enzymes and used to replace the corresponding region in HxBruARI. The mutagenic
primers were:

Vif Stop-5": 5-GAGGATTAGAACATGATGACGTGTAGTAAAACACC-3

Vif Stop-3": 5-GGTGTTTTACTACACGTCATCATGTTCTAATCCTC-3.

AZT resistant HIV-1, HIV-11 op.mi84v (3TC-resistant), Nevirapine resistant HIV-1,
Protease inhibitors resistant HIV-1 (L10R/M46I/L63P/V82T/184V), Raltegavir
resistant HIV-1(1556/W1235426-1) were obtained through the NIH AIDS Reagent
Program.

To produce HIV-1 viruses that incorporated different HA-A3G or R88-A3G
fusions, 293T cells were co-transfected with the corresponding HIV-1 proviral DNA
and HA-A3G or R88-A3Gwt/mut plasmids. Virus-containing supernatants were
collected at 48 hours post-transfection and subjected to ultra-centrifugation (35,000
rpm for 1.5 hours at 4 °C) to pellet the virus. The quantification of virus stocks was
determined by Gag-p24 measurements using an HIV-1 p24 ELISA Kit (purchased
from the AIDS Vaccine Program of the Frederick Cancer Research and Development
Center) (357).

To infect CD4" C8166 T cells, equal amounts of viruses were incubated with
susceptible cells at 37 °C for 2 hours. Then, the cells were washed and incubated with

fresh medium. At different time points as indicated in the result sections, HIV
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replication levels in each infected culture were monitored by measurement of HIV-1
Gag-p24 antigen by HIV-1 p24 ELISA. The infection level mediated by the
pNL4.3-GFP HIV-1 virus was monitored by FACS (Becton Dickenson FACSCalibur)
or observed under fluorescence microscopy after the infected cells were fixed with
PBS-4% paraformaldehyde. For the WB analysis, viruses were pelleted by
ultra-centrifugation through a 20% sucrose cushion. Then, the lysed virus samples
were resolved by 10% SDS-PAGE followed by WB.

As to primary cell infection, Nevirapine-resistant HIV-1 was used to infect
PBMCs and CD4" T cells. pNL4.3-Bal virus was used to infect macrophages.
Unstimulated CD4" T cells were infected with Nevirapine-resistant virus by
previously described method (175, 253). Briefly, cells were suspended at a
concentration of 1x10’cells/ml, and spinoculated with virus at 1200xg for 2 hours at
room temperature. Then cells were washed twice and incubated in fresh medium.

HIV-1 replication was monitored by HIV-1 Gag-p24 ELISA.

2.3 General methods
2.3.1 Real-time PCR analysis
2.3.1.1 Quantitative detection of synthesized viral DNA

To examine the effects of A3G and IN on HIV-1 reverse transcription, C8166 T
cells were infected with equal amounts of Vif viruses (containing A3G and/or IN or
not) produced from 293T cells. A heat-inactivated virus (pretreated at 80°C for 30
min) was used as a negative control for infection. Prior to infection, viruses were
treated with 340 U/ml DNase (Roche) for 60 min in 37°C to remove residual plasmid

DNA. After 2 hours of infection, the cells were washed with PBS and cultured in

RPMI medium. At 12 hours post-infection, the infected cells were collected, and
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DNA was extracted using a QIAamp DNA Blood Mini Kit (Qiagen) following the
manufacturer’s instructions. The DNA samples were processed for detecting late
reverse transcription (LRT) products using the following primers:

TD-Gag-Fr: 5-ATCAAGCAGCCATGCAAATG-3;

TD-Gag-Rv: 5-CTGAAGGGTACTAGTAGTTCC-3.

Real-time PCR was performed on a Mx3000P detection system (Stratagene, CA)
with following optimized thermal conditions: initial hot start (95 °C for 15 min)
followed by 35 to 40 cycles of denaturation (94 °C for 30 s), primer annealing (60 °C
for 30 s) and extension (72 °C for 1 min). To evaluate the DNA content of the
extracted chromosomal DNA preparations, a detection of the human B-globin gene
was performed by real-time PCR with following primers as described previously
(304):

B-globl (forward): 5-CAACTTCATCACGTTCACC-3;

B-glob2 (reverse): 5-GAAGAGCCAAGGACAGGTAC-3.

2.3.1.2 Quantitative detection of lentiviral vector DNA

To determine the transduction efficiency of lentiviral vectors with or without A3G,
C8166 T cells were transduced with equal amounts of vectors produced from 293 T
cells. To avoid carryover plasmid DNA contamination, vectors were pretreated with
340U/ml DNase (Roche) for 60 min in 37°C. 2 hours after transduction, cells were
washed and cultured in complete RPMI medium for another 6 hours. Then, cells were
collected and DNA was isolated using a QIAamp blood DNA minikit. The total levels
of vector DNA were quantified with Mx3000P real-time PCR system as described
earlier with the following primers (9):

R-Fr: 5-GGCTAACTAGGGAACCCACTGC- 3;
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US-Rv: 5-CTGCTAGAGATTTTCCACACTGAC-3.

DNA template was normalized by 3-globin gene amplification as described above.

2.3.1.3 Quantitative detection of A3G/R88-A3G mRNA and DNA

Human PBMCs and macrophages were transduced with AAV2/5-LacZ or
AAV2/5-R88-A3Gpia9a vectors. 72 hours after transduction, total RNA from 1x10°
cells was extracted using the TRIZOL reagent following the manufacturer’s
instructions. RNA was subjected to reverse transcription with Moloney murine
leukemia virus reverse transcriptase (M-MLV RT, Promega). The cDNA was then
PCR-amplified with Taq DNA polymerase (Fermentas) using 5’ and 3’ primers
targeting Vpr and A3G, respectively:

R88-Not I-5": 5-ATAAGCGGCCGCCATGCCACACAATGAA-3;

A3Gpi294-3": 5-TGGTAATCTGTCCCAGAA-3.

The mRNA content was normalized by amplifying the human B-globin gene as
described previously (304). All PCR products were electrophoresed through 1.2%
agarose gels.

To quantitatively determine the levels of R88-A3Gpjz9a mRNA and the total
cellular A3G mRNA (including endogenous A3G mRNA) in PBMCs and
macrophages, the extracted RNA was first subjected to reverse transcription with
M-MLV RT. Then, the reverse transcripted DNA from each sample was quantified by
real time-PCR analysis using two sets of primers:

One set for R88-A3Gpiz9a:
Vpr-5": 5-GATACTTGGGCAGGAGTGG-3;
A3G-3":5-CACCTGGCCTCGAAAGAT-3.

Another set for A3G:
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A3G-5": 5-CTTCAGAAACACAGTGGAGC-3;

A3G-3": 5-CACCTGGCCTCGAAAGAT-3.

The reaction was carried out in 20 pL final volume, consisting 1X FastStart DNA

Master SYBR Green I (Roche) and 0.2 uM of each sense and antisense primers.
Similarly, to quantitatively determine the levels of R88-A3Gpisx DNA in

transducted CD4" T cells and macrophages, DNA from transduced cells was isolated

at 3 days after transduction. Real-time PCR analysis was performed with primers

targeting Vpr and A3G as described above.

2.3.2 Co-IP assay in 293T cells and produced HIV-1 virions

To detect the interaction of A3G/RT and identify their binding regions, a
cell-based Co-IP assay was performed. Briefly, the T7 or T7-RTwt/mutant plasmid
was co-transfected with HA-A3Gwt/mutant into 293T cells for 48 hours. Then, 90%
of the transfected cells were lysed in 0.5% NP-40 prepared in 199 medium containing
a cocktail of protease inhibitors (Roche) for 30 min and clarified by centrifugation at
14,000 rpm for 30 min at 4 °C. After centrifugation, the clarified supernatant was
subjected to immunoprecipitation using a mouse anti-T7 antibody. The
immunoprecipitates were then resolved by 10% SDS-PAGE. The RT-bound proteins
were detected by WB using anti-HA or anti-A3G antibodies. In addition, the presence
of T7-RTwt/mutant in the immunoprecipitates was detected by an anti-T7 antibody.
To detect the expression of HA-A3Gwt/mutant and T7-RTwt/mutant, 10% of the
transfected cells were lysed in 0.5% NP-40 199 medium, and the lysates were
analyzed by WB with corresponding antibodies. For the ProLabel assay, the ProLabel
activity of ProLabel-HA-A3G and the ProLabel-T antigen from the Co-IP samples

and cell lysates were measured by the ProLabel™ Detection Kit II.
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To detect the interaction between HA-A3G and RT in the virions, Vif virions

were lysed with 0.5% NP-40 in 199 and immunoprecipitated with a mouse anti-HA
antibody, followed by WB with an anti-RT antibody to detect A3G-bound RT. In the
RNase treatment assay, the viral lysates in 199 medium (containing 0.5% NP-40) were
pretreated with 100 pg/ml RNase A (Invitrogen) for 1 hour before

immunoprecipitation.

2.3.3 Isolation and detection of HIV-1 IN mRNA

To detect the presence of HIV-1 IN mRNA, HIV Vif viruses were either treated

or untreated with RNase and lysed. RNA was extracted from the viral lysates using
the TRIZOL reagent. Isolated RNA was subjected to reverse transcription with
M-MLV RT. Then, the reverse transcribed DNA was amplified with Taq DNA
polymerase using following primers:

IN-5": 5-GAAAGTAGGAGCTCTAGATGGAATA-3;

IN-stop-3": 5-CTAAACGGATCCATGTTCTAA-3.

The PCR products were electrophoresed through 1% agarose gel.

2.3.4 Radiolabeling and detection of R88-A3Gwt/mutant

To perform pulse-chase radiolabeling experiments, 293T cells were co-transfected
with wild type R88-A3G or mutants and a pcDNA-hVif plasmids. After 48 hours, cells
were incubated for 30 min with starvation medium (DMEM without methionine, plus
10% dialyzed FBS) followed by pulse-labeling for 30 min with 250 pCi of
[*°S]-methionine (Perkin Elmer). After labeling, the radiolabeled medium was replaced

with medium containing an excess of unlabeled methionine, and the cells were
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incubated at 37°C. Labeled cells were collected at 0, 3.5 or 5 hours and subjected to
immunoprecipitation using an anti-Vpr antibody. Immunoprecipitates were resolved by

SDS-PAGE in a 12% gel followed by autoradiography.

2.3.5 Immunofluorescence

HeLa cells were grown on glass coverslips (12 mm?) in 24-well plates and
transfected with CMVin-HA-A3Gwt or different R88-A3Gwt/mutant plasmids. After
48 hours, the cells were washed with PBS and fixed and permeabilized with
methanol/acetone (1:1 ratio) for 30 min at room temperature. The coverslips were
incubated with a rabbit anti-A3G antibody (1:500) for 2 hours at 37°C followed by
incubation with a 1:500 dilution of FITC-conjugated anti-rabbit antibody for 1 hour.
Nuclei were stained with DAPL. The coverslips were mounted with Mowiol 4-88, and
the cells were visualized under a Carl Zeiss microscope (Axiovert 200) with a 20x

objective.

2.3.6 Western blot analysis

For detection of protein expression in cells or viral particles, cell lysates or lysed
viral samples were directly loaded onto a 10% or 12% SDS-PAGE gel, and
electroblotted to nitrocellulose transfer membrane (Bio-Rad). The presence of
individual proteins was analyzed by corresponding antibodies, and visualized with a

WB-detection ECL kit.

2.3.7 Transduction and establishment of R88-A3Gwt/mutant-expressing cell lines
Pseudotyped lentiviral particles harboring pYEF-R88-A3Gypi1294,

pTZ-R88-A3Gpi23x and corresponding control vectors were produced from 293 T cells
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by triple transfection. Briefly, 293T cells were transfected with pYEF or pTZ plasmid,
packaging plasmid A8.2 and VSV-G expressing plasmid (164). Virus-containing
supernatants were collected at 48 hours after transfection and subjected to
ultra-centrifugation (35,000 rpm for 1.5 hour at 4°C) to pellet the viral like particles
(VLPs). Quantification of VLP stocks was determined by Gag-p24 measurement using
HIV-1 p24 ELISA Kit.

To establish R88-A3Gwt/mutant-expressing cell lines, target cells were
spinoculated with VLPs for 2 hours at room temperature and incubated overnight. 48
hours after transduction, the transduced cells and non-transduced cells were placed
under puromycin (0.5pg/ml) selection for at least 10 days, and resistant clones were
maintained in medium supplemented with puromycin (0.5ug/ml). As control,
non-transduced cells were likewise submitted to selection and did not survive beyond

day 4 under the same concentration of puro.

2.3.8 Flow cytometry analysis

To examine the cell-cycle profiles of transduced C8166 T cells, cells were
collected, washed with cold PBS and fixed with pre-chilled 70% ethanol for 30 min
on ice. After an additional wash, cells were resuspended in PBS, treated with RNaseA
(180U/ml), and stained with 30ug/ml PI for 30 min. The DNA content was
determined with a FACS flow cytometer (BD Biosciences).

The CD4 receptor expression on the surfaces of transduced C8166 T cells was
evaluated by anti-CD4 staining and analyzed by FACS. Briefly, cells were incubated
with mouse anti-CD4 antibody at 4°C for 2 hours, then washed and stained with
anti-mouse IgG-FITC antibody in the dark for 30 min at 4°C. After three washes with

PBS, cells were fixed with 4% paraformaldehyde and analyzed by FACS.
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The viability of puro-selected C8166 T cells was evaluated by PI staining and
analyzed by FACS. Briefly, harvested C8166 T cells were washed once and
resuspended in 0.5% BSA/PBS with a concentration of 10°cell per ml. PI was added
to the final concentration of Sug/ml, and incubated for 5 min at room temperature in
the dark. Cell viability was analyzed using a FACS flow cytometer with excitation at

488 nm. Data was analyzed with FCS Express software (Denovo software).

2.3.9 Cell proliferation assay

The WST-1 assay was used to measure the proliferation of pYEF1-MCS and
pYEF1-R88-A3Gypi20a transduced C8166 cells. Briefly, transduced cells were
cultured at a density of 1.5x10" cells/well in 96-well plates and incubated at 37°C. On
different culture days, WST (10ul/well) was added in the culture and the cells were
incubated for 4 hours at 37°C. After shaking thoroughly for 1 min, the absorbance was

measured at 490 nm using POLARstar OPTIMA microplate reader.

2.3.10 AAV production and transduction

AAV2/5 production: The AAV2/5 vectors were produced by triple transfection of
HEK 293 cells with AAV2/5-lacZ or AAV2/5-R88-A3Gpi29a, the pACK2/5 packaging
plasmid that comprises rep from AAV2 and cap from AAVS5 (26), and the pAd.DELTA
F6 helper plasmid containing adenoviral genes necessary to drive AAV replication
(E2a, E4, VARNA). Transfections were performed with calcium phosphate
co-precipitation (26). Recombinant AAV2/5 vectors were all purified by the standard
cesium chloride sedimentation method (348). The titers of AAV2/5 vector preparations
were determined by TagMan PCR with primers for the bGH polyA (26).

AAV2/5 transduction: Target cells were transduced with recombinant
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AAV2/5-LacZ or AAV2/5-R88-A3Gpiaoa at 1x10° vector particles/cell in serum-free
medium and incubated for 2 hours at 37 °C with gentle agitation every 15 min

followed by the addition of fresh media with 10% FBS and overnight incubation.
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CHAPTER 3

A3G Interacts with HIV-1 Reverse Transcriptase and Inhibits its
Function during Viral Replication

3.1 Introduction

Several cellular proteins have been defined as intrinsic restriction factors because
of their ability to inhibit HIV replication and/or dissemination (7, 173, 236, 296).
Among them, A3G is one that restricts HIV-1 replication through more than one
mechanism (86, 178, 195, 198, 206). In the absence of the HIV-1 Vif, A3G is
incorporated into progeny viruses through interaction with the NC domain of Gag
protein and/or viral RNA (5, 76, 320, 363). Once these progeny viruses initiate new
infection, the incorporated A3G will deaminate the cytidine to uridine in the viral
minus-strand DNA during reverse transcription, resulting in hypermutation in the viral
DNA (89, 120).

