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Angiogenin (ANG, also known as ribonuclease 5) is a 14.1kDa polypeptide secreted by T
lymphocytes and epithelial cells. Other than its well-characterized function of promoting
development of vasculature, ANG also possesses anti- Human Immunodeficiency Virus-
1 (HIV-1) properties. Previous findings show that ANG inhibits X4 tropic HIV-1
replication in peripheral blood mononuclear cells (PBMCs). Our studies show that ANG
also inhibits RS tropic virus, the most commonly transmitted HIV-1 strain. Inhibition was
detected treating cells prior to or after infection by p24 ELISA, and is not mediated by
CD4, CXCR4, or CCRS as determined by flow cytometry assays. Furthermore, we
demonstrated that ANG binds to tRNA-Lys, which serves as primer for HIV-1 reverse
transcription. These results indicate that ANG inhibits HIV-1 replication by a post-entry

mechanism, which might be exploited to develop new antiretroviral strategies.
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Chapterl: Background and hypothesis

Introduction

Human immunodeficiency virus (HIV) is the causative agent of acquired
immunodeficiency disease syndrome (AIDS). "* Based on the epidemiological estimates
from The United Nations Program on HIV/AIDS (UNAIDS), more than 33.3 million
people are infected by HIV worldwide nowadays. There is an urgent need to develop new
agents for an effective therapeutic strategy for HIV infected patients, since current anti-
retroviral reagents do not cure HIV infection, and drug resistance occurs with all
retroviral classes of drugs due to the rapid replication rate and the inherent genetic
variation of HIV. A previous study from Bedoya et al., and Cocchi et al. showed that
angiogenin (ANG) has HIV-1 inhibitory activity that likely contributes to limit HIV
replication in vivo™ ?. ANG is a secreted RNase consisting of 123 amino acid residues’,
and is expressed by various cells including vascular endothelial cells, smooth muscle
cells, fibroblasts, colonic columnar epithelium, lymphocytes, primary adenocarcinoma

cells, and HIVs target cells, lymphocytes® .

The human RNase superfamily has thirteen members (RNasel-13) including
ANG (RNase 5). These human RNases recognize different RNA substrates with different
functional patterns. Therefore, they perform distinct physiological functions, including
angiogenesis, antitumor, and antiviral activities. The antiviral activity of an RNase, was
first reported 55 years ago in a publication showed that a mammalian RNase inhibits
influenza virus®. In addition, RNase 2 (EDN, eosinophil derived neurotoxin) and RNase 3
(ECP, eosinophil cationic protein), which are mainly secreted in the granules of

eosinophils, were shown to inhibit respiratory syncytial virus (RSV) and other



paramyxoviruses’. EDN was suggested to penetrate the viral capsid and to interact with
the viral RNA genome by binding to a specific target molecule on the viral surface'’, and
it also exhibits inhibitory activity against human immunodeficiency virus type 1 (HIV-1)
replication in a chronically infected cell line''. RNase 4 and ANG; (RNase 5) which are
the normal components of human plasma were originally isolated from tumor cell

conditioned media> "2

. In addition, RNase 4 and ANG were recently identified as key
component of T cell derived soluble factors that could contribute to control HIV infection
in vivo'. However, ANG is considered to be an atypical human RNase as it is

distinguished by its potent angiogenic activity and weak ribonuclease activity despite its

structural similarity to other human RNases such as RNase 1, 2, and 412,

The mechanism that ANG inhibits HIV-1 replication has not been elucidated yet. The

13, 14

physiological features of ANG, such as receptor-mediated cell uptake ™ ™, intracellular

angiogenic activity'’, and tRNA cleavage'®"

, may play an important role or provide
clues on how it inhibits HIV. For example, the binding between ANG and its 172kDa
putative receptor may down-regulate HIV-1 receptors, CD4, CXCR4, and CCRS. The
existence of ANG in both cytoplasm and nucleus may result in inhibition of HIV-1
replication intracellularly. In addition, RNase activity of ANG may inactivate viral RNA
and tRNA-Lys during the progression of HIV-1 virion replication. Based on the anti-
HIV-1 activity, receptor-mediated cell signaling, and ribonuclease activity, I hypothesize

that ANG inhibits both RS and X4 tropic HIV-1 replication by a complex mechanism that

involves the intracellular machinery.



Human Immunodeficiency Virus (HIV)

The first description of retroviruses was reported by Oluf Bang and Vilhelm
Ellermann in 1908%°. Retroviruses are plus-stranded RNA viruses which are able to
reverse-transcribe the viral RNA genome into a DNA form called provirus by the virally-
encoded enzyme reverse transcriptase. After reverse transcription, the proviral DNA is
transported into the nucleus and is integrated into host chromosomes. The viral RNA and
protein are then expressed by the host cell transcription and translation apparatus,
eventually forming new virions that are packaged and released from host cells. There are
seven genera in the retrovirus family: alpharetrovirus, betaretrovirus, gammaretrovirus,
deltaretrovirus, epsilonretrovirus, lentivirus, and spumavirus. The structure of virion,
retrovirus particle consists of an envelope about 100nm in diameter, and a diploid plus

sense single stranded RNA genome each approximately 7-10 kilobases (kb) in length.

Human immunodeficiency virus (HIV) is a lentivirus which belongs to the
retrovirus family"?. In a HIV particle, diploid single-stranded, positive-sense, enveloped
RNA and two enzymes, reverse transcriptase and integrase, are contained in a conical
viral capsid. HIV envelope is formed by viral glycoproteins, gp41 and gp120, and a lipid
bilayer resulting from viral budding from the cell membrane of host cells. A schematic

representation of the HIV virion is depicted in Figure 1.1.
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Source: National Institute of Allergy and Infectious Diseases
Figure 1.1 Diagram of HIV virion structure.

HIV has two subtypes: HIV-1 and HIV-2. HIV-1, the predominant virus, was
isolated in 1983 and subsequently identified as the causative agent of AIDS worldwide.
HIV-2 was isolated in 1986 from AIDS patients in West Africa, where the most cases are
found" > ?!. Both HIV-1 and HIV-2 subtypes are the causative agents of acquired
immunodeficiency disease syndrome (AIDS). The strains of HIV-1 can be further
classified into four groups: Group M (major), Group O (outlier), Group N (non-M, non-

2226 There are more

0), and Group P (pending the identification of further human cases)
than 90 percent of HIV-1 infections belong to HIV-1 group M which is also subdivided
into clades names by letters: A, B, C, D, E, F, G, H, I, J, K. In addition, the viral strains

of recombinant clades, such as these resulting from mixing of clades A and B, are

classified as circulating recombinant forms (CRFs).