However, cytidine deamination may not be the only antiviral function of A3G. In
the case of HBV and HTLV-1, A3G was shown to block their replication without
causing cytidine deamination of viral DNA (238, 313). Also, A3G mutants that lack
deaminase activity still exert substantial inhibitory effect against HIV-1 and HBV (143,
237, 325). These data indicated that A3G has a deamination- independent inhibitory
effect. Indeed, increasing studies showed that A3G directly targets steps in HIV-1
reverse transcription (1, 192, 195, 206), leading to reduced viral DNA accumulation,
which is separated from enhanced degradation of hypermutated viral DNA.

The step HIV-1 reverse transcription is catalyzed by HIV-1 RT, therefore it is
desired to study the potential interaction between A3G and RT (127). It is
hypothesized that A3G inhibits HIV-1 reverse transcription through interaction with

RT. The following objectives were undertaken to test this hypothesis:
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1. Characterize interaction between A3G and HIV-1 RT.

2. Explore the mechanisms by which A3G inhibits RT’s function.

3.2 Results
3.2.1 The inhibitory effect of A3G on reverse transcription
In this study, we first tested the effect of A3G on HIV-1 reverse transcription

using real-time PCR (9) to quantitatively measure the accumulation of proviral DNA

at 12 hours post-infection. First, the HIV-1 Vif virus and the HIV-1 Vif virus
encapsidated with HA-A3G (HIV-1-Vif +A3G) were produced from 293T cells by

co-transfection of the HxBru-Vif provirus (14) with an HA-tag plasmid or an

HA-A3G expression plasmid. After the virus stocks were collected by
ultracentrifugation, the presence of different virus-associated proteins, including
HIV-1 RT and Gag-p24, and encapsidated HA-A3G in each virus stock sample were

detected by WB analysis using corresponding antibodies (Fig. 3.1A, left panel). Then,
equal amounts of HIV-1 Vif and HIV-1 Vif +A3G viruses were used to infect CD4"

C8166 T cells. At 12 hours post-infection, the amount of late reverse transcription

(LRT) products were measured as described in the Materials and Methods. The level

of LRT in HIV-1 Vif virus-infected cells was arbitrarily set as 100%. The results
showed that the LRT level after infection with the HIV-1 Vif +A3G virus was reduced

to less than 20%, compared to that of HIV-1 Vif -infected cells (Fig. 3.1A, right

panel). Since the reverse primer TD-Gag-Rv (5'-CTGAAGGGTACTAGTAGTTCC-3')
used for the measurement of LRT products (Fig. 3.1A) contained a CC pair at the 3’

end which may be a potential target for A3G deaminase, we also quantified the LRT
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Fig. 3.1 Inhibitory effect of A3G on HIV-1 RT. (A) Vif HIV-1 virions were
produced from 293T cells in the presence or absence of A3G. Virus-associated
proteins, including HIV-1 RT, Gag p24 and incorporated HA-A3G were analyzed by
WB with the corresponding antibodies (left panels). Also, equal amounts of viruses
(normalized by amounts of HIV-1 Gag p24) were used to infect CD4" C8166 T cells.
Twelve hours post-infection, total DNA was extracted from the infected cells. HIV-1
late reverse transcription (LRT) products were analyzed by real-time PCR (right
panels). The level of LRT in HIV-1 Vif virus-infected cells was set to 100%, with
errors bars representing the standard deviation from three independent experiments.
(B) A schematic structure of the RT/IN-deleted HIV-1 provirus HxBruARI-Vif and
the Vpr-RT-IN and Vpr-RT expression plasmids, which have been previously
described (10, 13, 369). PCS stands for protease cleavage site. (C) WB analysis of the
RT/IN trans-complemented HxBruARI-Vif viruses, which were produced from
co-transfected 293T cells with HxBruARI-Vif and Vpr-RT-IN or Vpr-RT in the
presence or absence of A3G. Briefly, viruses were collected, lysed and loaded into
SDS-PAGE. Then, the presence of viral proteins and HA-A3G were analyzed by WB
with corresponding antibodies. (D) Real-time PCR analysis of the level of LRT in
C8166 T cells infected with equal amounts of the trans-complemented HxBruARI
viruses in the presence or absence of A3G. The level of LRT was measured at 12 hours
post-infection by real-time PCR as (A). The values presented are the means and
standard deviation from three independent experiments. A and D show representative
WB image from three independent experiments.
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products by using another reverse primer TD-Gag-Rv2 which has no CC pair near the

3" end. Results showed that both TD-Gag-Rv and TD-Gag-Rv2 primers detected

similar levels of HIV-1 proviral DNA from A3GJr and A3G HIV-1 infected cells (data

not shown), suggesting that the decrease of LRT level in A?)GJr HIV-1 infected cells

was due to A3G-mediated inhibition of HIV reverse transcription, but not through an
impact on real-time PCR efficiency. All together, in agreement with previous reports
(28, 131, 192, 206), our result indicates that the presence of A3G disrupted HIV-1
reverse transcription in the absence of the Vif protein.

HIV-1 reverse transcription was previously shown to be facilitated by the viral
protein IN (346), which is known to be able to interact with RT and A3G (192).
Therefore, the A3G-induced reverse transcription inhibition may have been caused by
the interaction between A3G and HIV-1 IN, which may interfere with the effect of IN

on reverse transcription. To test this possibility, we modified a previously described

HIV-1 single-cycle replication system (13) by constructing a Vif RT-IN-deleted
HIV-1 provirus (HxBruARI-Vif') and a Vpr-RT expression plasmid (Fig. 3.1B). The

viruses produced by the co-expression of the HxBruARI-Vif provirus with the

Vpr-RT-IN or Vpr-RT plasmids were able to enter cells and process reverse
transcription. The different viruses were produced from co-transfected 293T cells in
the presence or absence of HA-A3G. The viral protein compositions and the
incorporated HA-A3G were detected by WB using specific antibodies as indicated in

Figure 3.1C. The results showed that HIV-1 IN was only detected in viruses produced

from 293T cells co-transfected with the HxBruARI-Vif provirus with the Vpr-RT-IN

plasmid (Fig. 3.1C, middle panel, compare lanes 1-2 to 3-4). Moreover, the data
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indicated that the RTp66, RTp51 and Gagp24 levels in the virions were not affected
by the presence of IN or HA-A3G (Fig. 3.1C, upper and middle panels). Equal
amounts of viruses (adjusted by p24) were used to infect CD4" C8166 T cells. After
12 hours of infection, the level of HIV-1 LRT was quantified by real-time PCR. When
the level of LRT in the HIV-1 virus trans-complemented with Vpr-RT-IN-infected
cells was arbitrarily set as 100%, the amount of LRT was reduced to 70% when the
infecting viruses lacked IN (Fig. 3.1D, compare bar 3 to 1), confirming that the
presence of IN increased reverse transcription. Interestingly, our data also showed that
regardless of the presence or absence of HIV-1 IN, A3G was able to efficiently inhibit
viral DNA synthesis to more than 80% (Fig. 3.1D), indicating that the inhibitory effect

of A3G on reverse transcription does not require the presence of IN.

3.2.2 Interaction between A3G and RT in the virions

For a better understanding of the mechanism by which A3G affects HIV reverse
transcription, we performed a Co-IP assay to detect the possible interaction between
RT and A3G in the virus. Briefly, equal amounts of HIV-1 Vif and HIV-1 Vif+A3G
viruses, produced from 293T cells by co-transfected with the HxBru-Vif provirus
with HA-tag or HA-A3G, were lysed and immunoprecipitated with an anti-HA
antibody to pull down the HA-A3G protein. Then, the co-immunoprecipitated RT
protein was detected by WB using an anti-RT antibody. Interestingly, the results
showed that both RTp66 and RTp51 were co-immunoprecipitated with A3G (Fig.
3.2A, lane 2), suggesting that A3G is able to interact with RT. To rule out the
possibility that the co-immunoprecipitated RT was due to the variable amounts of
viral protein in each viral sample, we also detected the RT level in the lysed virions.

The results showed no differences in the RT p66 and p51 levels between the different
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viral samples (Fig. 3.2A, compare lane 3 to 4).

In the HIV-1 virion, RT forms a heterodimer with two subunits, p66 and p51
(324). p51 is derived from p66 by proteolytic processing during viral maturation.
Although the p66 subunit contains activity sites for both of the catalytic activities of
RT, the p51 subunit has been shown to be essential for maintaining the structural
stability of the RT heterodimer (145, 269, 283). RT dimerization is believed to be
required for RT enzymatic activity (271, 272). Because A3G interacts with both the

p66 and p55 subunits of RT in the virus, we wanted to test whether the proteolytic

processing of RT was affected in the presence of A3G. The HxBru-Vif provirus was

co-transfected with various amounts of the A3G plasmid into 293T cells. After 48
hours, virions were collected, and the amounts of RT p66, p51, p24 and incorporated

A3G were determined by WB with the corresponding antibodies (Fig. 3.2B). The

results showed that A3G was packaged into the Vif virus in a dose-dependent manner

(lower panel). Additionally, a comparable amount of RT p66 and RT p51 was present
in each viral sample (upper panel). We set the virus-associated p66:p51 ratio in the
absence of A3G as 1.00 and calculated the relative p66:p51 ratio in all of the other
samples. As shown at the bottom of the RT panel, the levels of p66/p51 were similar
for all of the samples. In addition, we further analyzed the RT proteolytic processing
of viruses released from the HIV-1-infected control CD4" T cells and from the
infected CD4" T cells that stably expressed a low level of HA-A3G (14). A similar
p66:p51 ratio was obtained from HA-A3G and the control cell lines (Fig. 3.2C). All of
these results provide evidence that the A3G/RT interaction has no effect on RT

proteolytic processing.
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Fig. 3.2 A3G interacts with HIV-1 reverse transcriptase in the virus. (A) To test
the A3G/RT interaction in the virus. The HIV-1 Vif provirus was co-transfected with
the pAS1B-HA or pAS1B-HA-A3G expression plasmids in 293T cells. Seventy-two
hours post-transfection, viruses were purified from the culture supernatants. The viral
lysates were immunoprecipitated with an anti-HA antibody followed by WB with
anti-RT or anti-HA antibodies (lanes 1 and 2). The expression of virus-associated RT
and HA-A3G were also detected by directly loading viral lysates into SDS-PAGE
followed by WB with the corresponding antibodies (lanes 3 and 4). A non-specific
band below RT p51 was found in each testing sample. (B) To test the effect of A3G on
HIV-1 RT processing, the Vif viruses produced in 293T cells in the various expression
level of HA-A3G were collected, lysed and loaded into SDS-PAGE. Then, the RT,
Gag p24 and HA-A3G expression levels were analyzed by WB using anti-RT (top
panel), anti-p24 (middle panel) and anti-HA (lower panel) antibodies. The total
amounts of RT p66 and p51 from two independent experiments were measured by
imaging analysis. The p66:p51 ratios in the viral lysates are shown at the bottom of
the RT panel. (C) The Vif viruses produced in A3G™ C8166 cells (lanes 1 and 3) or
A3G-expressing C8166 T cells (lanes 2 and 4) after 2 to 3 days of infection were
collected, lysed and loaded into SDS-PAGE. Then, the levels of RT and Gag p24 were
detected by anti-RT antibody (top panel), anti-p24 antibody (lower panel). The
p66:p51 ratios in each lysates of two independent experiments are shown at the
bottom of the RT panel. A and B show representative WB results from three
independent experiments.
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3.2.3 Role of other viral components in A3G/RT interaction

As a member of the APOBEC family, A3G shares the property of RNA binding
(147, 250), which inhances A3G packaging efficiency into virions (160, 288, 320) and
enhances the stability of the A3G association with the reverse transcription complex
(RTC) (160). Given that both RT and A3G are RNA-binding proteins, we evaluated
the possible role of RNA on the A3G and RT interaction. The viral lysates were
initially treated or untreated with RNase and then divided into two parts. One part was
subjected to a Co-IP assay to detect the RT/A3G and IN/A3G interaction (Fig. 3.3A,
lanes 1-3). The other part was used to test the efficiency of the RNase treatment (Fig.
3.3A, lanes 4-6). Upon RNase treatment, the HIV-1 gene sequence was unable to be
amplified, confirming that viral RNA was efficiently digested (Fig. 3.3A, compare
lane 4 to 5). Meanwhile, the IN/A3G interaction was reduced upon RNase treatment
(Fig. 3.3A, second panel, compare lane 2 to 3), which further confirmed the efficiency
of RNase treatment, as IN/A3G interaction was RNA dependent (192). However, the
binding of A3G and HIV-1 RT was not significantly affected by the RNase treatment
(Fig. 3.3A, first panel, compare lane 2 to 3), suggesting that their interaction does not
require the presence of viral RNA.

Having demonstrated that the A3G interacts with RT in the viral particles and that
the interaction does not require the presence of viral RNA, we further examined their
association in 293T cells where no other viral proteins were expressed. The plasmid
T7-RT was co-transfected with HA-A3G or a ProLabel-A3G (PL-A3G) expression
vector into 293T cells (Fig. 3.3B). PL-T (an SV40 large T antigen fused at the
C-terminus of the PL tag) was co-transfected with T7-RT as a control. Forty-eight
hours after transfection, cells were lysed and immunoprecipitated with an anti-T7

antibody. Bound HA-A3G and PL-A3G were determined by WB using an anti-HA
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Fig. 3.3 A3G/RT interaction in the absence of other viral components. (A) The
A3G/RT interaction was not mediated by the RNA bridge. HIV-1 Vif viruses
produced from 293T cells in the presence or absence of HA-A3G were either
untreated (lanes 1 and 3) or treated with RNase (lane 2) and then lysed. After lysis,

50% of viral samples were subjected to immunoprecipitation with anti-HA antibody.

Then, the precipitated samples (left upper panels) and other 25% of viral samples (left
lower panels) were loaded into SDS-PAGE followed by WB with anti-RT, anti-IN and
anti-HA antibodies respectively. Meanwhile, the remaining 25% of viral lysates were
subjected to viral RNA isolation followed by reverse transcription. Then, the reverse

transcribed DNA was detected by PCR and analyzed by agarose gel electrophoresis

(right panel). NC stands for negative control. (B) A schematic structure of the
T7-tagged RT, HA-tagged and Prolabel-tagged A3G expression plasmids. ProLabel is

a fragment of the split B-Galatosidase, which has no enzymatic activity. However, the

ProLabel-tagged fusion protein can recombine with a Q fragment of B-Galatosidase to

reconstitute an active enzyme which is able to cleave chemiluminescence substrate. (C)
To test RT/A3G interaction in the absence of other viral proteins, the

pASIB-HA-A3G was co-transfected with SVCMVin-T7 or SVCMVin-T7-RT
expression plasmid into 293T cells. After 48 hrs, cells were lysed, and 10% of them

(input) were analyzed by WB using anti-HA or anti-T7 antibodies to detect HA-A3G

and T7-RT (lower two panels). Meanwhile, the remaining cell lysates were

immunoprecipitated by the anti-T7 antibody to pull down T7-RT protein, and the

co-precipitated HA-A3G were detected by WB with anti-HA antibody (upper panel).

(D) The A3G/RT interaction was also detected by a chemiluminescence-based enzyme

complementation (ProLabel) assay. Briefly, T7-RT and ProLabel-A3G (PL-A3G) were

co-expressed in 293T cells. After 48 hrs, cells were lysed and immunoprecipitated by

an anti-T7 antibody. The Co-IP samples (left panel) and cell lysates (right panel) were

analyzed by the ProLabel activity assay. Value are an average from three independent

experiments, error bars indicate standard deviations from the mean. Statistical

significance was calculated using the student’s #-test, P values are shown above the

bars.
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antibody and by measuring PL activity, respectively (Fig. 3.3C and D). The results
showed that the immunoprecipitation of T7-RT was able to specifically pull down
HA-A3G (Fig. 3.3C). Additionally, significant PL activity was only detected from the
precipitated T7-RT sample in the 293T cells co-expressing T7-RT and PL-A3G but
not in the 293T cells co-expressing T7-RT and PL-T (Fig. 3.3D, left panel), even
though similar levels of PL-A3G and PL-T were detected in 293T cells (Fig. 3.3D,
right panel). All of these experiments demonstrated a specific interaction between RT

and A3G in the absence of other viral proteins.

3.2.4 Critical regions in RT and A3G required for their interaction

To define the region in HIV-1 RT that is required for binding to A3G, we
constructed a series of T7-tagged RT deletion mutants, including T7-RT.43,
T7-RT) 323, and T7-RT)439 (Fig. 3.4A). 293T cells were co-transfected with HA-A3G
and wild-type RT (T7-RTy) or each truncated mutant. In parallel, 293T cells
co-transfected with HA-A3G and T7-tag plasmids were used as a negative control. As
shown in Figure 3.4B, anti-T7 immunoprecipitation was able to pull down a similar
level of individual T7-RTwt/mutant, and comparable amounts of A3G were co-pulled
down with T7-RTy, or all of the truncated T7-RT proteins, including a RT-truncated
mutant with 318 amino acids removed from its C-terminus (RT;.43) (Fig. 3.4B, upper
panel, lanes 2-5). In contrast, no bound A3G could be detected in the HA-A3G/T7-tag
co-expressing sample (Fig. 3.4B, upper panel, lane 1). To rule out the possibility that
this difference was due to various levels of HA-A3G in each sample, we directly
measured the amount of HA-A3G in the cell lysates by WB, and the data showed that
similar levels of HA-A3G were detected in each sample (Fig. 3.4B, lower panel).

These data suggest that the N-terminal fingers-palm domain of RT (RT43) is
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Fig. 3.4 Mapping the binding domains in both RT and A3G required for their
interaction. (A) A schematic representation of the different T7-tagged RT wt/mutant
constructs used in the domain-mapping experiments. Full-length T7-RT is shown at
the top. The numbers indicate the amino acid positions in RT. The domains are marked
in the full-length RT. Different RT truncated mutants are shown at the bottom. (B)
Interaction of HA-A3G with T7-RT wt/mut. HA-A3G was co-transfected with
T7-RTwt/mut in 293T cells for 48 hours. The association of A3G with truncated RT
was analyzed by Co-IP with an anti-T7 antibody followed by WB with an anti-HA
antibody (upper panel). The immunoprecipitated T7-RTwt/mut were detected by an
anti-T7 antibody (middle panel). The HA-A3G expression levels in the cell lysates
was evaluated by WB with anti-HA antibody (lower panel). (C) A schematic
representation of the different HA-A3G wt/mutant constructs used in the
domain-mapping experiments. Full-length HA-A3G is shown at the top. The numbers
indicate the amino acid positions in A3G. The domains marked are the cytidine
deaminase domain (CDD), the linker (LINK), and the pseudoactive site (PAS).
Different A3G truncated mutants are shown at the bottom. (D) Interaction of T7-RT
with HA-A3G wt/mut was detected in 293T cells co-transfected with
SVCMVin-T7-RT plasmid and each of A3G mutants. After 48 hours of transfection,
the interaction of each A3G truncated mutant with RT was analyzed by Co-IP with
anti-T7 antibody followed by WB with an anti-HA antibody (upper panel). The
immunoprecipitated T7-RT was detected by anti-T7 antibody (middle panel). The
expression levels of HA-A3Gwt/mutant in the cell lysates was detected with an
anti-HA antibody (lower panel). The images represent the results of three independent
experiments.
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sufficient for binding to A3G.

Similarly, to map the regions in A3G required for the A3G/RT interaction, we
constructed a panel of A3G N- and/or C-terminal deletion mutants based on the
locations of the two cytidine deaminase domains (CDDs) in A3G (43, 141, 147),
including HA-A3Ggs.132, HA-A3Gjp2257, and HA-A3Gjgs3s4 (Fig. 3.4C). Each of
these mutants was co-transfected with a T7-RT or T7-tag plasmid into 293T cells. In
parallel, HA-A3Gwt was included in the experiments. As shown in Figure 3.4D, the
expression of the different A3G mutants varied (lower panel). Interestingly, despite the
low level of expression, the mutant HA-A3Ggs.13, was able to bind to RT efficiently
(Fig. 3.4D, lane 4). In contrast, the truncated mutants HA-A3Gj.257 and
HA-A3Gjos.334 did not bind to RT (Fig. 3.4D, lanes 6 and 8). Collectively, these data
indicate that the N-terminal domain of A3G that encompasses the amino acids 65 to
132 and contains the first CDD and part of the linker region is the necessary region for

A3G to bind to HIV-1 RT.

3.2.5 The RT-binding polypeptide A3Ggs.132 inhibits both the A3G/RT interaction
and the effect of A3G on HIV-1 reverse transcription

Because A3Ggs.13, is able to bind to HIV-1 RT, it is possible that this peptide
could compete with wild-type A3G for RT binding. To test this possibility, we
performed competition Co-IP experiments in 293T cells by co-expressing T7-RT and
HA-A3G,, with HA-A3Ges.132, HA-A3Gj 2257, and HA-A3Gjgs.334. After the Co-IP
assay with anti-T7 precipitation, followed by WB with an anti-HA antibody, we found
that the presence of the RT-binding peptide A3Ggs i3> significantly disrupted the
binding of HA-A3Gwt with RT (Fig. 3.5A, top panel, lane 3). In contrast, the presence

of equal amounts of HA-A3G;.257 or higher amounts of HA-A3Gjgs.334 showed no
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Fig. 3.5 A3Ggs.132 disrupts both the A3G/RT interaction and attenuates A3G’s
inhibitory effect on HIV-1 reverse transcription. (A) A3Ggs.132 blocks the binding
of A3Gwt with HIV-1 RT. HA-A3Gwt, SVCMVin T7-RT, and each HA-A3G
truncated mutant plasmids were co-transfected into 293T cells for 48 hours. The
interaction between HA-A3Gwt and T7-RT was analyzed by Co-IP with anti-T7
antibody followed by WB with an anti-HA antibody (upper panel). The
immunoprecipitated T7-RT was visualized by WB with anti-T7 antibody (second
panel). The expression of HA-A3Gwt in the cell lysates was detected with anti-A3G
antibody (third panel). HA-A3G mutants were detected with an anti-HA antibody
(lower panel). (B) To evaluate the virus incorporation of A3G in presence of
HA-A3Ggs.132, the HxBru-Vif provirus was co-transfected with HA-A3Gwt or
HA-A3Ggs.13, alone or the HA-A3Gwt and HA-A3Ggs.13, expression plasmids. After
48 hrs of co-transfection, virions were collected by ultracentrifugation, lysed and
loaded on SDS-PAGE. Then the presence of A3G, viral protein Gag p24 and A3Ggs.132
in each viral sample was analyzed by WB with anti-A3G (upper panel),
anti-p24(middle panel) and anti-HA(lower panel) antibodies. (C) and (D) To test the
effect of A3Ggs.132 on HIV-1 reverse transcription and viral replication, equal amounts
of viruses (normalized by p24 ELISA) were used to infect CD4" C8166 T cells.
Twelve hours post-infection, total DNA was extracted from the infected cells. The
level of HIV-1 LRT was analyzed by real time-PCR(C). Meanwhile, at different time
points after infection, the supernatants from the infected cell cultures were collected,
and viral replication was monitored by measuring the level of the HIV-1 Gag p24
antigen in the supernatant (D). A and B show representative WB results from three
independent experiments. The value presented in C is the means and standard
deviation from three independent experiments. P values determined by ¢-test are
shown above the bars of compared groups. The HIV p24 values in D presented are the
means and range of values from two independent experiments.
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inhibition effect on the A3G/RT interaction (Fig. 3.5A, lanes 4 and 5). This binding
difference among each sample was not due to the variation of HA-A3Gwt and T7-RT
expression because similar amounts of HA-A3Gwt and T7-RT were detected in
different samples (Fig. 3.5A, two middle panels). Taken together, these data indicated
that A3Ggs.132 did not influence the expression of A3Gwt and RT but specifically
competed with HA-A3Gwt to bind to HIV-1 RT.

Because A3Ggs.;32 blocks the binding of A3G to RT, we asked whether

HA-A3Ggs.132 could impact the antiviral activity of A3Gwt. To test this possibility, we
produced Vif HIV-1 from 293T cells by co-transfecting the HxBru-Vif provirus with

HA-A3Gwt or HA-A3Ggs.132 alone or with HA-A3Gwt and HA-A3Ggs.132 expression
plasmids together. After harvesting the viruses, the amount of A3Gwt packaged into
the viruses was measured by WB. The results showed that both A3Gwt and
HA-A3Ggs.13, were able to be incorporated into the virus (Fig. 3.5B, lane 2 to 4).
Meanwhile, a HA-tagged Vpx (SIVmac,39) was unable to be packaged into the virus
(data not shown) (317), thus demonstrating the specificity of HA-A3Ggs.132
incorporation. Interestingly, the association of the HA-A3Ggs.13, polypeptide did not
appear to affect the packaging of A3Gwt (Fig. 3.5B, compare lane 3 to 2). To further
test the effect of A3Gwt and HA-A3Ggs.132 on virus infection, each virus stock shown
in Figure 3.5B was used to infect C8166 T cells and after 12 hours, the viral reverse

transcription was evaluated by real-time PCR. The results showed that in the cells

infected by the Vif viruses containing only A3Gwt, the level of LRT was reduced to

20%, which was similar to the results described in Figure 3.1A. In contrast, after cells
were infected by the virus produced in the presence of both HA-A3Gwt and
HA-A3Ggs.132, the detected LRT level reached to approximately 60% of the wild-type
virus infection level without A3Gwt (Fig. 3.5C, compare bar 3 to 1). Meanwhile, the
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effect of HA-A3Ggs.132 alone was also tested and showed no significant inhibition on
HIV-1 reverse transcription (Fig. 3.5C, bar 4). Furthermore, we also monitored viral
replication after infection by each viral stock indicated in Figure 3.5B. Results showed
that the virus produced in the presence of A3Gwt lost infection ability (Fig. 5D).
Interestingly, the data also revealed that the virus produced in 293T cells expressing
both A3Gwt and HA-A3Ggs.132 was able to induce a low-level infection that reached to
approximately 15% of the wild type infection level (Fig. 5D). All of these results
indicate that the presence of A3Ggs.13, polypeptide is able to inhibit the anti-HIV

effect mediated by A3G.

3.3 Discussion

Several intrinsic anti-HIV factors, including TRIMS5a, A3G, BST-2, and
SAMHDI, have been identified recently (287, 296, 315). Among them, A3G is a
member of the cytidine deaminase family of nucleic acid-editing enzymes which have
been found to confer broad protection against retroviruses, including HIV-1, and limit
the cross-species transmission of these pathogens (203, 296). It is well known that one
of the main functions of A3G is to terminate HIV infection by deaminating cytosine
residues to uracil in the minus viral DNA strand during reverse transcription,
consequently resulting in G to A mutations in the HIV-1 provirus (120, 178, 198, 365).

In addition, a number of other studies have reported that A3G also inhibits HIV-1

reverse transcription soon after Vif virus entry into the cells, and this anti-reverse

transcription activity was not correlated with the deaminase activity of the protein (28,
29, 131, 237, 354), indicating that A3G exerts a multifaceted antiviral effect against
HIV-1 infection. However, until now, it is still unclear whether A3G requires binding

to HIV-1 RT to disrupt its function. In this chapter, we have demonstrated that A3G
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specifically binds to HIV-1 RT in the viruses, and their interaction did not require
other HIV-1 proteins or viral RNA. In addition, our deletion analyses indicate that a
region of A3G (residues 65-132) containing the first CDD and part of the linker region,
and the RT fingers-palm domain were required for their interaction. Interestingly, the
presence of the A3Ggs.132 polypeptide was shown to be able to block the A3G/RT
interaction and attenuate the anti-HIV effect of A3G. Thus, this study provides
evidence for an interaction between A3G and HIV-1 RT, which may be a necessary
step for A3G to inhibit HIV-1 reverse transcription.

Previous studies showed that A3G was able to interrupt several steps of HIV-1
reverse transcription, including the inhibition of tRNAY primer annealing (111-113),
the blocking of strand transfers (185, 206) and/or the suppression of tRNA" cleavage
and removal (206). By studying the properties of A3G using purified A3G and RT
proteins, Iwatani et al. proposed a ‘roadblock’ mechanism to explain the inhibition of
A3G on all RT-catalyzed DNA elongation reactions (143). Their study indicated that
A3G binds to nucleic acid with a higher affinity than RT, which consequently blocks
the movement of RT along the template. Conversely, our study provides evidence for
the direct interaction of A3G with HIV-1 RT, and an RT-binding peptide derived from
A3G interfered with both the ability of A3G to bind to RT and inhibit HIV-1 reverse
transcription. This observation raises the possibility that A3G binding to RT may be
one of the prerequisite steps for its inhibitory effect on HIV-1 reverse transcription.
Several mechanisms may account for its inhibitory effect. The binding of A3G to RT
could interfere with the access of RT to the substrate or physically inhibit the
enzymatic activities of RT. Interestingly, an earlier study reported an interaction
between A3G and RT in the hepatitis B virus (HBV) (239). This study indicated that

A3G binding to HBV RT was required for the incorporation of A3G into HBV
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nucleocapsids. In HIV-1 infection, several previous studies clearly showed that A3G
virus incorporation is mediated by the NC domain of the Gag protein and/or viral
RNA (5, 76, 363). We also examined the effect of RT on the incorporation of A3G into
the virus, and the results suggest that the content of A3G in the HIV-1 virions was not
significantly reduced when RT was deleted in our single-cycle replication virus (data
not shown). This finding suggests that the interaction of A3G with HIV-1 RT may
occur after A3G is already within the virus. It should be noted that both our study and
the study by Nguyen, D. et al. (239) revealed that A3G binding to both HBV and
HIV-1 RT did not require the presence of the viral genomic RNA (Fig. 3.3A).

Through the deletion analysis, we mapped the RT-binding region in the A3G
encompassing residues 65 to 132, which partially overlaps with the region essential
for A3G packaging (43, 141, 191). This finding suggests that RT-binding region may
partially overlap with the NC-binding region in A3G. These results led to the
speculation that at the initial stage of HIV-1 assembly, A3G may be first associated
with HIV-1 NC and/or RNA. At this stage, the incorporation of A3G does not
necessarily require the presence of RT. Consistently, our data also revealed that the
presence of the RT-binding polypeptide A3Ggs.13, does not significantly impair the
incorporation of A3Gy, into the virus (Fig. 3.5B). During viral maturation and
Gag/Gag-Pol proteolytic processing, A3G may be released from Gag and/or Gag-Pol
precursor and targets HIV-1 RT in the virus. This highly regulated order of binding
may be necessary for an efficient packaging of A3G and, consequently, its action on
viral reverse transcription. This speculation is also supported by the fact that the
interaction between A3G and NC does not affect reverse transcription (143). Moreover,
our results showed that the RT processing in the virus was not affected by A3G (Fig.

3.2B and 3.2C). This data suggests that A3G may bind to RT after RT is cleaved from
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the precursor and forms the p66/p51 heterodimer. However, we still do not have direct
evidence to support this hypothesis, and further investigation will be required to
elucidate these mechanisms.

A number of peptides have demonstrated therapeutic potential against HIV-1
replication, and some of them target HIV-1 RT (8). A peptide derived from HIV-1
NCp7 reduced the viral DNA level in a dose-dependent manner through the inhibition
of the NCp7/RT interaction (80). In this study, we identified a polypeptide, A3Ggs.132,
which could compete with A3Gwt for the interaction with RT. Intriguingly, the
infection experiments showed that when CD4" T cells were infected by viruses
produced in the presence of both the A3Gwt and A3Ggs.132 peptide, the reverse
transcription level was significantly higher than that in cells infected with viruses
produced in the presence of only A3Gwt (Fig. 3.5C). In contrast, the viral reverse
transcription was not affected when the infecting viruses were produced in the
presence of the A3Ggs.132 peptide alone. These results clearly indicate that even though
the A3Ggs.132 peptide was able to bind to RT efficiently, it did not inhibit its function;
however, its presence was able to compete with A3Gwt and dominantly interfere with
its anti-reverse transcription activity. However, we also could not eliminate the
possibility that A3G65-132 may bind to A3Gwt and disrupt its ability to interact with
HIV RT, which will require further investigation.

Overall, these observations provide evidence for the requirement of the A3G/RT
interaction for the inhibition of A3G on HIV-1 reverse transcription. Also, our study
suggests that RT binding through the binding motif itself is not sufficient to disrupt the
activity of RT, and the other domains of A3G are also required. It is worth noting that,
the previously described virion incorporation domain (aa 124-127) and a Vif-binding

motif (aal28-130) are present in both the RT-binding peptide A3Ges.13, and a
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RT-unbound A3Gjg.257 (Fig. 3.4D), suggesting that these two functional domains may
not be sufficient for A3G binding to HIV-1 RT. Additionally, we also observed that
even though A3Ggs. 3, significantly inhibited A3G’s effect on HIV reverse
transcription (Fig. 3.5C), the presence of A3Ggs.132 could only modestly increase viral
production (Fig. 3.5D). At this point, we still do not know whether the presence of
A3Ggs.132 had less effect on A3G-induced viral hypermutation. Hence, more studies
are required to address these questions. Also, more detailed analysis will be required
to define the critical amino acid(s) and/or motifs within A3Ggs.;3, that are required for
its interaction with RT.