The genome of HIV consists of two identical copies of positive sense single
stranded 9.7kb RNA molecules. The RNA has a cap at 5’ end and is polyadenylated at 3’
end, while long terminal repeats (LTRs) at the 5’ and 3° ends play an essential role of
HIV replication. The 5' end includes four regions: R, U5, Primer binding site (PBS), and
L. R region is a short repeat sequence at both 3’ and 5’ ends, and it is important to ensure
correct end-to-end transfer during the reverse transcription. U5 region is a short sequence
between R and PBS. PBS consists of 18 bases complementary to 3’ end of tRNA primer.
L region is an untranslated leader region that functions as the signal for packaging of
genome RNA. The 3’ end includes three regions: polypurine tract (PPT), U3, and R. PPT
is the primer for plus-strand DNA synthesis during the reverse transcription. U3 located
in between PPT and R regions is a sequence including transcriptional promoter and
regulatory elements involved in the recruitment of RNA polymerase II to the start site of
viral RNA synthesis, and regulate the transcription of HIV proviral DNA. R is the
terminal repeated sequence at 3' end. In the coding region, there are nine genes including
Gag and Env for the viral structural proteins, Pol for the polymerase, Tat and Rev for
regulatory proteins, and Vif, Vpu, Vpr, and Nef for the accessory proteins. A schematic

representation of the HIV genome is depicted in Figure 1.2.
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Figure 1.2 HIV-1 genome

Gag: Group-specific antigen (Gag) is the genomic region (~1800bp) coding for Gag
polyprotein, the p55 myristoylated polyprotein. The Gag protein, is processed by the viral
protease (PR), into the matrix protein (MA/p17), capsid protein (CA/p24), nucleocapsid
protein (NC/p7), and p6 protein. The 55kDa Gag precursor protein associates with the

plasma membrane for virus assembling so it is also called assemblin.

Env: The envelope (Env) gene (~1800bp) encodes for the glycoprotein (gp) 160 which is
cleaved into gp120 and gp41 by the host cell protease furin. These two glycoproteins,
gpl20 and gp41, interact non-covalently forming a heterodimer anchored to the viral
membrane. gpl20 is exposed on the surface of the viral envelope for specific binding
with the CD4 receptor, while gp41 is buried in the viral envelope. However, when gp120
binds to CD4 and changes its conformation, gp41 is exposed and assists in viral fusion

into host cell.

Pol: The polymerase (Pol) gene (~2900bp) encodes for three enzymes, reverse
transcriptase (RT), integrase (IN), and protease protein (PR). RT (p66/55; alpha and beta

subunits) is responsible to reverse-transcribe viral RNA genomes into DNA, and the
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function of IN (p32) is to insert the viral DNA into the host chromosomal DNA. PR (p10)

is an aspartyl protease which cleaves the proteins of gag and pol.

Tat: Trans-activator of transcription (Tat) is accountable to increase the level of
transcription of HIV genes via binding the trans-activation responsive region (TAR)
located at the 5'-end of all nascent viral transcripts, and the host cellular factors, CycT
and cdk9 which cooperate to hyperphosphorylate the carboxy-terminus domain (CTD) of

RNA polymerase (RNAP) II

Rev: Rev is a 19kDa nuclear phosphoprotein that promotes the nuclear export and

stabilization of the viral mRNAs containing Rev Response Element (RRE).

Vif: Viral infectivity factor (Vif) is a 23 kDa protein that protect viral DNA mutated from
the action of'the cellular protein, apolipoprotein B mRNA-editing, enzyme-catalytic,

polypeptide-like 3G (APOBEC3G), which has cytidine deaminase activity.

Vpr: Viral protein R (vpr) is a 14 kDa protein responsible of nuclear import of viral pre-
integration complex (PIC), G2 cell cycle arrest, and induction viral replication in non-

dividing cells.

Vpu: Viral Protein U (Vpu) is a 16kDa integral membrane protein which enhances HIV-1
virion release from the plasma membrane of host cells by counteracting tetherin (BST2;
CD317) which is able to inhibit virion release by interaction with the viral surface
envelope glycoprotein. In addition, in the endoplasmic reticulum, Vpu is able to target
and degrade CD4 for enhancing virus release because CD4 could form a stable complex

with Env protein.



Nef: Negative Regulatory Factor (Nef) is a 27kDa myristoylated protein that down-

27-31

regulates surface expression of major histocompatibility complex-I (MHC 1) and

MHC II*? on antigen-presenting cells (APCs), and CD4 and CD28 on helper T cells.



HIV Replication Cycle

HIV infects various cell types, including memory CD4" T cells, macrophages and
dendritic cells (DCs) ***". HIV enters target cells by a complex interaction between its
surface glycoprotein gp120 and the receptor CD4 on the host cell. The interaction of
gp120-CD4 induces conformational changes that promote gpl20 binding to select
chemokine receptors. Chemokine receptors are seven transmembrane domain proteins
that use G proteins for signal transduction so that they belong to the G protein coupled
receptor (GPCR) family. Based on binding with different chemokines, chemokine
receptors are classified into CXC chemokine receptors, CC chemokine receptors, CX3C
chemokine receptors and XC chemokine receptors. HIV-1 strains are divided into RS, X4
and R5X4 tropic based on their usage of two primary co-receptors, CCRS and CXCR4*
> which are necessary for HIV-1 entry into host cells. The entry of HIV into cells can be
blocked by co-receptors mutation. A series of seminal studies showed that individual
homozygous for a 32 base pair deletion in their CCR-5 present is highly resistant to HIV
infection. The interaction of gp120 with CD4 receptor and chemokine co-receptor leads
gp120-gp41 to undergo a conformational change exposing hydrophobic regions that
embed in the membrane of the host cell. Subsequently a conformation change of gp41
which brings the viral and target cell membrane close and which enables membrane
fusion, introducing the viral capsid into the host cell. In the cytoplasm of the host cell,
viral single-strand RNA is reverse transcribed to double-stranded DNA by the viral
reverse transcriptase. Importantly, the tRNA-Lys3 from host cell serves as a specific
primer binding to the primer binding site (PBS) on the viral RNA genome for reverse

transcriptase. After reverse transcription, the viral DNA is transported to the nucleus and
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then integrated into a host chromosome by a viral enzyme called integrase. Following
integration, the integrated DNA, also known as provirus, is then transcribed into
viral mRNA. Viral RNA exists in different species. Un-spliced mRNA is essential for
producing of structure protein, Gag and Pol, and it is also encapsidated in progeny virus.
Singly spliced RNA encodes the Env, Vif, Vpr, and Vpu protein, while doubly-spliced
RNA is translated into the regulatory proteins, Tat and Rev, and the protein Nef. Rev is
involved in the shuttling of un-spliced and singly-spliced viral RNA from nucleus to
cytoplasm. To assemble new viral particles, viral genome and viral proteins reach close
to plasma membrane. Then the HIV virions are packaged and bud out from the cytoplasm.

(Fig 1.3)°
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Figure 1.3 Schematic overview of the HIV-1 replication cycle.

Those host proteins that have a role in the replication cycle and are discussed in the text
are indicated. The infection begins when the envelope (Env) glycoprotein spikes engage
the receptor CD4 and the membrane-spanning co-receptor CC-chemokine receptor 5
(CCRYS) (step 1), leading to fusion of the viral and cellular membranes and entry of the
viral particle into the cell (step 2). Partial core shell uncoating (step 3) facilitates reverse
transcription (step 4), which in turn yields the pre-integration complex (PIC). Following
import into the cell nucleus (step 5), PIC-associated integrase orchestrates the formation
of the integrated provirus, aided by the host chromatin-binding protein lens epithelium-
derived growth factor (LEDGF) (step 6). Proviral transcription (step 7), mediated by host
RNA polymerase II (RNA Pol II) and positive transcription elongation factor b (P-TEFb),
yields viral mRNAs of different sizes, the larger of which require energy-dependent
export to leave the nucleus via host protein CRM1 (step 8). mRNAs serve as templates
for protein production (step 9), and genome-length RNA is incorporated into viral
particles with protein components (step 10). Viral-particle budding (step 11) and release
(step 12) from the cell is mediated by ESCRT (endosomal sorting complex required for
transport) complexes and ALIX and is accompanied or soon followed by protease-
mediated maturation (step 13) to create an infectious viral particle. Each step in the HIV-
1 life cycle is a potential target for antiviral intervention'®; the sites of action of clinical
inhibitors (white boxes) and cellular restriction factors (blue boxes) are indicated. INSTI,
integrase strand transfer inhibitor; LTR, long terminal repeat; NNRTI, non-nucleoside
reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor®.
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HIV Pathogenesis

The HIV infection can be separated in three phases: acute phase (2-4weeks),
asymptomatic phase (8-10years), and AIDS phase (3-5 years) (Fig 1.4). The initial or
acute phase of HIV infection is typically associated with rapid CD4" T cell decrease, high
viral replication in lymphoid tissue, and high blood viremia. After reaching peak viremia,
HIV specific antibodies become detectable in human blood, a stage known as
seroconversion. HIV viral load then decreases to reach a steady state level, namely HIV
set point”’. The level of HIV set point is associated with the rate of disease progression to
AIDS. A higher viral load of the HIV set point predicts faster progression to AIDS, while
a lower viral load set point predicts slower progression to AIDS and longer clinical
latency®® *°. In the HIV acute phase, HIV infects target cells mediated by CD4, and
CXCR4 and/or CCRS. HIV-1 variants that use CCRS5 are called R5 tropic strain, those
that use CXCR4 are called X4 tropic strain, and those that can use both are designated
X4RS5 or dual tropic. Although both RS and X4 viruses are present in various body fluids,
RS virus appears to be predominant in primary transmission of infection, while X4 virus

variants become detectable at later stages.

In the acute phase, RS viruses are captured from the exposed mucosal tissue and
associated with processes on dendritic cells (DC) by binding its gpl120 envelope
glycoprotein to Dendritic Cell-SpecificIntercellular adhesion molecule-3-Grabbing Non-
integrin (DC-SIGN)®. HIV is then co-internalized into lymph nodes with DC and infects
CD4" T cells® (figl.5). About two weeks after the initial HIV infection, acute replication
of HIV in lymphoid tissues results in high level of viremia and dissemination® ®. HIV

replication significant damages the CD4" T cell compartment, causes gut mucosal barrier
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degradation, resulting in microbial translocation, immune system hyper-activation and
eventually leading to immune failure. In the gut associated lymphoid tissue (GALT), the
absence of lymphoid cells aggregating in terminal ileum is observed because of loss of
CD4" T cells®®. Patients will display some relatively unspecific clinical symptoms,
such as fever, adenopathy, and leucopenia as HIV spreads beyond lymphoid tissue.
Eventually, HIV replication is transiently controlled by the immune system, reducing
HIV viral load. After approximately two months, the interplay between virus and immune

system reaches its balance, so that the viral load of HIV reaches its set point >’

After the viral set point is reached, HIV-infected individuals start going through
clinical latency or asymptomatic phase. However, during the asymptomatic phase,
although immune system temporarily represses viral replication, HIV keep increasing the
damages to the immune system over time, and meanwhile, CD4" T cells are still slowly
depleted. If HIV infection is not treated, the clinical latency/asymptomatic phase will last

8-10 years on average, during which the immune function decline gradually.

After the latency phase, HIV infection is defined as AIDS when the number of
CD4 cells falls below 200 cells per cubic millimeter of blood (<200 cells/mm3), or if
AIDS-defining symptoms, such as opportunistic infections and/or certain type of cancers
occur. Damage to host’s immune system by HIV causes the failure of immune system
and emergence of fatal opportunistic infections and tumors®” %, Subjects with AIDS who
do not receive treatment typically survive about 3-5 years on average. A schematic
representation of the clinical progression of HIV depicting CD4" and CD8" T-cell counts
and plasma viral load in peripheral blood during the acute phase, asymptomatic phase,
and AIDS phase is shown in Figl.4°".
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Figure 1.5 HIV-1 subverts intracellular processing by dendritic cells through DC-
SIGN.