Until now, A3G has been reported to bind to the following four HIV-1 proteins:
NC, Vif, IN and RT (158, 191, 192). Among those, the A3G-binding viral proteins Vif,
NC and IN have all been shown to interact with RT and promote the efficiency of
reverse transcription to varying levels (40, 123, 127, 158, 181). Thus, an unanswered
question is whether A3G-mediated inhibition of reverse transcription could be due to
the disrupting effect of their associations with RT. In our study, we have ruled out the
involvement of IN and Vif, because in the absence of Vif and IN, A3G still
significantly inhibited reverse transcription (Fig. 3.1D). However, we still do not
know if A3G binding to RT could interfere with the NC/RT interaction, and this
question has yet to be answered. Additionally, it would also be interesting to
investigate whether the A3G/RT interaction could contribute to A3G-induced
hypermutation during HIV replication, and if this is the case, whether A3Ggs.13, could
affect the rate of A3G-induced hypermutation. Overall, our results have demonstrated
the A3G/RT interaction and its impact on HIV-1 reverse transcription. Further
investigation of this interaction will elucidate our understanding of the mechanism

underlying the antiviral action of A3G, which will contribute to the design of new
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anti-HIV strategies.
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CHAPTER 4

Characterization of the Anti-HIV Activity Mediated by Various
R88-APOBEC3G Mutant Fusion Proteins

4.1 Introduction

During wild-type HIV-1 infection, the antiviral effects of A3G are counteracted
by the viral protein Vif. It is well known that Vif can directly bind to A3G and
significantly prevent virion incorporation of A3G by accelerating A3G ubiquitination
and proteasomal degradation, thus decreasing the intracellular concentration of A3G
(65, 155, 203, 204, 297, 310, 361, 362). In addition, other studies suggest that Vif can
prevent A3G incorporation into virions independent of the reduction in A3G
intracellular levels (155, 156, 203, 297). Indeed, Opi et al. showed that HIV-1 Vif
efficiently inhibits the virion packaging and antiviral activity of a
degradation-resistant A3G mutant (249).

Given that A3G possesses potent anti-HIV activity and its action is counteracted
by HIV-1 Vif protein, considerable interest has been focused on restoring A3G’s
antiviral activity during wild-type HIV-1 infection. One way to overcome the
Vif-mediated inhibition is to disrupt the Vif-A3G interaction. Previous studies have
shown that a single amino-acid substitution at position 128 of A3G (representing a
change of an aspartic acid [D] to a lysine [K]) blocked the Vif-A3G interaction and
rescued the antiviral activity of A3G (32, 141, 176, 199, 290, 352). This finding
demonstrated the feasibility of designing pharmaceutical agents that could block Vif
binding to A3G. Interestingly, while the three amino acid motif comprised of aspartic
acid, proline, aspartic acid (DPD) at positions 128 to 130 of A3G was identified as a
crucial region for the interaction between A3G and HIV-1 Vif (141), a YYFW

(124-127) region that is adjacent to the N-terminus of the DPD motif was found to be
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critical for the virion packaging of A3G. Such close alignment of these two functional

domains within A3G makes it difficult to target the DPD motif with a pharmaceutical

agent without affecting A3G packaging. Thus, other approaches, including delivering

A3G into HIV-1 particles independent of the blockage by Vif and subsequently

inactivating HIV-1 infectivity, could hold promise as a potential HIV therapeutic

approach.

In our previous study, R88-A3G fusion protein, which was made by fusing A3G
to a virus-targeting polypeptide (R14-88) derived from HIV-1 Vpr protein (356), was
able to overcome the HIV-1 Vif barrier and efficiently deliver A3G into the virus (14).
Moreover, the study demonstrated that expression of the R88-A3G fusion protein in
Vif" HIV-1-producing cells drastically inhibited progeny virus infection in different
cell types including CD4" C8166 T cells and human primary PBMCs (14). As noticed,
R88-A3G protein was still sensitive to Vif-induced degradation. To develop a more
potent anti-HIV R88-A3G fusion molecule, in current chapter, different A3G mutants
were introduced into the R88-A3G fusion system and their anti-HIV properties were
characterized. It is hypothesized that through point mutation, the optimized R88-A3G
can gain resistance to Vif inducted-degradation and exhibit advanced anti-HIV effect
than wild-type R88-A3G. Following objectives were designed to evaluate the
hypothesis:

1. Generation and characterization of different R88-A3G mutants, including their
sensitivity to Vif-induced degradation, intracellular localization, virion
encapsidation and inhibitory effects against Vif" HIV-1.

2. Detailed study on the antiviral effect mediated by representative mutant

R88-A3Gpi294 in susceptible cell populations.
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4.2 Results
4.2.1 Expression of different R88-A3G variants and their resistance to
Vif-mediated degradation

Our previous study demonstrated that the fusion protein R88-A3Gwt comprised
of an A3G and a virion-targeting polypeptide (R14-88) significantly inhibited HIV-1
infection even in the presence of Vif (14). To develop a more potent anti-HIV
R88-A3G fusion molecule and test the requirement of A3G enzymatic activity for the
anti-HIV effect of R88-A3G fusion protein, we introduced several A3G mutants into
the CMVin-R88-A3G, including R88-A3Gyi24a, R88-A3Gpi2sk, R88-A3Gpiaga and
R88-A3Ggas0g (Fig. 4.1A). Among these mutants, D128K and P129A, which are
located in the previously-described HIV Vif-binding region D'**PD'*°, were intended
to block the Vif-A3G interaction (141, 352). The R88-A3Gy 244 contains a mutation
located in a Y'**YFW'?’ region that is important for the packaging of A3G into HIV-1
particles. This mutant has been previously shown to lose the virion incorporation
ability (141). We also included a C-terminal cytidine deaminase domain mutant,
R88-A3Ggas0g (35, 292, 299), to test the importance of the enzymatic function of
A3G in the antiviral activity of R-A3G.

We next tested the expression of different A3G mutants and their resistance to
Vif-mediated degradation. It is known that HIV-1 Vif targets A3G to the proteasome
for degradation, and that this targeting results in reduced intracellular levels of A3G,
consequently inhibiting A3G packaging into virions (155, 203, 204, 297, 310). In this
study, we cotransfected individual the R88-A3G with HIV-1 Vif (pcDNA-hVif)

plasmids into 293T cells. At 48 hours post-transfection, the expression of each protein

in 293T cells was analyzed by [*S]methionine pulse-chase radiolabeling and

immunoprecipitation with anti-Vpr antibodies as described previously (14). Our
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Fig. 4.1 The expression of R88-A3G mutants and their resistance to Vif-mediated
degradation. (A) Schematic representation of R88-A3G mutants at the cytidine
deaminase activity site (E259Q), viral packaging site (P124A) and Vif-response site
(D128K, P129A). (B and C) R88-A3G wild type or mutant plasmids were
co-transfected with a pcDNA-hVif plasmid in 293T cells. At 48 hour
post-transfection, cells were pulse-radiolabeled with [**S]-methionine for 30 min and
collected and lysed at 0, 3.5 and 5 hours. The level of R88-A3Gwt/mutant in each
lysed cell sample was evaluated by anti-Vpr immunoprecipitation (upper panel). The
level of degradation of wild type and mutant R88-A3Gs was quantified by laser
densitometry (lower panel). The result is a representative of two independent
experiments.
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results show that, consistent with a previous study (14), R88-A3Gwt was rapidly
degraded in the presence of Vif and had a half-life of approximately 3 hours (Fig.
4.1B). Similarly, R88-A3Ggsoo and R88-A3Gyj4a were also sensitive to
Vif-inducted degradation (Fig. 4.1B and C). By contrast, the R88-A3Gpjsx and
R88-A3Gpj294 mutants were found to be resistant to degradation and had half-lives of
more than 5 hours (Fig. 4.1B). These results are consistent with previous observations
for wild-type A3G (141, 291, 352) and imply that the Vif-resistant properties of

R88-A3Gpisx and R88-A3Gpi 94 may affect their antiviral activities.

4.2.2 Inhibitory effects of different R88-A3G mutants on Vif* HIV-1 infectivity
To investigate the inhibitory effect of each R88-A3G mutant on Vif HIV-1
infectivity, we produced virus stocks by co-transfecting pNL4.3/GFP"/Vif® provirus
with either wild type R88-A3G or different mutant expression vectors in 293T cells.
48 hours after transfection, progeny viruses were pelleted by ultracentrifugation and
quantified by Gag-p24 measurements using an HIV-1 p24 ELISA kit. The virus
production from different R88-A3G mutant-transfected cells did not differ
significantly according to the p24 levels (data not shown). Equal amounts of the
viruses (adjusted by HIV-1 Gag-p24 levels) were used to infect CD4" C88166 T cells,
and the level of infection was determined by FACS analysis of the percentage of
infected (GFP-positive) cells (Fig. 4.2). In the absence of any R88-A3G
approximately 64% of the cells were infected (Fig. 4.2A and B, b), while in the
presence of R88-A3Gwt, only 19% of cells were found to be positive (Fig. 4.2A and
B, c). Interestingly, R88-A3Gg2s9q, a catalytically defective mutant, did not exhibit
significant antiviral activity compared to R88-A3Gwt (Fig. 4.2A and B, g). These

results indicate that, in the context of the R88-A3G fusion, the cytidine deaminase
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Fig. 4.2 The inhibitory effects of R88-A3G mutants on Vif" virus infectivity.
Viruses were produced from 293T cells transfected with 3ug HIV-1 pNL4.3-GFP or
co-transfected with 4ug R88-A3Gwt/mutant plasmid. Equal amounts of produced
viruses (as adjusted by the Gag p24 level) were used to infect CD4" C8166 T cells. At
72 hours post-infection, the percentage of infected (GFP-positive) cells was measured
by FACS analysis. (A) Representative FACS profiles. (B) Mean percentages of
infected cells from each cell line (a-g) with standard errors from duplicated samples
of the experiment.
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mutant A3Ggys0q Was not active against HIV-1, even though it was efficiently
incorporated into the virus (Fig. 4.3B, left panel). In contrast, the packaging-defective
mutant R88-A3Gyja4a (141) possessed anti-HIV activity as efficiently as the wild
type R88-A3G (Fig. 4.2A and B, compare d to c). This result provides evidence that
the fusion of a virion-targeting signal (R88) to A3Gyja4a can rescue the antiviral
activity of A3Gy24a.

Two R88-A3G mutants, R88-A3Gpiosx and R88-A3Gpia9a, showed significantly
enhanced anti-HIV activities compared to R88-A3Gwt. The infection was almost
completely blocked when the infecting virus was produced from R88-A3Gp)agk- or
R88-A3Gpx9a-expressing cells (Fig. 4.2A and B, e and f). This result was expected
because the two mutants have been shown to be resistant to inhibition by Vif (141,
199, 290, 352). Moreover, our data indicate that wild type R88-A3G is not fully
Vif-resistant, and that introducing D128K or P129A into R-A3G could almost
completely inhibit HIV-1 replication by overcoming the blockage of Vif. These results

suggest that R88-A3Gp) sk and R88-A3Gp 294 are potent antiviral molecules.

4.2.3 Intracellular localization and virion incorporation of different R88-A3G
mutants

The results discussed above show that different R88-A3G mutants possess
varying anti-HIV activities. To better understand the mechanism underlying the
actions of these mutants, we investigated their intracellular localization and virion
incorporation. Previous studies showed that A3G localized predominantly in the
cytoplasm and that the single amino acid substitutions within the region from amino
acids 113 to 128 did not affect the cytoplasmic localization of A3G (309). Because

A3G was fused to a HIV-1 Vpr peptide, a karyophilic protein that is predominantly
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localized in the nucleus (190), we examined whether this fusion strategy changed the
intracellular distribution of different A3G mutants. Each R88-A3G mutant was
transfected into HeLa cells, and their intracellular localization was analyzed by an
anti-A3G immunofluorescence assay. In parallel, plasmid expressing HA-tagged A3G
(14) was also transfected into HeLa cells as a control. The results show that HA-A3G
was evenly distributed in the cytoplasm (Fig. 4.3A). Similarly, wild-type R88-A3G
and all R88-A3G mutants were predominantly localized in the cytoplasm (Fig. 4.3A).
These results indicate that fusing R14-88 with A3G did not affect the intracellular
localization of the fusion protein.

To examine the encapsidation of R-A3G mutants into the virus in the presence of
HIV Vif, we transfected 293T cells with the HxBru-Vif" provirus and either the wild
type or mutant (D128K, P129A or E259Q) CMVin-R88-A3G plasmids. At 48 hours
post-transfection, viral particles were collected and concentrated by
ultracentrifugation through a 20% sucrose cushion. Similar amounts of each virus
(adjusted by the amount of HIV p24) were lysed and directly loaded into a 12%
SDS-PAGE gel. The virion-associated R88-A3G and Gag-p24 proteins were detected
by WB with rabbit anti-A3G and mouse anti-p24 antibodies. Consistent with our
previous observations (14), a significant amount of R88-A3Gwt was shown to be
packaged into Vif" HIV-1 virions (Fig. 4.3B, lane 2). Interestingly, the R88-A3Gp123x
and R88-A3Gpi 94 mutants that are resistant to Vif-mediated degradation (Fig. 4.1B)
were incorporated into viruses at much higher levels compared with R88-A3Gwt (Fig.
4.3B, compare lanes 3 and 4 with lane 2). The virion-incorporation level of the
cytidine deaminase-deficient mutant R88-A3Gg,s0q was similar to that of wild type
R88-A3G (Fig. 4.3B, lane 5). These data indicated that one explanation for the

remarkable anti-HIV activities of R88-A3Gp2sk and R88-A3Gyp a94 arises from their
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Fig. 4.3 Intracellular localization and virion incorporation of different R88-A3G
mutants. (A) HelLa cells were transfected with equal amounts of HA-A3G or
R88-A3Gwt/mutant plasmid DNA. 48 hours post-transfection, cells were fixed and
treated with rabbit anti-A3G polyclonal antibody followed by incubation with
FITC-conjugated anti-rabbit antibody and observed by fluorescence microscopy (20x
objective). (B) 293T cells were transfected with HxBru-Vif™ (3ug; lane 2) or
co-transfected with HxBru-Vif" and 2ug of R88-A3Gwt/mutant (D128K, P129A or
E259Q; lanes 3-6). After 48 hours, the produced virus particles were collected from
the supernatant by ultracentrifugation through a 20% sucrose cushion. The virus
lysate samples were loaded into a 12% SDS-PAGE gel and analyzed by WB with
rabbit anti-A3G and anti-p24 antibodies as indicated. The result is a representative of
two independent experiments.
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high levels of virion incorporation.

4.2.4 Expression of R88-A3Gpj294 in CD4" C8166 T cells effectively blocks HI'V-1
replication and spread

The results from the above-mentioned experiments showed that R88-A3Gpiask
and R88-A3Gp 9 exhibited the most effective antiviral activity when they were
transiently over-expressed in HIV-producing 293T cells. To determine how these
mutants affect HIV replication and spread when expressed in CD4" T cells, we
generated CD4" T cell lines that stably expressed a low level of R88-A3G and
R88-A3Gpj294 through a lentiviral vector system as previously described (14). Briefly,
the CD4" C8166 T cells were transduced with an equal amount of R88-A3G- or
R88-A3Gpp9a-expressing vector particles (300ng of Gag-p24), as described in
materials and methods, and selected with puro (0.5pg/ml). Two C8166 T cell lines that
stably expressed R88-A3Gwt or R88-A3Gpa94 Were obtained. The expression of the
fusion protein was detected by monitoring virion-incorporated R88-A3Gwt or
R88-A3Gpj29a protein from highly concentrated HxBru-Vif' viruses produced in these
two cell lines (data not shown). Prior to examining the effects of the R-A3Gwt/mutant
on HIV replication, we evaluated the cell growth, cell cycle profile and CD4 receptor
expression on the cell surface as described previously (14). The results showed that
cell growth and the cell cycle profiles did not significantly differ in R88-A3Gwt,
R88-A3Gpia9a or empty vector-transduced C8166 T cell lines (Fig. 4.4A and B). In
addition, equivalent levels of the surface CD4 receptor were detected on these stable
cell lines (Fig. 4.4C).