(a) DC-SIGN (dendritic cell (DC)-specific intercellular adhesion molecule-grabbing
nonintegrin) is expressed by immature DCs in mucosal tissues and lymph nodes, and by
DC precursors in the blood. HIV-1 is captured by DC-SIGN that is expressed by DC
precursors in the blood after infection or by immature DCs at mucosal entry sites during
sexual transmission. DC-SIGN-bound HIV-1 enters the cell, but escapes internalization
into lysosomal compartments and recycles back to the cell surface. By hiding
intracellularly in DCs, HIV-1 is protected during migration to the lymphoid tissues. On
arrival at lymphoid tissues, DCs transmit HIV-1 to CD4+ T cells in trans, resulting in
productive HIV-1 infection of CD4+ T cells. (b) High concentrations of HIV-1 allow
viral infection of DCs that results in the production of HIV-1 by DCs, which
subsequently infect T cells. Sequestration of HIV-1 by DC-SIGN can allow cis-infection
of DCs by presenting the infectious virus to CD4 and co-receptors to allow efficient
infection of DCs. (c) C-type lectins function as antigen receptors to internalize antigen
into lysosomes to enhance antigen presentation by MHC class I and I molecules. It
remains to be determined whether capture of HIV-1 by C-type lectins results in the
activation of DCs and presentation of viral antigen by MHC molecules. CCRS5, CC
chemokine receptor 5; TCR, T-cell receptor®’.
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HIV Reverse Transcription

Reverse Transcription
Reverse transcription which is one of the early steps of HIV-1 replication converts
viral RNA genome into proviral DNA form which is transported to the nucleus where it

integrates into the host cell genome.

Reverse transcription from viral RNA genome into DNA is one of the early steps
of HIV-1 replication. The generated DNA proviral form is then transported to the nucleus
where it integrates into the host cell genome. The process of reverse transcription occurs
in several steps. (Fig.1.6) The viral reverse transcriptase (RT) and protease protein (PR)
encoded by polymerase (pol) gene play important roles in HIV-1 reverse transcription.
The tRNA-Lys3 binding to the primer binding site (PBS) on the HIV-1 RNA serves as
the specific primer for HIV-1 reverse transcription and RT starts reverse transcript RNA
to a single strand of complementary DNA (ssDNA), which initially the region of PBS,
LTR and RUS. RNase H then degrades the RNA in the RNA/DNA duplex which leads
the dissociation of PBS, LTR, and RUS5 from viral RNA, so the R element on the ss
cDNA is exposed. Since the R element is also presented on the 3° end of the viral RNA,
the complex tRNA-Lys3, RT, and ssDNA undergoes a first “jump”, hybridizing on the 3’
R element of HIV-1 RNA. RT restarts reverse transcription on HIV-1 RNA generating
ssDNA, and RNase H activity degrades the RNA in the RNA-DNA duplex, except for a
short sequence called polypurine tract which is used by RT as a primer to start
polymerizing the second strand of cDNA, including U3, LTR, US5, and PBS. RNase H
eventually removes the remaining RNA, including polypurine tract and primer tRNA-

Lys3. This causes the two complementary PBS elements of the 3’ and 5’ ends of the
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DNA to recombine, forming a DNA loop and eventually allowing a second “jump” of
HIV reverse transcription. Finally, RT has DNA-dependent DNA polymerase activity
that copies the sense cDNA strand into an antisense DNA to form a double-stranded viral
DNA, and then dsDNA loop breaks, forming linear dsDNA provirus with two LTR at the
5’ and 3’ ends. After reverse transcription, the dsDNA is transported into the nucleus
where the dsDNA is integrated by the viral integrase into chromosomal DNA of the host

cell.

tRNA-Lys3

The primer transfer RNA lysine (tRNA-Lys3) with anticodon UUU plays a
crucial and essential role in the initial reverse transcription of HIV. tRNA-Lys3 folds into
a classical two-dimensional cloverleaf structure, with acceptor, D, anticodon and T C
arms (Figure 1.7).”° The acceptor stem on the 3’ end of tRNA-Lys3 conjugates with the
PBS on the viral RNA. In addition, nuclear magnetic resonance (NMR) studies shows
that the U rich anticodon loop of tRNA-Lys3 specifically binds with the A rich loop, 164-
AAA-166, near the PBS, determining not only the selective use of tRNA-Lys3 as primer
for HIV-1 RT, but the stabilization of tRNA U rich loop and viral RNA A rich loop in the

VRNA/tRNA complex’". (Fig 1.8)
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Figure 1.6 Reverse transcription of the HIV-1 genome

Each retroviral particle contains two copies of the RNA genome. Minus-strand DNA
synthesis starts near the 5' end of the plus-stand RNA genome using a host tRNAlys3 that
anneals at the primer-binding site (PBS) as a primer. Step 1: Synthesis proceeds to the 5'
end of the RNA genome through the U5 region, ending at the R region at the 5'end,
forming the minus-strand strong stop DNA. Step 2: DNA synthesis is accompanied by
RNase H digestion of the RNA portion of the RNA/DNA hybrid product, thus exposing
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the single-stranded DNA product. Step 3: This exposure facilitates hybridization with the
R region at the 3' end of the same, or the second, RNA genome, a strand-transfer reaction
known as the first jump. Step 4: When minus-strand elongation passes a polypurine-rich
region called the polypurine tract (PPT) region, a unique plus-strand RNA primer is
formed by RNase H cleavage at its borders. Plus-strand synthesis then continues back to
the U5 region using the minus-strand DNA as a template. Step5: Meanwhile, minus-
strand synthesis continues through the genome using the plus-strand RNA as a template,
and removing the RNA template in its wake via RNase H activity. Step 6. The RNase H
digestion products formed are presumed to provide additional primers for plus-strand
synthesis at a number of internal locations along the minus-strand DNA. Step 7: PPT-
initiated plus-strand DNA synthesis stops after copying the annealed portion of the tRNA
to generate the plus-strand DNA form of the PBS, forming the plus-strand strong stop
product. The tRNA is then removed by the RNase H activity of RT. Step 8: This may
facilitate annealing to the PBS complement on the minus-strand DNA, providing the
complementarity for the second jump. DNA synthesis then continues. Step 9: Strand
displacement synthesis by RT to the PBS and PPT ends, and/or repair and ligation of a
circular intermediate, produces a linear duplex with long terminal repeats (LTRs) at both
ends.”
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Figure 1.8 Secondary structure of the RNA partners of the HIV-1 initiation complex
of reverse transcription and of the binary primer/template complexes, in the case of
the HIV-1 MAL (representative of a subtype A PBS domain) and subtype B isolates.
The regions undergoing intra- or intermolecular rearrangements upon formation of the

primer/template complex are highlighted in various colors. Boxes or sequences of the
same color represent areas that are base-paired in the binary complex. (a) The human

tRNA-Lys3. (b) The PBS sub-domain in the free form of the HIV-1 MAL vRNA. (c) The
HIV-1 MAL vRNA/tRNA3Lys complex. (d) The PBS sub-domain in the free form of the
HIV-1 NL-4.3 (subtype B) isolate. The PAS and mutations 2L and 2R are indicated. (e)