To determine whether the R&8-A3Gpaga-transduced C8166 T cells exerted

inhibitory effects on HIV-1 infection, we infected R88-A3Gwt, R88-A3Gpi294 and
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Fig. 4.4 Generation and biological characterization of CD4" T cells stably
expressing R88-A3Gpz04. C8166 T cells (0.5x10°) were transduced with an empty
vector (pYEF1-MCS) or lentiviral vectors containing either R88-A3Gwt
(pYEF1-R88-A3Gwt) or R88-A3Gpio9a (pPYEF1-R88-A3Gpi20a) and selected with
0.5pg/ml puro to produce puro-resistant cell populations. (A) To assess the growth of
vector- and R88-A3Gwt/mut-transduced C8166 T cells, a WST assay was performed
to determine the cell viability at several time points. (B) The cell-cycle profiles of
vector- and R88-A3G-transduced C8166 T cells were analyzed by staining with
30ug/ml of PI followed by flow cytometry to measure cellular DNA content. (C) CD4
receptor expression levels in vector- and R88-A3Gwt/mut-transduced C8166 T cells
were analyzed by an anti-CD4 staining and flow cytometry assay.
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empty vector-transduced C8166 T cell lines in parallel with equal amounts of
pNL4.3-GFP virus (14). Viral replication was monitored by measuring the level of the
HIV-1 Gag-p24 antigen in the supernatant for a 24-day period (Fig. 4.5A). In addition,
the presence of HIV-1 infected cells (GFP-positive) at day six was determined using
fluorescence microscopy (Fig. 4.5B). The results showed that the empty vector control
cell line supported Vif" pNL4.3-GFP virus replication, which peaked after six days of
infection. In the R-A3Gwt-transduced cell line, Vif  pNL4.3-GFP robust virus
replication began at day 12 and peaked at day 16 (Fig. 4.5A and B). Interestingly, no
HIV-1 replication was detected during the 24 days of observation in cells expressing
R88-A3Gpj294 (Fig. 4.5A and B). These data indicate that R88-A3Gp 94 expressed in
highly susceptible CD4" T cells was capable of providing long-term inhibition of Vif"
HIV-1 replication.

To further test the effect of R88-A3Gwt and R88-A3Gpi94 on HIV transmission,
the supernatant from the initial infection culture (passage 1) was collected at 72 hours
post-infection. Similar volumes (1 ml) of infectious supernatants were used to infect
normal (Fig. 4.5C, upper panel) or fresh R88-A3Gwt or R88-A3Gpiz9a-expressing
C8166 T cells (Fig. 4.5C, lower panel). After infection, we performed an HIV-1 p24
ELISA to determine the infectivity of the progeny virus by measuring HIV-1 Gag-p24
levels in the supernatants from the corresponding cultures at days 7 and 11
post-infection. The results show that the infectivity of the progeny virus from
R88-A3Gwt-transduced cells was reduced approximately fivefold compared with the
virus from empty vector-transduced cells in normal C8166 cells (passage 2; Fig. 4.5C,
upper panel). However, when the viral infection was carried out in freshly
R88-A3Gwt-transduced cells (passage 2; Fig. 4.5C, lower panel), no infection was

detected until day 11. Interestingly, there were no escaped infectious viruses produced
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Fig. 4.5 The R88-A3Gyp 294-transduced CD4" C8166 T cells significantly inhibited
HIV-1 infection. Equal amounts of pNL4.3-GFP virus were used to infect vector-,
R88-A3Gwt- or R88-A3Gpiyga-transduced C8166 cell lines. (A) At different time
points, virion-associated Gag p24 levels in the supernatant were measured by anti-p24
ELISA. (B) After 6 days of infection, the numbers of infected (GFP-positive) cells
were visualized under fluorescence microscopy. (C) Identical volumes of 72-hour
infectious supernatants were used to infect nontransduced (upper panel) or transduced
C8166 cells (lower panel; passage 2). Levels of HIV-1 Gag p24 antigen in
supernatants from passage 2 were then measured by an HIV p24 ELISA assay at days
7 and 11 post infection. The result shown is representative of two independent
experiments. Mean with standard errors were calculated from the duplicated samples
of one experiment.
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in R88-A3Gpx9a-expressing cells at passage 1. Therefore, no infection was observed
at passage 2 post infection in either normal or freshly R88-A3Gpz9a-transduced cells
(passage 2; Fig. 4.5C). Taken together, these results further demonstrate that the
presence of R88-A3G in CD4" T cells significantly inhibited HIV infection, and that
R88-A3Gpj294 Was able to completely block HIV infection and spread in CD4" C8166

T cells.

4.2.5 R88-A3Gpiz9a inhibits HIV-1 replication in human PBMCs and
macrophages

Human CD4" T cells and macrophages are the main HIV-1 infection target cells in
vivo. Thus, it is important to introduce R88-A3Gp 294 into these primary cells and test
its inhibitory effect on HIV infection. Here, we utilized an adeno-associated
virus(AAV)-based vector, AAV2/5, to introduce the R88-A3Gpj294 gene into primary
PBMCs and macrophages. Previous studies confirmed that the production and
transduction of the AAV vector were not inhibited by A3G (49, 229). To produce
AAV2/5-expressing R88-A3Gpia9a, We first replaced the lacZ gene in an AAV2-lacZ
vector (18, 26) with a cDNA encoding R88-A3Gpj294 (Fig. 4.6A). AAV2/5-lacZ and
AAV2/5-R88-A3Gpa9a particles were subsequently produced by transfecting 293
cells with AAV2-lacZ or AAV2-R88-A3Gpi29a, the pACK2/5 packaging plasmid, and
the helper plasmid pAd.DELTA F6. The recombinant AAV2/5 vector particles were
collected, purified by CsCl, gradients and titrated by TagMan PCR as described in the
material and methods section. To determine the transduction efficiency of AAV2/5 in
C8166 T cells, human PBMCs and macrophages, we transduced these cells with the
AAV2/5-R88-A3Gpia94 vector (106 vp/cell). After 3 days, the levels of R88-A3Gpj29a

and the total cellular A3G mRNA were quantified by reverse transcription followed by
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Fig. 4.6 AAV2/S vectors delivered R88-A3Gpiz94 into C8166 T cells, human
PBMCs and macrophages. (A) Structures of AAV2-lacZ-transgene vectors.
AAV2-R88-A3Gpip9a vector was constructed by substituting the lacZ gene with
R88-A3Gpia9a between the CMV promoter and the poly(A) sequence. The entire
vector DNA is flanked by the AAV2 inverted terminal repeats ITRs. (B) C8166 T
cells were transduced with AAV2/5-lacZ or AAV2/5-R88-A3Gpix9a vectors at 10°
vp/cell. 72 hours after transduction, cells were infected with the pNL4.3-GFP HIV
virus. 7 days after infection, viruses were pelleted from the supernatant, lysed and
loaded into a 10% SDS-PAGE gel and analyzed by WB using anti-A3G antibody
(upper  panel). Total RNA was isolated from  AAV2/5-lacZ  or
AAV2/5-R88-A3Gpj9a-transduced human PBMCs and macrophages at 72 hours after
transduction. The samples were analyzed by reverse transcription-PCR for the
presence of R88-A3Gpj294 mMRNA. The AAV2-R88/A3Gpi9a plasmid was used as a
template for positive control (PC). (C) Real-time PCR analysis to determine
R88-A3Gpj294 mRNA expression level. Cellular mRNA was extracted from PBMCs
and macrophages, and subjected to reverse transcription. The reverse transcribed
DNA from each sample was then amplified by real time-PCR to quantify
R88-A3Gpiz9a (R-A3G) and the total A3G (A3G) mRNA levels. The total A3G

mRNA level was arbitrarily set at 100%. The result is a representative of two
independent experiments.
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PCR (Fig. 4.6B) and the real-time PCR analysis (Fig. 4.6C). The results showed that
R88-A3Gpi294 specific mRNA was detected in PBMCs and in macrophages (Fig. 4.6B,
middle and lower panels), and the data from quantitative real-time PCR revealed that
the R88-A3Gpj94 mMRNA level in PBMCs was approximately 23% of total A3G
mRNA level (Fig. 4.6C, upper panel). Interestingly, the R88-A3Gpj294 mRNA level in
macrophages reached nearly 40% of the total A3G mRNA level (Fig. 4.6C, lower
panel). These results indicate that by using AAV2/5 delivery vector, R88-A3Gpi29a
can be efficiently introduced into primary PBMCs and macrophages. Moreover, by
using WB with an anti-A3G antibody, we could directly detect R88-A3Gp294 fusion
protein and its cleaved product, A3Gpi9a, in HIV progeny viruses produced from
AAV2/5-R88-A3Gpi9a-transduced C8166 T cells infected with HIV-1 (Fig. 4.6B,
upper panel).

We next tested whether AAV2/5-R88-A3Gpia9a transduced C8166 T cells and
human PBMCs were resistant against HIV-1 infection. First, we transduced C8166 T
cells and PHA-stimulated human PBMCs with AAV2/5-R88-A3Gpiaa oOr
AAV2/5-lacZ particles (10° vp/cell) for 3 days. The cells were subsequently infected
with equal amounts (adjusted by amounts of HIV Gag p24) of T-tropic HIV-1
(pNL4.3-GFP). At day 3 (for C8166 T cells) or 6 (for PBMCs), supernatants were
collected and the HIV-1 replication level was monitored by measuring HIV-1 Gag p24
antigen levels. The results showed that in both R88-A3Gpz9a-expressing C8166 T
cells and human PBMCs, HIV-1 replication was reduced approximately two- to
threefold compared with that in AAV2/5-lacZ-transduced cells (Fig. 4.7A and B).

To further test the effect of R88-A3Gpj294 on HIV replication in macrophages, we
transduced macrophages from two different donors with the same AAVs. After three

days, the transduced cells were infected with a macrophage-tropic pNL4.3-Bal virus
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Fig. 4.7 AAV2/5-R88-A3Gpi294 transduced CD4" C8166 T cells, human PBMCs
and macrophages were significantly resistant to HIV-1 replication. C8166 cells
(A), PHA-stimulated human PBMCs (B), and M-CSF stimulated human macrophages
(C, donor 1 and 2) were transduced with AAV2/5-lacZ or AAV2/5-R88-A3Gpia9a
vectors for 72 hours and infected with pNL4.3-GFP", nevirapine-resistant HIV-1 or
the pNL4.3-Bal virus strain. At different time points after infection, the supernatants
from the infected cell cultures were collected, and viral replication was monitored by
measuring the level of the HIV-1 Gag p24 antigen. The result shown is representative
of two independent experiments. Means with standard errors are calculated from the
results of duplicated samples from one experiment.
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as previously described (12, 28, 217). At different time points after infection,
supernatants from each infected cell culture were collected, and the viral infection
level was monitored using an anti-p24 ELISA. The data from Figure 4.7C show that
HIV-1 replication was inhibited in AAV2/5- R88-A3Gp 9a-transduced macrophages.
From donor 1, HIV-1 replication in AAV2/5-lacZ-transduced macrophages peaked at
days 8 to 12. In AAV2/5-R88-A3Gp 9a-transduced macrophages, HIV-1 infection
peaked at day 8, while viral replication was reduced by approximately 40%. Of
interest, after 8 days of infection, the HIV-1 infection Ilevel in
AAV2/5-R88-A3Gp 9a-transduced macrophages rapidly decreased to a low level (Fig.
4.7C, left panel), suggesting that either HIV-1 infection could not persist or the
progeny viruses were unable to initiate efficient subsequent infections. In
macrophages from donor 2, HIV-1 infection was significantly less productive
(approximately 10-fold decrease in HIV Gag p24 production) than that in
macrophages from donor 1 (Fig. 4.7C, compare right panel with left panel).
Interestingly, in AAV2/5-R88-A3Gpa9a-transduced macrophages, it appeared that
HIV-1 could not initiate a productive infection up to 15 days (Fig. 4.7C, right panel).
All of these results indicate that AAV2/5-mediated introduction of R88-A3Gpir9a in

primary PBMCs and macrophages are sufficient to inhibit HIV-1 infection.

4.3 Discussion

In this chapter, we investigated the anti-HIV activity of different R88-A3G
mutant fusion proteins including the A3G virus-packaging mutant Y124A, the
deaminase- defective mutant E259Q and the Vif-binding defective mutants D128K
and P129A. We showed that, while all R-A3G mutants could be efficiently

incorporated into Vif® HIV-1 particles, the highest virion-incorporation levels were
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observed for R88-A3Gpiasx and R88-A3Gpip94 mutants, due to their resistance to
Vif-mediated degradation. In addition, the results show that A3G deaminase activity
was required for R88-A3G antiviral activity. Most importantly, we demonstrated that
introducing R88-A3Gpip94 into CD4" C8166 T cells, PBMCs and macrophages
through AAV2/5-mediated transduction could significantly inhibit HIV-1 infection.
All of these data provide further evidence for a potent A3G-based gene therapy
approach to inhibit HIV-1 infection.

In the absence of HIV Vif, A3G can be efficiently incorporated into viral particles
and interrupt HIV infectivity by introducing dC-to-dU mutations in the minus viral
DNA strand during reverse transcription in target cells (120, 178, 198, 203, 365).
Although the cytidine deaminase activity mediated by A3G plays an important role in
restricting HIV-1 infection, the deaminase-independent antiviral activity of A3G
remains controversial. Several studies have suggested that the antiviral function of
A3G can be dissociated from its cytidine deaminase activity (28, 237, 299). However,
other studies have shown that a specific deaminase-defective mutant of A3G, E259Q,
has little or no antiviral activity (35, 217, 231, 292). To exclude the possibility that
E259Q could impair the virus-packaging ability of A3G, we introduced E259Q into
R88-A3G and tested its virus incorporation and antiviral activity. Our results indicate
that although this fusion protein was effectively incorporated into viruses (Fig. 4.3), it
did not exhibit any antiviral effect (Fig. 4.2). This data suggests that the anti-HIV
activity of R88-A3G is deaminase-dependent.

Previous studies identified a four amino acid region (residues Y'**YFW'?)
immediately adjacent to the Vif-binding site (D'**PD'*’) as a critical region for A3G
virion incorporation (141). Moreover, the authors showed that the mutant Y124A

located in this region lost its anti-HIV activity, presumably due to its inability to be
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targeted into the virus. In the present study, we fused this A3Gyj244 to the R88 peptide
and found that the anti-HIV activity of this fusion protein was rescued to a similar
level as the wild type R88-A3G (Fig. 4.2). These data indicate that R88 is sufficient to
complement the virus-packaging defect of A3G (Fig. 4.2B), and that the Y124A
mutation does not affect the antiviral property of R88-A3G. Of note, approximately
275 Vpr molecules were estimated to be incorporated into each HIV-1 particle (223),
but only 0.3-0.8 active A3G molecules were present in each Vif' particle and 4-9 A3G
molecules were present in Vif-negative particles (35, 246, 351). Thus, it is expected
that R88 is capable of delivering R88-A3Gy 244 into HIV particles and fully rescuing
its antiviral effect.

Another interesting observation in this study was that, while the R88-mediated
virion incorporation pathway could allow R88-A3Gwt to overcome the physical
blockage of Vif, the encapsidation of R88-A3Gwt was still significantly affected by
the presence of Vif (Fig. 4.3B). This is due to the fact that R88-A3Gwt is still
sensitive to Vif-mediated degradation, resulting in a relatively low level of
intracellular R88-A3G available for viral encapsidation. Fortunately, this defect in
R-A3Gwt can be complemented by introducing the Vif binding mutations D128K or
P129A into this fusion protein. Our results demonstrate that the virion incorporation
levels of R88-A3Gpiask and R88-A3Gpi9a Were significantly higher than that of
R88-A3Gwt (Fig. 4.3B). Here, we also compared the antiviral activities of wild type
R88-A3G and the different mutants, and found that fusing R88 to A3Gwt could not
completely inhibit viral replication, and R88-A3Gp sk and R88-A3Gpj294 exhibited a
much stronger anti-HIV effect compared with R88-A3Gwt (Fig. 4.2 and Fig. 4.4).
Although these two Vif-binding-defective mutants were efficiently incorporated into

the virus, we still could not conclude that their remarkable anti-HIV activity could be
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attributed to higher levels of virion-incorporation. In case HIV Vif located within the
virus could directly interfere with A3G’s biological activity, it would be expected that
the action of R88-A3Gp 1,3k and R88-A3Gpia94 would not be affected by Vif. Indeed,
a previous study provided evidence that the production of infectious Vif™ virus does
not dependent on the reduced level of A3G from virus-producing cells (156),
suggesting that the presence of Vif in virus may directly interfere with A3G’s
biological activity. Interestingly, Santa-Marta et al, also showed that HIV Vif can
directly inhibit A3G-mediated hypermutation in bacteria (282). Because no
ubiquitin-proteasome system is present in bacteria, these observations argue in favor
of a direct effect of Vif on the enzymatic activity of A3G.

To further explore the feasibility of using this approach as a gene therapy strategy,
we first introduced R88-A3Gwt and R88-A3Gpj294 into CD4" C8166 T cells using a
lentiviral vector followed by puro selection. The selected cell lines were subsequently
used to test the effect of these fusions on HIV-1 replication and spread. Our results
show that the presence of R88-A3Gwt was sufficient to attenuate virus replication;
however, after 12 days, the virus started to replicate again (Fig. 4.5). Intriguingly, in
R88-A3Gpy9a-expressing CD4" T cells, HIV-1 infection was completely blocked, and
no sign of viral infection during the 24-day period could be detected. These results
clearly demonstrate that introducing R88-A3Gpiys in CD4" T cells efficiently
inhibits HIV replication, although the long-term effect of the expression of this
mutant requires further investigation. We still cannot exclude the possibility that
HIV-1 could develop resistance against the antiviral effect of R88-A3Gpi94, because
previous work has shown that changes in amino acid 14-17 of Vif could modify its
interaction with A3Gpjysx and inhibit the activity of the mutant (291). However, it

would be very difficult for the HIV to develop simultaneous resistance against the
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actions of both R88 and A3Gpj29a.

Another important question is how to introduce the R88-A3G fusion protein into
human PBMCs and macrophages to investigate its impact on HIV replication. Here,
we used an AAV vector system, which is currently the only nonpathogenic viral vector
that can transduce genes into a number of tissues and cells, including dendritic cells,
PBMCs and macrophages, without causing toxicity. In addition, the AAV vector
system may direct long-term transgene expression (83, 88, 93, 128, 182, 266, 350).
Importantly, two previous studies have shown that the production and transduction of
AAV are not affected by the presence of A3G (49, 229), which makes it an ideal
vector to deliver R88-A3G into primary cells. Indeed, our results show that AAV2/5
was able to quite efficiently introduce R88-A3Gpi9a into human PBMCs and
macrophages. The quantitative real-time PCR analysis revealed that the R88-A3Gp29a
mRNA level was approximately 23% of total A3G mRNA level in PBMCs and
reached at nearly 40% of the total A3G mRNA level in macrophages (Fig. 4.6B and
C). Therefore, it is conceivable that an AAV2/5-R88-A3Gpj9a vector system can
provide protection against HIV-1 infection. Interestingly, a recent study has shown
that AAV'5, rather than AAV2, can more effectively transduce human primary CD4" T
cells, macrophages and dendritic cells (349). Thus, it will be interested to test whether
AAVS could also be more efficient than AAV2/5 to transduce R88-A3G into primary
PBMCs and macrophages, and provide effective protection against HIV infection.
Overall, this study has developed more potent anti-HIV R88-A3G fusion molecules by
mutagenesis, and provided evidence for the feasibility of using R88-A3Gmutant as a
gene therapy candidate to inhibit HIV infection and spread, particularly against HIV-1
mucosal infection during sexual transmission. More studies are required to

characterize and optimize this anti-HIV gene therapy approach.
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CHAPTER 5

Expression of R88-APOBEC3Gyp,sx Inhibits HIV-1 Replication in
Actively and Latently Infected Cells

5.1 Introduction

The introduction of HAART has been able to improve the life quality and enhance
life expectancy of HIV-1 patients. However, problems associated with the
antiretroviral drugs such as side effects and multi-drug resistance have emerged.
Among them, drug resistance is a major cause of treatment failure. A study from
Europe showed that drug-resistant strains of HIV-1 were present in approximately
80% of HIV-1 patients who were experiencing treatment failure (97). Also, in one of
six-year study, it was found that about 80% of patients had their medications switched
repeatedly due to drug resistance, resulting in a cumulative failure rate of 38% (263).
It has been showed that drug-resistant viruses are not necessarily less fit than
wild-type counterparts, and the transmission of HIV drug resistance has been reported.
Studies in United States and Canada showed that at least one drug resistance mutation
has been found in 17~20% of treatment-naive patients (45, 150). Hue et al. have
identified the circulation of five drug-resistant viral clusters within an untreated
population (138). Their study also revealed that these drug-resistant variants can
persist at undetectable levels in vivo, providing a source for the spread/transmission of
drug resistance. This transmitted resistance leads to fewer treatment options and
reduced treatment efficacy. Therefore, before a new antiviral agent and/or strategy can
be considered as sufficient and effective, it is necessary to evaluate its effectiveness
against different drug-resistant strains of HIV-1.

Additionally, it is known that currently available antiviral therapies fail to

eradicate the virus entirely from infected people, and virus persists mainly in resting
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CD4" T cells and establishes a latent infection (60). Once HAART is discontinued,
virus replication resumes from preexisting infected cells, leading to a rapid rebound of
viremia in most patients. These latent reservoirs contain both wild type and
drug-resistant strains of HIV-1 (67). They are long-lived and resistant to host immune
response and antiviral treatment (62). It has been theoretically estimated that complete
eradication of HIV-1 from an individual will require over 60 years of uninterrupted
HAART (91). Thus, in order to fully recover, patients are required to adhere to
lifelong therapies, which in turn are associated with long-term toxicities and metabolic
disorders (23, 244). Considering these obstacles for HIV-1 eradication, there is
growing demand for new therapeutic strategies to efficiently inhibit HIV-1 infection.
Gene therapy approaches that target crucial steps of HIV-1 life cycle have been
considered as viable alternative for HIV-1 control (161, 289). In addition, gene
therapy may provide life-long protection, particularly if hematopoietic progenitor cells
are targeted (232, 278).

The results from Chapter 4 proved that A3G-Vif axis was a potential antiviral
target, and interrupting A3G-Vif interaction could restore A3G’s antiviral activity and
promote innate defense mediated viral control. As a logical extension, in the current
chapter, the most potent A3G: R88-A3Gpjsk, which was most resistant to Vif
induced degradation and exhibited the strongest antiviral effect, was delivered into
diverse HIV-1 susceptible cells via the suitable gene delivery system. Its action
against both active and latent HIV-1 infection was fully characterized. It is
hypothesized that R88-A3Gp2sx combined with suitable gene delivery system could
provide a promising approach for anti-HIV-1 gene therapy. The following objectives
were designed to test this hypothesis:

1. Generate a Dox-inducible lentiviral vector system for delivery of R88-A3Gp2sk.
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2. Evaluate the antiviral effect of R88-A3Gpjsk against active HIV-1 replication,
including replication of drug-resistant strains.

3. Characterize the potential of R88-A3Gp i,k against latent HIV-1 infection.

5.2 Result
5.2.1. Generation of an inducible R88-A3Gpsx expressing lentiviral vector
system

To generate A3G-based anti-HIV gene therapy approach, we chose to use
lentiviral vector due to its long-term expression ability. However, since A3G has
intrinsic anti-retroviral effect, we needed to eliminate the inhibitory effect of A3G on
lentiviral vector following transduction. First, we utilized an inducible lentiviral vector
system pTRIPZ (pTZ)-RFP lentiviral vector, in which expression of transgenes RFP is
under control of tetracycline response element (TRE) promoter. This promoter can be
activated by the reverse tetracycline transactivator 3 (rtTA3) in the presence of Dox
(Tet-ON system) (Fig. 5.1A). As shown in Fig. 5.1B (right), Dox bound to rtTA3 and
promoted it binding to and activating RFP expression from TRE promoter. In the
absence of Dox, the rtTA3 was in inactive state, which would not activate TRE
promoter and induce RFP expression (Fig 5.1B, left).

Meanwhile, we replaced RFP with an R88-A3Gpj,sk transgene in pTZ-RFP
lentiviral vector and generated pTZ-R88-A3Gpiask. The regulated expression of
R88-A3Gpps and its virus incorporation were assessed after 293T cells were
co-transfected with plasmids pTZ-R88-A3Gpiask, A8.2 and pCMV VSV-G. 24 hours
post transfection, cells were either treated with Dox or untreated for 48 hours and
lysed. The level of R88-A3Gpi23x was examined by WB. Without Dox treatment, only

a very low level of R88-A3Gp sk was present in transfected cells. However, in
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Fig. 5.1 Regulated A3G expression in 293T cells. (A) Schematic representation of
pTRIPZ (pTZ) vectors for Dox-inducible transgenes expression. The expression of
RFP or R88-A3Gpsx in pTZ vectors was under the control of TRE, which is fused to
the CMV minimal promoter. In the presence of Dox, reverse tetracycline
transactivator 3 (rtTA3), whose expression is driven by the constitutively active
Ubiquitin C promoter (UBC), binds to and activates expression from TRE promoters.
The pTZ vectors contain the 5" and 3’ long terminal repeats (LTR) with SIN deletion
in the U3 region, packaging signal (¥), internal ribosome entry site (IRES),
puromycin selectable marker (PuroR). (B) Inducible RFP expression in pTZ-RFP
control transduced C8166 T cells. C8166 T cells were transducted with pTZ-RFP, and
cultured in the absence (left panel) or presence (right panel) of 2ug/ml Dox. RFP
expression was assessed at 72 hours by fluorescence microscopy. (C) Inducible A3G
expression in transduced 293 T cells and produced viral like particles (VLPs). 293 T
cells were co-transfected with pTZ-A3G, packaging plasmid AS8.2, and VSV-G
expression plasmid, and cultured in the absence or presence of 2ug/ml Dox. After 48
hours, VLPs were collected from supernatant by ultracentrifugation through a 20%
sucrose cushion. The level of A3G in transduced cells and produced VLPs were
measured by WB with anti-A3G antibody. As control, cell lysis and VLPs were
probed with anti-tubulin and anti-p24 antibodies respectively. (D) Vifsgmg mutant
promotes the degradation of A3Gpjsk. 293T cells were transfected with either
ProLabel-A3Gy, or ProLabel-A3Gpi,sk plus control vector pcDNA3.1 (lane 1 and 4),
Vify (lane 2 and 5), or Vifsgmq (lane 3 and 6). Degradation of A3G in the transfected
cells was determined by measuring ProLabel activity. Expression of Vify and Vifsgmg
were confirmed in the cell lysates by WB with anti-Vif antibody. The data are
representative of three independent experiments.
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presence of Dox, expression of R88-A3Gp sk was highly induced (Fig 5.1C, upper
panel). Meanwhile, encapsidation of R88-A3Gp sk into VLPs was also measured.
Consistent with the R88-A3Gpasx expression in 293T cells, significant amount of
R88-A3Gpi,3x was detected in VLPs that were produced from Dox treated cells (Fig.
5.1C, lower panels). These results indicate that during lentiviral vector production,
R88-A3Gp,sk expression and encapsidation can be minimized in the absence of Dox.
However, following Dox induction, R88-A3Gp,sx was efficiently expressed and
consequently packaged into VLPs.

Due to the incomplete suppression of TRE promoter (212), a very small amount
of R88-A3Gp 3k was still expressed in the absence of Dox. This low amount of
R88-A3Gpi 3k was incorporated into VLPs (Fig. 5.1C), which may further impair
vector’s transduction efficiency. Here, we attempted to promote the degradation of
R88-A3Gpisk by introducing HIV-1 Vifsgmq. HIV-1 Vifspmg has been previously
shown to be able to bind to human A3Gp,,sk and induce its degradation (280, 291).
Indeed, when Vifspmq was co-expressed with A3Gpask in 293T cells, the cellular level
of A3Gpjsk protein was reduced by 5 times, as measured by ProLabel assay (Fig.
5.1D). However, A3Gpj,sx Was resistant to the degradation induced by wild-type Vif.
Thus, by combining the inducible promoter and expression of Vifsgmg, we could

minimize the presence of R88-A3Gpj2sk during VLP production.

5.2.2. Characterization of transduction efficiency of pTZ-R88-A3Gp2sk vectors
As being described above, our results showed Dox-inducible promoter plus

expression of Vifggpmg could reduce the vector-mediated R88-A3Gpiask expression.

We next examined the transduction efficiency of pTZ-R88-A3Gpask vector produced

in the absence of Dox and in presence of Vifsgmq. Briefly, 293 T cells were transfected
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with pTZ-R88-A3Gpi2sk, packaging plasmid A8.2 and VSV-G expression plasmid,
either in the presence or absence of plasmid Vifsgmg and Dox. After 48 hours of
transfection, VLPs were collected and quantified by measuring the amount of
vector-associated p24. Then, equal amounts of different VLPs were used to tranduce
CD4" C8166 T cells. 48 hours later, transduced cells were selected with puro, and only
the ones expressing puro resistance gene from integrated pTZ-R88-A3Gpiosx vectors
could survive. After 7 days of selection, the cell viability was assessed by PI staining
and flow cytometry analysis (277). Results showed that 93.02% of C8166 T cells
transduced with pTZ-R88-A3Gpisk VLPs produced in the absence of Dox and
presence of Vifspmg were resistant to puro (Fig. 5.2A, sample 5). As to the cells
transduced with VLPs produced in the present of Dox and the absence of Vifsgmo,
only 59.27% of them have survived (Fig. 5.2A, sample 2).

To assess the reproducibility of the results, we evaluated the performance of these
VLPs on HeLa cells. HeLa cells were transduced with same panel of vectors, and
selected with puro for 10 days to eliminate untransduced cells. Fig. 5.2B (upper part)
showed the formation of puro-resistant colonies in transducted HeLa cell cultures.
Significantly, among pTZ-R88-A3Gp sk vectors (vector 2 to 5) transduced cells,
more resistant colonies were formed in vector 5 transduced cell culture. We also
counted the number of cells recovered from puro selection. Results showed that
7.6x10° cells were found in sample 5 (Fig. 5.2B, bar 5), while only 9x10* cells were
found in sample 2 (Fig. 5.2B, bar 2).

To further quantify the transduction difference among individual vectors, we
transduced C8166 T cells with the same panel of VLPs, and measured the integrated
vector DNA copies related to cells by real-time PCR assay after 48 hours. Indeed, as

shown in Fig. 5.2C, the highest transduction efficiency was observed with VLPs
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Fig. 5.2 Evaluation of transduction efficiency of pTZ-R88-A3Gpi2sx vectors.
VLPs containing pTZ-R88-A3Gp sk were produced in the presence or absence of
Dox (2pg/ml) and/or Vifsgmq as indicated. Equal amounts of VLPs (normalized by
p24 ELISA) were used to transduce target cells. (A) Transduced C8166 T cells were
selected with puromycin (0.5ug/ml) for 7 days. After staining with propidum iodide
(PI), cells were analyzed by flow cytometry. (B) Transduced HeLa cells were selected
with puromycin (2pg/ml) for 10 days. Selective medium was replaced every 2 days to
remove dead cells. Puromycin-resistant colonies were visualized under microscopy
(upper panel). Total cell number from individual wells was counted with Trypan blue
staining (lower panel). (C) Real time-PCR detecting U5-R sequence was performed on
total DNA extracted from C8166 T cells at 2 days post transduction. The data were the
averages of triplicates with the indicated standard deviations. Statistical significance
was calculated using the student’s #-test, and denoted as * for p < 0.05, ** for highly
significant with p < 0.01. Results A and B were from one representative of two
independent experiments.
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produced in the absence of Dox and presence of Vifsgmg (Bar 5), which showed a
similar efficiency (approximately 1 copies/cell) to that of pTZ-RFP vector (Bar 1). In
contrast, transduction efficiencies of the pTZ-R88-A3Gp, 23k vectors produced either
in the presence of Dox or absence of Vifsgpmg were compromised (Bars 2-4), and the
lowest level was observed with vector produced in the presence of Dox and absence of
Vifspmg (Bar 2, 0.27copies/cell). All of these results indicate that this Dox-inducible
pTZ-R88-A3Gp, 23k vector, produced in the presence of Vifsgpmg and absence of Dox,

can be used to efficiently transduce CD4" C8166 T cell and HeLa cells.