Localization of the anti-PAS region of tRNA-Lys3."’
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Angiogenin

Angiogenin (ANG, RNase5, angiogenin-1) is a protein with angiogenic and
ribonucleolytic activity. ANG was originally isolated from the culture medium of HT-29
human colon adenocarcinoma cells, for the study of its angiogenic activity. ANG is a
single chain 14.1kDa polypeptide containing 123 amino acids with three intra-chain
disulfide bonds link: Cys**-Cys®!, Cys*”-Cys’* and Cys’’-Cys'” 2. ANG is expressed in
normal human tissues and fluids including plasma, and it is secreted by various cells
including vascular endothelial cells, smooth muscle cells, fibroblasts, colonic columnar
epithelium, lymphocytes, and primary adenocarcinoma cells as well as select tumor cell

lines® .
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Figure 1.9 Amino acid sequence of human angiogenin.72

The active site residues His”, Lys40, and His''* are shown in bold. Three intra-chain
disulfide bonds link: Cys**-Cys*', Cys*’-Cys’ and Cys’’-Cys'" are connected in dotted
line > 7.

Angiogenin Molecular Structure and Domains

Several studies on ANG have addressed how its biological activities, angiogenesis
and ribonuclease, are associated to its protein structure. Chemical modification or
mutagenesis studies have identified and investigated ANG binding, cell adhesion, and

actin-binding domains, as well as enzyme active site, and RNase inhibitor binding site,
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elucidating their contribution to angiogenic, enzymatic, or both activities of ANG . The
binding site for putative receptor contains two segments, residues 60-68 and Asn-1097,
and they both are associated with angiogenic activity of ANG. Moreover, Arg-66
mutation represses angiogenic potency of ANG, showing that it is an essential site within
the 60-68 region’". The, Arg®-Glu-Asn®® region is responsible for epithelial cell adhesion,
and Arg’'-Arg-Arg®, Arg-°® and Arg”® are known for supporting HT-29 cell adhesion.
ANG binding domain also involves the 60-68 region, which binds to a dissociable ANG
binding protein on endothelial cells. The dissociable ANG binding protein was

1476 The ANG ribonuclease active site is composed of

characterized as 42 kDa actin
three catalytic sites, His-13, Lys-40 and His 114, which are involved in the
phosphodiester bond cleavage, as site-directed mutagenesis of the three catalytic sites
decreases ANG ribonucleolytic and angiogenic activity’’. In addition, the C-terminal
(The red box in Figl.9; Fig 1.10), 116-123, region plays a key role in enzymatic activity
of ANG. The studies of testing ANG RNase activity on RNA, CpA, UpA, and tRNA,
from Demetres et al. showed mutant the residues, D116H, Q117G, 1119A, and F120A,
increase the enzymatic activity, and the deletion mutant des(121-123) decrease the
ribonuclease activity78. Human angiogenin binds human placental RNase inhibitor (RI)

with high affinity (Ki<0.7 fM). The binding of RI influences 24 residues of ANG with

catalytic site, Lys-40".

23



Reprinted by permission from Journal of Biochemistry PublishersLtd (License # 2919601299706):
Leonidas DD et al., Biochemistry. 2002 Feb 26; 41(8):2552-62.

Figure 1.10 Representation of the Ang structure showing the C-terminal segment
(residues 116—123) in red and the side chains of the three catalytic residues (His13,
Lys40, and His114) in cyan.
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Angiogenin Receptor and Binding Protein

Published studies reported that ANG binds a 172kDa receptor and a 42kDa
binding protein, identified as actin, on the surface of endothelial cells. The 172kDa
surface receptor specifically binding to ANG is found on endothelial cells from different
human tissues including human umbilical artery and vein, and human foreskin dermal
tissue'”. Previous studies speculate that ANG induces angiogenesis through a receptor-
mediated signal transduction pathway, such as extracellular signal-related kinasel/2
(ERK1/2) as well as protein kinase B/Akt , and phosphorylation of stress-associated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK), which are associated with cell

proliferation® ™

. The expression of 172-kDa receptor was reportedly induced by ANG,
and dependent on cell density (<2x10* cells/cm®)". Nevertheless, the nature of the
receptor is still elusive, so it is named ANG putative receptor'™ *. A 42-kDa ANG-
binding protein (ANG-BP) was also characterized as a cell surface component of the
endothelial cells, and it was expressed from endothelial cells upon treatment with heparin,
heparan sulfate, or ANG'*. ANG-BP is identified as a member of the muscle-type actin
family also based on amino acid analysis, tryptic peptide mapping, and partial amino acid
sequencing’®. The addition of both actin and anti-actin antibodies inhibit ANG-induced
angiogenesis in the chick embryo chorioallantoic membrane (CAM) indicating that

binding of ANG to the endothelial cell surface actin is an essential step in

neovascularization’®.
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Angiogenesis

Angiogenesis is the process of growing new blood vessels and plays an essential
role in normal physiological processes’ such as vascular structure development and
wound healing®* *. ANG mediates four aspects of angiogenesis including ribonuclease
activity, basement membrane degradation, signal transduction, and nuclear

translocation'”.

Under sub-confluent conditions, ANG specifically binds to cell surface actin
resulting in the stimulation of the cell-associated protease system and cell-invasion by
activating tissue-type plasminogen activator (tPA) which is a serine protease responsible
for the degradation of basement membrane and extracellular matrix by catalyzing the
conversion of plasminogen to plasmin. Therefore, it allows endothelial cells to migrate to
the space of the degraded tissues (Fig.1.11)’®. Endothelial cells invading and migrating
into the basement membrane cause a low density of local endothelial cells. Low density
of cells then induces the expression of a 172kDa receptor which is specific binding with
ANG. When ANG binds to the high-affinity 172kDa receptor on subconfluent endothelial

86-88

cells™ ™, it triggers several intracellular signal transductions, extracellular signal-related

kinasel/2 (ERK1/2) as well as protein kinase B/Akt , and phosphorylation of stress-
associated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), which are associated

with cell proliferation®*?