5.2.3. Dox regulated R88-A3Gpisk expression and antiviral effect in
pTZ-R88-A3Gp2sk transduced CD4" C8166 T cells

To test whether C8166 T cells expressing R88-A3Gp)ask is resistant to HIV-1
infection, transduced C8166 T cells were treated with Dox at different concentrations
(ranging from 0 to 2pug/ml), then infected with HIV-1 pNL-4.3 (MOI of 1). After 48
hours, viral replication was monitored by measuring the level of HIV Gag p24 in the
supernatant. As shown in Fig. 5.3A, HIV-1 replication was inhibited at different
concentrations of Dox and a maximal inhibition was shown with Ipg/ml Dox.
Therefore, 1pg/ml was used as the optimal concentration for Dox induction in the
following studies.

To check whether this antiviral effect is correlative to R88-A3Gpjask expression,
the presence of R88-A3Gp sk protein in C8166 T cells was further measured. Due to
the low level of expression, we failed to detect R88-A3Gpjask protein in C8166 T
cells by WB analysis (data not shown), instead, we measured the amount of
R88-A3Gpi 3¢ incorporated into viruses As shown in Fig. 5.3B, the presence of

R88-A3Gpi,3x was clearly detected in progeny viruses produced from Dox+ infected
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Fig. 5.3 Dox regulated R88-A3Gpsk expression and antiviral effect in
pTZ-R88-A3Gpisk transduced CD4" C8166 T cell line. pTZ-control and
pTZ-R88-A3Gp sk transduced C8166 T cells were induced with Dox (1pg/ml or as
indicated), and infected with pNL-4.3 at MOI of 1 (A, B) or MOI of 0.01 (C). (A)
Levels of HIV-1 p24 in the supernatants were measured by p24 ELISA assay at 7 days
post infection. (B) Virus produced from infection C8166 T cells was concentrated
from the supernatant by ultracentrifugation. The presence of R88-A3G was analyzed
by WB with anti-A3G antibody, and HIV-1 Gag protein was detected by anti-p24
antibody. (C) Virus replication was measured by p24 ELISA from the supernatant at
different time intervals (left). HIV-1-induced syncytium formation was visualized
under microscopy (right). Results were from one representative of two independent
experiments.
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cells (lane 3, upper panel). There was a low background level of R88-A3Gpjask in
non-Dox treated cells, which would be responsible for the slightly impaired viral
replication in these cells.

To further evaluate the effect of R88-A3Gp a8k on viral replication and spread, we
infected transduced C8166 T cells with HIV-1 pNL-4.3 at MOI of 0.01, and monitored
viral replication for a prolonged period of time. As shown in Fig. 5.3C (left), HIV-1
replication in pTZ-R88-A3Gpjsx C8166 T cells cultured with 1pg/ml Dox were
completely abolished, whereas in non-Dox treated cells HIV-1 replication still
processed, even though viral replication kinetics was delayed as compared to it in
pTZ-control C8166 T cells. Furthermore, HIV-1 induced cytopathic effect was
blocked in pTZ-R88-A3Gpi25x C8166 T cells in the presence of Dox (Fig. 5.3C, right).
Together, these results show that induced expression of R88-A3Gpask efficiently

blocked HIV-1 replication and spread.

5.2.4. Inhibitory effect of pTZ-R88-A3Gpi2sx against various drug-resistant
HIV-1 strains

Transmission of drug resistance increases the difficulty for drug treatment and
controlling the HIV pandemic. Thus, it was necessary to evaluate whether
R88-A3Gp 3k expression was able to protect against infection caused by resistant
strains of HIV-1. Here, we chose viruses resistant to different classes of currently used
antiretroviral drugs, including AZT, 3TC, Nevirapine, Protease inhibitors (MK-639,
XM323, A-80987, Ro31-8959, VX-478, and SC-52151) and Raltegavir. C8166 T cell
lines inducibly expressing R88-A3Gp, sk or RFP were challenged with equal amounts
of drug-resistant viruses. At different time intervals, viral replication was monitored

by measuring Gag p24 level from supernatants. The results showed that for a 12-day
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period, the empty vector transduced cell line was highly susceptible to all
drug-resistant viruses, and viral replication peaked after 6 to 9 days of infection (Fig.
5.4). In contrast, cells expressing R88-A3Gp2sx showed no viral replication over a
period of 12 days. These data indicate that the presence of R88-A3Gp sk in highly
susceptible CD4" T cells is able to completely block viral replication, including

replication of drug-resistant viruses.

5.2.5. Expression of R88-A3Gyp2sk in primary human cells inhibits active HIV-1
infection

CD4" T lymphocytes and macrophages are considered as two major targets for
HIV-1 infection, thus it is important to determine whether R88-A3Gp;,sx expression
could inhibit viral replication in these cells. First, we purified primary CD4" T cells
and macrophages cells from human PBMCs, and transduced them with
pTZ-R88-A3Gpisx  or pTZ-control VLPs. 3 days following transduction,
R88-A3Gpi23x DNA levels were measured by real-time PCR. We were able to detect
R88-A3Gp sk DNA in CD4" T cell and macrophage at 0.35 and 0.4 copies per cell,
respectively (Fig. 5.5A), indicating successful transduction of R88-A3Gpjask into
primary cells.

To evaluate the antiviral effect of R88-A3Gpisx in primary CD4" T cells,
pTZ-R88-A3Gpi 5k transduced CD4" T cells were induced with Dox for 2 days,
followed by challenged with the nevirapine-resistant virus. At different time points,
the level of Gag p24 from supernatants was measured by ELISA. Results from one
representative donor showed that viral replication in R88-A3Gp,sk transduced CD4"
T cells was inhibited by approximately two- to threefold when compared with control

CD4" T cells (Fig. 5.5B, left). Next, we assessed R88-A3Gp) sk mediated antiviral

110



>

AZT resistant virus
300 —&—pTZ-control
=#—pTZ-R-A3G128

200

p24 (ng/ml)

0 3 6 9 12

Days post infection

Protease inhibitors resistant virus

3
(=3
(=]

—&— pTZ-control
——pTZ-R-A3G128

p24 (ng/ml)
-
(=1 (=3
(=] (=]

53
(=3
(=]

(=]

L L
0 3 6 9 12
Days post infection

p24 (ng/ml)

3TC resistant virus C
800 ~4&—pTZ-control 100
——-pTZ-R-A3G128
600 - =
El
)
400 - E
-
=
200 -

— -—
0 3 6 9 12

Days post infection

E Raltegavir resistant virus
400 —4—pTZ-control

. —#—pTZ-R-A3G128

E 300

)

£ 200

-

=
100

L
0 3 6 9 12
Days post infection

Nevirapine resistant virus

—&—pTZ-control
—8—-pTZ-R-A3G12

3 6 9 12

Days post infection

Fig. 5.4 pTZ-R88-A3Gpi2sk blocked the replication of drug resistant strains of
HIV-1. pTZ-R88-A3Gpiask or pTZ-control transduced C8166 T cell lines were
induced with Dox (1pg/ml) and infected with five drug resistant strains as indicated.
Viral replication was monitored by measuring supernatant p24 level for 12 days.
Protease inhibitors resistant virus is resistant to following drugs: MK-639, XM323,
A-80987, Ro31-8959, VX-478, and SC-52151. Results were from one representative
of two independent experiments.
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Fig. 5.5 pTZ-R88-A3Gpi23k transduced primary cells were significantly resistant
to HIV-1 replication. (A) Primary CD4" T cells and macrophages were transduced
with pTZ-R88-A3Gp) 3k or pTZ-control vectors for 3 days. Total DNA was extracted
from transduced cells and subjected to real-time PCR analysis to quantify R88-A3G
levels. (B) Transduced CD4" T cells and macrophages were induced with Dox
(1png/ml), and infected with nevirapine-resistant and pNL4.3-Bal strains of HIV-1 at
MOI 0.1, respectively. Viral replication was measured by p24 ELISA. Result A was

from one representative of two donors. Results B was from one representative of three
donors.
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effect in macrophages. Transduced macrophages were induced with Dox and infected
with pNL4.3-Bal virus, viral replication was monitored every two days. Data showed
that viral replication in control vector transduced cells was peaked at day 13. In
contrast, viral replication in R88-A3Gp) sk transduced cells was reduced by more than
threefold, and failed to reach peak within 17 days of observation (Fig. 5.5B, right).
Taken together, these results indicate that expression of R88-A3Gpask is capable of

inhibiting active HIV-1 replication in primary CD4" T cells and macrophages.

5.2.6. Introduction of pTZ-R88-A3Gpi2sk in HIV-1 latently infected cells disrupts
the infectivity of progeny viruses

Given the fact that A3G mainly targets the newly produced viruses and disrupts
their infectivity (198, 365), it would be of interest to investigate whether introducing
R88-A3Gp,sk into HIV-1 latently infected cells could block the infectivity of progeny
virus produced after latency reactivation. First, we transduced ACH-2 cells, a
well-characterized HIV-1 latently infected cell line (94), with pTZ-R88-A3Gp,sx or
pTZ-control vectors. Following Dox induction and phorbol-12-myristate-13-acetate
(PMA) stimulation, the newly produced viruses were collected and quantified from
supernatants by measuring Gag p24 level (Fig. 5.6A). Results showed that two days
post infection, similar levels of progeny viruses were produced from
pTZ-R88-A3Gpi23x and pTZ-control transduced ACH-2 cells (Fig. 5.6B), suggesting
that R88-A3Gp, 23k does not affect viral production from infected cells where latency
is reversed.

Meanwhile, the infectivity of progeny viruses was evaluated. Equal amounts of
progeny viruses produced from pTZ-R88-A3Gpjsx and pTZ-control transduced

ACH-2 cells were used to infect normal C8166 T cells. After infection, we monitored
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Fig. 5.6 pTZ-R88-A3Gpi2sx impaired the infectivity of virus produced from
latently infected cells. (A) Experimental set up. (B) HIV-1 viral production from
pTZ-R88-A3Gpi 3k or pTZ-control transduced ACH-2 cells was monitored at 48
hours post stimulation by measuring p24 level in cell culture supernatants. (C) High
volumes (100ul, equals to 10ng p24) or low volumes (10ul, equals to 1ng p24) of cell
free supernatants collected from stimulated pTZ-R88-A3Gpiosx and pTZ-control
ACH-2 cells were used to infect C8166 T cells. Viral replication was measured at two
and three days post infection. The data were the averages of triplicates with the
indicated standard deviations. Statistical significance was calculated as described in
Fig. 5.2C.
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viral replication by measuring Gag p24 levels in the supernatants at day 2 and 3.
Results showed that the infectivity of progeny viruses produced from R88-A3Gp2sx
transduced ACH-2 cells was reduced by 3-6 folds, as compared with the viruses
produced from the control vector transduced cells (Fig. 5.6C). Taken together, these
results demonstrate that introducing R88-A3Gp sk in latently HIV-1 infected cells
dose not affect viral production from reactivated proviruses, but strongly disrupts the
infectivity of newly produced viruses, and thereby blocks additional rounds of
infection.

To further assess the effect of R88-A3Gp 3¢ on HIV-1 latent infection in primary
cells, we employed a recently established primary cell model of HIV latency (175, 253,
321). In this model, latency can be established in resting CD4" T cells at post
integration step, and activation of replication competent proviruses can be achieved by
stimulation with appropriate inducing agents. Here, we infected unstimulated CD4" T
cells with nevirapine-resistant virus (MOI 2.5) by spinoculation. 3 days later, the
infected cells were activated by IL-2 and PHA treatment, followed by transduction
with pTZ-R88-A3Gpask or pTZ-control vectors. Then we monitored the viral
replication started from two days post transduction. As shown in Fig. 5.7B, viral
replication was continuously increasing over 8 days. In the first 4 days, the difference
of viral production between R88-A3Gp sk and control vector transduced cells was
not significant. But at day 6 and 8 post transduction, viral replication was clearly
shown to be disrupted by R88-A3Gp2sk, and three-fold reduced viral production was
observed at day 8. In addition, we collected the supernatants from both R88-A3Gp23x
and control vector transduced cells at 3 days post transduction, and virus-containing
supernatants were used to infect normal C8166 T cells to evaluate the infectivity of

progeny viruses. Similar with progeny viruses from ACH-2 cells, infectivity of viruses
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Fig. 5.7 pTZ-R88-A3Gp;2sx mediated inhibition of HIV-1 replication in primary
latently infected cells. (A) Unstimulated CD4+ T cells were infected with
nevirapine-resistant viruses at day 0, and activated with IL-2 (100U/ml) and PHA
(5pg/ml) at day 3. Activated cells were transduced with pTZ-R88-A3Gpjxsk or
pTZ-control vectors at day 5, and cultured in the presence of Dox (1ug/ml) and IL-2
from day 6. Supernatant was collected at indicated time points post transduction for
p24 measurement. (B) C8166 T cells were infected with cell free supernatants from
pTZ-R88-A3Gp 28k and pTZ-control transduced CD4" T cells collected at day 8. Viral
replication was measured at three and five days post infection. The data were the
averages of triplicates with the indicated standard deviations. Statistical significance
was calculated as described in Fig. 5.2A.
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produced from reactivated R88-A3Gp) sk transduced CD4" T cells was reduced by
3-6 folds (Fig. 5.7C). Taken together, data obtained from latent HIV infection model
indicate that R88-A3Gpjysx could provide post infection protection and inhibit

replication of reactivated virus.

5.3 Discussion

In the fight against HIV-1, a study showing that the Berlin patient was cured of
HIV by a bone marrow transplant from a CCRS5 homozygous null (CCR5—/-)
HLA-matched donor (143), highlights the feasibility of developing therapeutics
through gene modification. In the current chapter, we have established an anti-HIV
gene therapy approach based on R88-tagged human A3G. Our study showed that
stable expression of R88-A3Gp;,sk in highly susceptible C8166 T cells significantly
inhibit the replication of both laboratory-adapted and primary HIV-1 isolates that are
resistant to several first-line antiviral drugs (Fig. 5.3 and 5.4). In addition,
R88-A3Gp,sk is effective in HIV-1 latently infected cells, which renders the progeny
viruses from these cells loss infectiousness (Fig. 5.6 and 5.7). Importantly,
R88-A3Gpi,sk exerts similar anti-HIV effects on human primary cell models.

Host restriction factors have become attractive candidates for gene therapy due to
their potent antiviral activities (291, 338). Importantly, introduction of host restriction
factors in vivo, unlike foreign proteins, could avoid immunogenicity associated with
protein-based approaches. In Voit et al.’s study, for a prolonged period of exposure
time, A3Gposk confers 198-fold and 100-fold protection against X4-tropic and
R5-tropic viruses respectively, as compared to 3-fold and 64-fold protection provided
by human-rhesus TRIM 5-a (335). Also, among proteins of APOBEC3 family, studies

have shown that A3G exhibits advanced antiviral activities in human primary target
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cells (45). Therefore, A3G is an attractive and potent candidate for anti-HIV gene
therapy.

Given the fact that lentiviral vectors are capable of transducing both dividing and
non-dividing cells and providing sustained gene expression, in this study we employed
a Dox-inducible lentiviral vector to deliver anti-HIV gene R88-A3Gpisk. In this
vector, the expression of transgenes is under the control of Dox. So during VLPs
production, we could render transgene under silent condition and avoid the inhibitory
effect of R88-A3Gp,sk following VLPs transduction (Fig. 5.1C). Once CD4" T cells
were transduced by pTZ-R88-A3Gpiask, the transgene can be turned on or off
dependent on the administration of Dox. Thus, the unexpected side effect of
continuing expression of R88-A3Gp,3k can be limited or avoided. Still, we detected a
trace amount of A3G expression in the vector producing cells in the absence of Dox
(Fig. 5.1C), which led to modest inhibitory effect on pTZ-R88-A3Gp sk vector
transduction (Fig. 5.2). This Dox-independent basal expression was observed in other
studies as well, such as expression of human cytidine deaminase in hematopoietic
cells (171). To further reduce the leaking expression of R88-A3Gpisk, we
co-expressed HIV-1 Vifggmq protein in the vector producing cells. This Vif mutant was
able to bind to human A3Gp)ysk and induce its degradation (280, 291). Indeed, when
Vifspmg was co-expressed with A3Gpiask in 293T cells, the cellular level of
R88-A3Gp,sk protein was reduced by 5 times, as measured by ProLabel assay (Fig.
5.1D). As a consequence, the transduction efficiency of pTZ-R88-A3Gpjsk vector
was increased to a similar level of control vector (Fig. 5.2).