. When the cell number and density are elevated, the expression
of the ANG receptor will decrease and stop cell division®. In addition, ANG translocates
into cell nucleus and enhances rRNA transcription have been also reported essential for

. 89,90
angiogenesis

. However, ANG’s nuclear translocation also is cell density dependent,
and necessary for angiogenesis’".
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Some factors enhance or inhibit ANG mediated angiogenesis. Coppet, in vitro, modulates
angiogenesis by enhancing ANG binding to endothelial cells®* >, Angiogenic activities
of ANG can be abolished by treating with reagents that modify the residues His, Lys, Arg,
or the three disulphide bonds of ANG. Placental Ribonuclease inhibitor (RI) binds tightly

to ANG, potently inhibiting its activity’ **.

Cell invasion and migration

Plasminogen activator/plasmin
Cell membrane
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Source: Gao X et al., Acta Biochim Biophys Sin (Shanghai). 2008 Jul; 40(7):619-24.

Figure 1.11 Mechanism of action of angiogenin in the process of angiogenesis
Angiogenin, also known as RNase 5, induces angiogenesis mainly through four pathways:
its ribonuclease activity, basement membrane degradation, signaling transduction, and
nuclear translocation.
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Angiogenin RNase activity

In addition to angiogenesis, ANG (RNase5) has RNase activity. Based on the
comparison of amino acid sequences, ANG has 35% identity with pancreatic RNase’>*°.
However, after testing ANG on pancreatic RNase substrates, such as poly(C), poly(U),
and yeast RNA, no activity was detected, suggesting that these two RNases have different
specificities'”. Although ANG has significantly weaker RNase activity than pancreatic
RNase, it has been reported that ANG has specific RNA catalytic activity on 18S, 28S
rRNA and tRNA'*%>?7 A series of recent publications has reported that tRNA-specific
ANG RNase activity is associated with protein repression under adverse condition'®"?,
The function of the tRNA fragments resulting from ANG cleavage is related to findings
from the microRNA (miRNA) research field. A research group who tried to determine
the liver-specific miRNA from fetal liver observed that about 41% miRNA are cleaved
from tRNA®®. Moreover, other research groups also found that these tRNA fragments are
from mature tRNA cleaved at the anti-codon loop, and named these tRNA fragments
tRNA halves, or tRNA derived, stress induced small RNAs (tiRNA)16’ 7 Then ANG was
proved to be the ribonuclease responsible for tRNA cleavage'. Both in vitro and in vivo,
expression of ANG is positively correlated with the production of tRNA halves'®. In
addition, the tRNA cleavage activity of ANG was induced by various stresses including
heat shock, hypothermia, hypoxia, and radiation'®. Around the same time, the Anderson
group reported the phenomenon the silencing of protein translation induced by stress®,
followed by addional studies that identified that the stress-induced silencing of protein

translation is mediated by tiRNAs produced by a specific cleavage at the anticodon loop'®

" In mammalian cells, studies found that the function of repression of protein translation
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may be to conserve anabolic energy for the repair of stress-induced damage when cell are
in stress condition”. In addition, based on the results from Anderson et al, after the tRNA
is split into two fragments, only the 5> end is able to inhibit protein translation."” In a
study on whether tiRNA formation is related with RNase activity, Emara et al. reported
that two other members of the human family of RNASES, RNaseA and RNase4, failed to
produce any tiRNA. Since ANG is enzymatically less active than RNase A and RNase4
and can produce tiRNA indicates that their ribonucleolytic activity is not specific for
tiRNA production 18 According to these studies, the RNase activity of ANG may play a
role in not only tRNA cleavage, but also in the regulation of cellular transcription in

stress condition.
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Angiogenin Anti-HIV Activity

Recently two publications from Gene Shearer’s and Robert Gallo’s laboratories
show that ANG inhibits HIV-1 in vitro. The Ng et al group showed that bovine milk
contains a number of proteins known to inhibit HIV including Angiogenin-1, which has
64% sequence identity with human ANG' '°'. An in vitro study of ANG and related
RNases showed inhibition of X4 tropic HIV-1 in PBMCs when cells were pre-treated or
post-treated with ANG (3.55uM) and when the virus was incubated with ANG’.
Although the mechanism(s) used by ANG to block HIV-1 replication is not completely
understood, the results from Bedoya et al. suggested several modalities for ANG
mediated HIV inhibition, such as receptors blocking and early reverse transcription
inhibition®. The HIV-1 inhibition detected when PBMCs were incubated with ANG after
HIV-1 infection may be relevant to the therapeutic potential of ANG. The study
published by Cocchi et a.I* also showed dose-dependent inhibition of X4 tropic HIV-1 by
ANG. However, Cocchi et al. used lower doses of ANG (16nM, 80nM, and 4OOnM4),

192) in their

which are within physiological concentrations in serum (ANG 33.17+7.48 nM
experiments, suggesting that ANG levels in human serum are adequate for effective anti-
HIV activity. Nevertheless, while both previous studies demonstrated ANG-mediated
HIV-1 replication of X4 tropic isolates, they did not show whether R5 tropic HIV-1 virus
is inhibited. Therefore, understanding the range of activity in different HIV isolates and

the mechanism(s) of inhibition mediated by ANG may lead to the development of novel

HIV therapeutics.
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Specific Aims

ANG has in vitro anti-HIV-1 activity, reaching approximately 80% of HIV-1
inhibition® * Since ANG is produced by several cell types relevant to HIV infection,
including CD4" and CD8" T lymphocytes® ’, it is thought to play a role in controlling

infection. However, the mechanism of this activity has not been investigated in detail.

Therefore, determining the mechanism of ANG anti-HIV activity is important to
better understand its role in HIV pathogenesis, and it might yield novel HIV therapeutics.
The studies on the anti HIV activity of ANG from Bedoya et al and Cocchi ef al focused
on X4 tropic virus™ *. However, R5 tropic virus is the predominant viral strain involved in
primary HIV infection worldwide; therefore, it is important to characterize the activity of
ANG on RS tropic HIV. ANG is a serum protein secreted by various cells including HIV
target cells, lymphocytes including CD4+ T cells.’ In addition, ANG has angiogenic and
ribonucleolytic activities™ '>1°1% %97 Two cell surface binding sites including a 172
kDa putative receptor'” and a 42kDa ANG binding protein'>® are associated with ANG-
mediated angiogenesis. Based on the anti-HIV-1 activity, receptor-mediated cell
signaling and ribonuclease activity, I hypothesize that ANG inhibits both R5 and X4
tropic HIV-1 replication by a complex mechanism that includes an intracellular

mechanism. The goal of my research focus on three specific aims:

Aiml: To determine if ANG inhibits X4 and RS tropic HIV-1 replication by
an intracellular mechanism.

Aim2: To determine if ANG down-regulates HIV-1 receptor and/or co-
receptor expression

Aim3: To determine if ANG cleaves tRNA-Lys
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Chapter 2: Materials and Methods

Isolation and culture of primary cells and cell lines

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood of healthy human subjects by Lymphoprep (Axis-Shield). For stimulating PBMC:s,
the isolated PBMCs were cultured with the culture medium, RPMI with 10% fetal bovine
serum (FBS), 1% Penicillin/Streptomycin (P/S), and 1%GlIn, with 10 ng/ml Interleukin-2
(IL-2) and 2.5 pg/ml phytohemagglutinin (PHA) at 37°C in a 5% CO, humid atmosphere
for 48 hours. Activated PBMCs were maintained in complete RPMI-1640 media with 10

ng/ml IL-2 at a density of less than 2x10° cells/ml.

Virus production

HIVyp (X4 tropic) and HIVg, (RS tropic) both we used were prepared from
acutely infected PM1 cells grown in complete RPMI-1640 media. However, because of
the adaptive evolution of HIVp,, caused by long term culturing in PM1 cell line, the HIV
BaL. (RS tropic) were only used the first passage cultured from PM1 in RPMI-1640

media’/human AB serum.

Angiogenin antiviral assay

Protocol of ANG pre-treatment: ~Recombinant human angiogenin (rhANG)
(Calbiochem, cat# 175600) was incubated at the indicated concentration with activated
PBMCs which were stimulated by 10 ng/ml IL-2 and 2.5 pg/ml phytohemagglutinin
(PHA) prior to infection for 2 h at 37°C in 5% CO,, and then cells were be washed twice
by PBS buffer. PBMCs were infected 2 h with stock viruses, 2pl of 10* TCID50 HIV-

I or 0.2ul of 10° TCIDso HIV-1ga1, per 10° cells in total volume of 200pl. The infected
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PBMCs were then washed two times with PBS buffer, and resuspended in 100ul of
complete RPMI 1640, RPMI 1640 media with 5% fetal bovine serum (FBS), 1%
Penicillin-Streptomycin(P/S), and 1% L-Glutamine (L-Gln), with 10 ng/ml IL-2 and

rhANG at the indicated concentration.

Protocol of ANG post-treatment: Activated PBMCs were infected for 2 h with
2ul of 10* TCIDsy of stock viruses, HIV-11IIb or HIV-1Bal, per 105 cells in total volume
of 200ul, and washed twice with PBS buffer. The HIV-1 infected PBMCs were cultured
with ThANG at the indicated concentration in total volume of 100ul in triplicate in flat-

bottom 96-well plate.

The HIV-1-infected cultures from both two protocols were incubated for 4, 6, 8§,
and 10 days and the supernatants 20ul per well were harvested to determine p24 antigen
levels were detected by ELISA with the use of a commercially available kit (PerkinElmer
Life and Analytical Sciences) on each time point, and also replace 20ul complete RPMI

1640 culture media with 10 ng/ml IL-2 and thANG at the indicated concentration

Infectivity assays — p24

Two procedures used in our experiments include the ANG treatment prior and
after (pre-treatment) and the ANG treatment only after (post-treatment) HIV infection in
PBMCs. For pre-treatment, stimulated PBMCs (10° cells/well) in 96-well culture plate
were treated with ANG for 2 hours at 37°C. After wash with phosphate-buffered saline
(PBS) twice, ANG-treated PBMCs were infected with 10* TCIDsg of HIVg,., or HIV s
for 2 hours, and then washed two times with PBS. Finally, the infected PBMCs were

placed complete media with the appropriate treatment. Viral infectivity was monitored by
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p24 enzyme-linked immunoabsorbent assay (ELISA) using a commercially available kit
(PerkinElmer Life and Analytical Sciences). For post-treatment, activated PBMCs (10°
cells/well) were directly infected with 10* TCIDso of HIVg, or HIV yp for 2 hours. After
2 hours infection, PBMCs were washed with PBS two times, and complete media was
added with the appropriate treatment and the rest of the experiment was carried on as that

in pre-treatment.

Detecting CD4, CXCR4, and CCRS by flow cytometry assay

Cells were surface stained with fluorochrome-conjugated antibodies and isotype-
matched anti-IgG controls for 30 minutes, and then washed and fixed with 2%
paraformaldehyde and washed again. After staining with antibodies, cells were acquired
on a FACSCalibur flow cytometer (BD Biosciences) with a minimum of 10,000 gated
events. Lymphocytes were gated based upon forward and side scatter profiles. The
FACS data from the gated cell population analysis were done by using FlowJo software
(Tree Star, Inc.). The fluorochrome-conjugated antibodies including FITC-conjugated
CD4, PE-conjugated CXCR4, APC-conjugated CCRS, were purchased from BD

Biosciences.

Cell metabolism assay

Cell metabolism was determined by MTS assay (Promega). Cells (10 cells/well)
were cultured in triplicate in 96-wells plates with media, and then the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) and phenazine methosulfate (PMS) mixture was added and incubated at 37°C.
MTS, in the presence of PMS, reduced by mitochondria in the cells produces a formazan

product that has an absorbance maximum at 490-500 nm. Therefore, the

34



spectrophotometric absorbance was read at 490 nm. The values of optical density
(OD490 nm) were read for 1, 2, 3, 4 and 24 hours after the adding of MTS/PMS mixture.
The amount of OD490 nm is directly proportional to the number of live cells in culture.
The cell metabolism of each wells were compared by the OD ratios of ANG treated/non

treated (control) PBMCs by percentage.