In contrast to drastic anti-HIV effect of R88-A3Gp sk in CD4" T cell line (Fig.
5.3 and 5.4), viral replication in R88-A3Gpysk transduced primary CD4" T cells and

macrophages were not completely inhibited (Fig. 5.5B). This varied antiviral effect
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correlates to transduction efficiency of R88-A3Gpsk in different types of cells.
Transduced C8166 T cells were selected by puro to enrich for vector-containing cells.
After selection, each cell contained at least one copy of R88-A3Gp)ask. In contrast, in
transduced primary cells, less than 50% of cells contained R88-A3Gp) sk as measured
by real-time PCR (Fig. 5.5A) (286). Indeed, as predicted by Hosseini et al. that in the
multicellular events model, viral replication completely stops only if therapeutics
targeting A3G-Vif axis were delivered to nearly 100% cells (134). Meanwhile, another
study pointed out that a single editing unit of incorporated A3G is capable of
inactivating virus rather than causing sub-lethal mutations and increasing viral
diversification (17). Therefore, partially impaired viral replication in primary cells is
because of incomplete transduction of pTZ-R88-A3Gpisx vector rather that
insufficient R88-A3Gp,sk protein expression. In the future preclinical studies, we will
put effort on enhancing the transduction efficiency in primary cells through modifying
the lentiviral vector (31), or enrich the transduced cells by introducing selectable
marker (eg, IL-2 receptor-a chain) followed by selection using corresponding beads
(227).

The emergence of HIV-1 drug resistance occurs frequently after anti-HIV
chemotherapy (119). Importantly, drug-resistant strains of HIV can be transmitted into
susceptible individuals, resulting in suboptimal response to first-line therapy and
treatment failure (130, 169). Therefore, an ideal new therapeutic strategy should
possess activity against different existing drug-resistant strains of HIV. Herein, we
chose representative viruses resistant to four classes of antiretroviral drugs (NRTI,
NNRTIs, protease inhibitors and integrase inhibitors). Data showed that
R88-A3Gpask transduced CD4" T cells were resistant to the replication of all these

drug-resistant viruses (Fig. 5.4), highlighting the potential of R88-A3Gp sk against
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the re-infection and spread of HIV-1 drug resistant viruses.

Another challenge for HIV cure is that HIV-1 can establish a stable latent
infection in resting CD4" T cells that persist in patients, even in those who are
undergoing HAART (302). In order to eliminate these HIV-1 latent reservoirs,
Wayengera has designed Zinc Finger Nucleases (ZFNs) targeting HIV-1 proviral
genes, and used it to remove more that 80% of proviral HIV-1 DNA from latently
infected cells (341). Yet, off-target effects are the major concerns of ZFNs which limit
the use of this technique. Here, we showed that once R88-A3Gp sk was introduced
into latently infected ACH-2 cells, upon reactivation, the majority of produced
progeny viruses were rendered to be non-infectious (Fig. 5.6C). Similar effect was
also observed in primary cell system mimicking HIV-1 latent infection (Fig 5.7). It
indicates that introducing R88-A3Gpsx in HIV-1 latently infected cells is able to
inhibit the dissemination of the progeny virus. Instead, these viruses would just
present as antigenic particles to elicit host immune responses. Therefore, this
A3G-based therapeutic approach can not only target actively HIV infected cells, but
also target HIV-1 latently infected cells, contributing to the elimination of latent
eServoirs.

Overall, studies from this chapter demonstrated the profound antiviral effect of
R88-A3Gpi23x on both acute and chronic HIV-1 infection. If delivered during acute
infection, R88-A3Gp sk could block productive viral replication. As to latent
infection, R88-A3Gp,sx does not preclude HIV reactivation in latent reservoirs, but
prevents viral dissemination and further postpones the onset of AIDS. More
importantly, R88-A3Gpisx has shown to be effective against drug-resistant viruses.
Besides their ability to productively replicate, these drug-resistant viruses also enter

and persist in latent reservoir (220, 241). Our approach, but not antiretroviral drugs,
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has the potential to target the reactivated resistant viruses, and prevents viral rebound.
Taken together, our finding encourages further in vivo studies to characterize the

action of R88-A3Gp,sk in appropriate animal model.
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CHAPTER 6

General Discussion and Future Perspectives
6.1 Major findings

Given the increasing knowledge on cellular factors which allow host cells to resist
HIV-1 infection, more and more researchers are focusing their attention on developing
antiviral therapy based on host restriction factors. Compared to therapeutics targeting
viral components, strategies targeting host restriction factors have unique advantages.
Since these factors are naturally expressed in humans, they are relatively immutable
and less immunogenic. The work presented in this thesis describes the antiviral action
of restriction factor A3G and the effectiveness of A3G-based antiviral approach,
which provides rationale for possible translation applications and development of
novel therapeutics.

As shown in Chapter 3, the presence of A3G in virions disrupted reverse
transcription of Vif HIV-1. We found that A3G interacted directly with HIV-1 RT in
produced viruses and in co-transfected cells, which did not require viral genomic RNA
bridging or other viral proteins. Although A3G bound to both p66 and p55 subunits of
RT, their interaction neither affected the proteolytic processing of RT, nor facilitated
A3G encapsidation. Nevertheless, A3G-RT interaction was shown to contribute to
A3G-mediated inhibition of HIV-1 reverse transcription. Overexpression of the
RT-binding polypeptide A3Ges.1320 was able to disrupt their interaction, which
consequently attenuated the anti-HIV effect of A3G on reverse transcription. This
study highlights the contribution of A3G-RT interaction in A3G-mediated inhibition
on HIV-1 reverse transcription.

In Chapter 4, to characterize the potential roles of critical residues in A3G

mediated antiviral action, different A3G mutants were introduced into the R88-A3G
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system. The results indicate that the antiviral effect of A3Gyj4a, a previously
described packaging-defective mutant, was completely rescued when the mutant was
fused with R88. Still, the introduction of the deaminase-defective mutant E259Q into
R88-A3G did not affect virion incorporation, but abrogated its ability to inhibit HIV-1
infection. Meanwhile, we showed that introduction of Vif-binding mutants (D128K or
P129A) enhanced the inhibitory effects of R88-A3G on Vif' virus infectivity.
Expression of representive mutant R88-A3Gpiy94 in CD4" C8166 T cells did not
disturb cell growth, cell cycle profile and surface CD4 receptor expression, but
completely blocked HIV-1 infection for at least 24 days. Similarly, a significant
reduction of HIV-1 replication was observed in R88-A3Gpj9a transducted primary
PBMCs and macrophages. These observations suggest that it is possible to develop a
R88-A3G-based anti-HIV strategy.

The initial work presented in Chapter 4 aiming to optimize R88-A3G based
anti-HIV approach was extended in Chapter 5. In this chapter, we developed a Dox
inducible R88-A3Gp.sx lentiviral vector, and characterized its antiviral effect in
detail. Results showed that expression and antiviral activities of R88-A3Gpjasx were
highly regulated by Dox. In the presence of Dox, R88-A3Gpj,sk transduced T cells
were resistant to different drug resistant viruses, including AZT, 3TC, Nevirapine,
Protease inhibitors and Raltegavir resistant viruses. Furthermore, we introduced
R88-A3Gpi sk into HIV-1 latently infected ACH-2 cells, and showed that following
reactivation, the infectivities of progeny viruses produced from R88-A3Gpask
transduced ACH-2 cells were significantly impaired (3-6 fold reduced). Additionally,
R88-A3Gpi, sk exhibited similar anti-viral action in primary human cells. Altogether,
data from this chapter indicate that R88-A3Gpask is a highly potent HIV-1 inhibitor,

and a R88-A3Gpi,3x based anti-HIV gene therapy is capable of blocking both active
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and latent infections.

6.2 General discussion
A3G as a potential target for anti-HIV therapy

The discovery of host restriction factors opens new avenues for HIV-1 therapeutic
intervention. Increasing efforts have been conducted to develop more readily available
and affordable therapeutics based on restriction factors. Although, no such antivirals
have been tested in clinical trails yet, evidence from animal models and patients has
highlighted their potential (215, 264, 306). Data from HIV/HCV-coinfected patients
indicated that restriction factors A3G and BST-2 play critical roles in IFN-o-mediated
suppression of HIV-1 replication in vivo (264).

In order to efficiently control HIV-1 infection and prevent HIV-associated disease,
a rapid immune response is required (70). Besides antagonizing viral replication as a
single host protein, A3G induces immune response to defend against HIV-1 infection
(219). Uridines incorporated within A3G-edited viral DNAs induce the expression of
natural  killer = (NK)  cell-activating  ligands  through  Vpr-mediated
DNA-damage-response pathway, thereby activating NK cells to lysis HIV-infected
cells (245). Meanwhile, A3G edited proviruses express aberrant (truncated or
misfolded) viral proteins, which provide a pool of MHC-1-restricted viral antigens to
activate HIV-1 specific CD8" cytotoxic T lymphocytes (CTLs) (42). Thus, this
enzyme enhances the immunogenicity and promotes the recognition of HIV-infected
cells by NK cells and CTLs (42, 245). Therefore, strategies aimed at enhancing A3G
antiviral action may have the extra benefit of stimulating innate and adaptive immune

response to target infected cells.
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The role of A3G against latency infection

A major barrier to curing HIV-1 infection is the extensive latent reservoir that
HIV-1 establishes as a reversibly non-productive infection in individual cells. The
most well characterized reservoir is the resting CD4" T cells (201), also other cell
types can be latently infected, including macrophages, microglia, astrocytes and
hematopoietic progenitor cells (HPCs) (41). These cells are long-lived with an
extremely slow decay rate, resulting in a lifelong persistence of virus in patients (201).

Since latent reservoirs are not expressing viral proteins, they are resistant to
HAART and immune response (74). Once HAART is discontinued or activating
signals are present, latency may be reversed and the cell may begin to produce viruses,
leading to rebound viremia in patients. Moreover, recent study found that reactivation
of drug-resistant latent viruses may contribute to the development of
multidrug-resistance, and promote viral evolution through recombination with the
superinfecting viruses (74).

Currently, considerable attention has been focused on finding ways to reactivate
and deplete latent reservoirs. Although R88-A3Gp sk itself is not able to eliminate
the viral reservoirs, it can combine with latency reactivation compounds to target
latent viruses. Since R88-A3Gpjask acts to restrict second round infection, following
reactivation compounds treatment, this protein can actively incorporate into viruses
released from modified reservoirs and block additional rounds of viral replication.
Therefore, viral rebound after latency reactivation can be avoided by introducing
R88-A3Gp,sk into latent reservoirs. Moreover, since R88-A3Gp sk does not disrupt
the late stages of HIV-1 replication, latent HIV provirus can still be reactivated from
modified cells and produce virus, thereby the reactivated reservoirs can be targeted by

CTLs or killed by viral cytopathic effects. Results from Chapter 5 have shown that
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R88-A3Gp,sk targets and blocks the replication of drug resistant viruses. Thus, it is
capable for R88-A3Gpjsk to target drug-resistant latent viruses and prevent the

generation of multi-drug resistance.

Potential limitations of A3G based antiviral approach

Since A3G is a host protein, its endogenous expression is regulated by cellular
machineries. Here, we boosted its expression by introducing viral vector expressing
R-A3Gpiask. It is uncertain whether side effect regarding the overexpression of A3G
persists.

The constitutive and ubiquitous transgenic expression of another cytidine
deaminase AID was associated with the development of various cancers in mouse
models (55). In contrast to AID, A3G is a cytoplasmic protein that targets
single-stranded DNA. It is unlikely for A3G to gain access to double-stranded cell
genomic DNA (228). Indeed, a recent study showed that A3G has no effect on the
mutation rate of transfected 293 cells. Meanwhile, data from our previous study and
Chapter 4 proved that stable expression of A3G in C8166 cells does not cause cell
cycle arrest or growth defects (14). Still, more safety studies are needed to exclude the
possibility that A3G could induce mutations in genomic DNA, leading to cellular
transformation.

The emergence of HIV resistance is the concern met by all antiretroviral
therapeutics. Due to its high mutation rate, it is possible for HIV to evolve resistance
against R88-A3Gp,3x. However, no escape mutant has emerged in our study, and
publication from Hache, et al. indicated that A3G was able to provide a lethal block to
the replication of Vif-deficient HIV-1 for more than five weeks (116). However, the

same study also showed that HIV was able to acquire a Vif-independent resistance
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after six weeks constitutive culture, and the escape mutations were generated in 3/48
A3G-expressing T cell cultures (116). In order to provide strong and sustained
protection from HIV-1 infection, we may combine R88-A3Gp,,3x with other anti-HIV
genes targeting different stages of HIV life cycle. This combinatorial anti-HIV gene
therapy can enhance antiviral effect and reduce the likelihood of the emergence of

HIV-1 escape mutants (19).

Broad application of A3G based antiviral approach

A3G exerts a strong antiviral effect against a diverse set of endogenous
retroelements and exogenous viruses, such as HBV and HTLV-1 (132). HBV is the
major causative agent of liver disease (52), and HTLV-1 is a oncogenic retrovirus
associated with adult T cell leukemia, tropical spastic paraparesis and
HTLV-1-associated myelopathy (21). Therefore, the development of an A3G based

approach may have applications beyond the treatment of HIV-1 infection.

6.3 Future directions

For future application of A3G in anti-HIV therapies, it would be beneficial to
further characterize the actions of A3G in viral replication. In Chapter 3, we studied
the interaction between A3G and RT in the case of a Vif HIV-1 infection. It is
desirable to expand further studies to the case of Vif’ HIV-1 infection, and determine
if Vif could promote HIV-1 reverse transcription through disrupting A3G-RT
interaction. It is also of interest to determine whether physical interaction between
A3G and RT contributes to A3G getting access to single-strand DNA substrates.
These proposed studies will promote better design and modification of A3G-based

antiviral therapeutics.
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In order to treat HIV-1 infection, R-A3Gp23x can be delivered into HSCs isolated
from HIV patients undergoing bone marrow transplantation using SIN-lentiviral
vector system. HSCs are long-lived, and can differentiate into HIV-1 susceptible
CD4" T cell and myeloid targets (161, 187). Such modification allows both HSCs and
their progeny capable of inhibiting HIV-1 infection. Once these modified cells are
transplanted back into patient, the host could be reconstituted with a hematopoietic
system that is able to stably suppress HIV-1 replication. Thus, a functional cure of
HIV-1 infection could be achieved. Moreover, a computational study by predicting the
effect of A3G modified stem cells on in vivo HIV-1 replication, has highlighted the
feasibility of A3Gpiask-based HSC therapy (133).

However, prior to conducting studies on humanized mice models or patients, it is
important to ensure that lentiviral transduction and R-A3Gpjsk expression will not
affect the potency of the HSCs. It would be necessary to check the proliferation ability
and potential of modified HCSs, as well as the intrinsic function of differentiated cells.
If no side effect is observed, further work can be carried out to determine the antiviral
activity mediated by ex vivo modification of R-A3Gpask expressing HSCs.

Additionally, the potential of R-A3Gp),sx against mucosal HIV transmission is
another area deserving further study. By using viral vectors or non-viral gene delivery
vectors (189), R-A3Gp sk expressing gene can be delivered into vaginal tissues
where HIV-1 target cells are present. During early HIV infection in the mucosa,
R-A3Gpi,sk protein can be incorporated into newly synthesized virions to exhibit its
antiviral activities, thereby reducing sexual transmission of HIV-1. However, in vivo
tissue environments are complex, so suitable animal models are required to test this

hypothesis.
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6.4 Conclusion

In conclusion, results from this thesis demonstrate one of the mechanisms that
how A3G disrupts HIV-1 reverse transcription, and provide proof-in-principle that
R88-A3Gpi3x could be a potential candidate for HIV-1 gene therapy approach. The
next step is to target in vivo HIV-1 susceptible cell populations, and to determine the
safety and therapeutic effect of the R88-A3Gp) sk based approach. It is expected that

this approach could prevent the onset of AIDS in HIV infected individuals.
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