AMLYV pseudo type virus production

293T cells (2x10°/well) used for transfection with vectors and product pseudo
type viruses were seeded and cultured in 6-wells plate with complete DMEM media
(2ml/well) for 24 hours. After 24 hours culture, replace the fresh culture media 1ml per
well. AMLYV pseudotype viruses are made using pNL4-3.luc.R-E-, a non-infectious HIV-
1 recombinant clone inserted with firefly luciferase reporter gene, and AMLV envelope
DNAs. Transfection was performed by using FUGENE 6 Reagent (Promega). pNL4-
3.luc.R-E- and AMLV DNA, to FuGENE 6 Reagent (Promega) diluted with serum-free
medium were mixed in 3 to 1 ratio and cultured at 25°C temperature for 15min. After
15min culture, transfection reagent and DNA complex were added to the cells in a drop-
wise manner, and then cultured the transfected cells for 72 hours. AMLV pseudo type
viruses in the suspension were collected after 72 hours culture. The suspension was
aliquoted to small tubes and kept at -80°C. The infectivity of AMLV pseudo-type virus

was tested in PBMCs and detected by Steady-Glo luciferase assay system (promega)
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Virus concentration

Sucrose Gradient assay

For preparation, ultra-clear centrifuge tubes (12ml) for SW4ITi rotor of
ultracentrifuge (Beckman) were sterilized, and 8ml virus suspension was added into tubes,
and then the pipette with 2ml 20% sucrose solution was inserted all the way to the bottom
of the centrifuge tube, and gently and slowly expelling the 20% sucrose solution to
underlay the virus suspension. After balancing the weights for each pair of tubes, the
preparations were centrifuged for 2 hours and 15 minutes at 30,000 rpm. After 2hours of
centrifugation, the tubes were removed from the buckets carefully. For drying the virus
pellet attached on the bottom of the tubes, supernatant were poured off and tubes were set
in inverted position on a paper towel for 10min to allow the residual liquid to drip away.
The virus was resuspended with PBS buffer, and incubates at 4°C for 30min. Virus in
PBS was aliquoted in screw-cap microfuge, snap-frozen in crushed dry ice, and stored at

-80°C.

PEG 6000 assay

27ml of virus-containing cell culture supernatant was put into a 50ml tube, and
mixed with 7ml 50% PEG 6000 solution, 3ml 4M NaCl and 3ml PBS solutions. The
tube with virus mixture was stored at 4°C on a shaker for 2hrs, and centrifuged at 7,000g
for 10min at 4°C. Viral pellet was resuspended in PBS by vortexing for 20-30 sec, snap-

frozen in crushed dry ice, and stored at -80°C.
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Chapter 3: To determine if ANG inhibits X4 and RS tropic HIV-1
replication by an intracellular mechanism

3.1 Angiogenin inhibits both X4 and RS tropic virus in PBMCs

Introduction

Human angiogenin (ANG, RNase5), a member of the RNase A superfamily is a
serum protein expressed in normal human tissues and fluids, and secreted by various
human cells including smooth muscle cells, epithelial cells, fibroblast cells, and tumor
cells.” In addition, ANG manifests angiogenic and ribonucleolytic activities’. It plays a

role in the early stages of tumorigenesism'm5

. For HIV inhibition, a variety of proteins
from bovine including ANG-1 were tested for their inhibitory activity toward human
immunodeficiency virus-1 reverse transcriptase by chemical assay in vitro'® and bovine
ANG-1 shows approximately 44% inhibition of HIV-1 reverse transcriptase'*®. However,
bovine ANG-1 is different from human ANG. Previous studies showed that bovine ANG
has a 71% identity with human ANG, and most of the polypeptide fragments responsible
for the function between bovine ANG-1 and human ANGs are conserved. However, the
bovine ANG-1 and human ANG are shown minor differences in the spatial arrangements
based on the structural identification characterized by X-ray analysis and nuclear

107-109

magnetic resonance . Therefore, it cannot be excluded that these differences might

10 When the antiviral

be related to different biological and biochemical properties
activity was analyzed by Bedoya ef al. Their data showed that HIV-1 was inhibited by
treatment with 3.55uM human ANG prior (ANG pre-treatment) and after (ANG post-
treatment) HIV infection’. Recently another study published by Cocchi ef al., reported

about 50% inhibition of HIV-1 on day 5 when PBMCs were treated with 80nM ANG

after HIV-1 infection *. However, the HIV-1 isolates used for both studies are X4 tropic™
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4, and the predominant transmitted strain worldwide is R5 tropic. Therefore, we studied
inhibition of ANG on both X4, (IIIB), and R5 (Bal) strains of HIV-1 by treating PMBC

prior and after (pre-treatment) or only after (post-treatment) infection.
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Experimental Design

We evaluated antiviral activity in infectivity assays using two protocols, one with
ANG added prior and after infection (“pre treatment”) and one with ANG added after
infection (“post treatment”), (Fig 3.1) as described in materials and methods. We
included two controls by treating infected PBMCs with HIV-1 inhibitors: azidothymidine
(AZT) and enfuvirtide (T20) for HIV-1yp infection protocol; AZT and Regulated upon
Activation, Normal T-cell Expressed, and Secreted (RANTES) for HIV-1g, infection
protocol. Among the antiretroviral compounds we used as controls, AZT is a reverse
transcription inhibitor, and T20 inhibits HIV-1 fusion, and they inhibit both R5 and X4
isolates, while RANTES inhibits R5 virus by blocking CCRS. We used three
concentrations of ANG (0.25uM, 0.5uM, and 1uM) for our experiments . We also tested
the effect of each treatment on cell metabolism by using MTS assay (Promega), using the

protocol described in material and methods.
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Figure 3.1 Experimental design for determining ANG HIV-1 (X4 and RS) inhibition in
PBMC:s using two different protocols.

ANG pre-treatment protocol: ANG added to PBMCs 2 h prior and after infection.
ANG post-treatment protocol: ANG added to PBMCs 2 h after infection. p24 antigen
was measured by ELISA on 4-10 days after infection.

Results

The results show ANG inhibits the replication of both X4 and RS tropic viruses in
PBMCs with both pre treatment and post treatment protocols (Fig 3.4, 3.5). We found
that both viruses could be inhibited by ANG, although we did not observe a classical
dose—response curve. Differences in percent inhibition values were assessed using
student’s t-test, comparing control and the experimental groups, (i.e., without and with
ANG), assuming that p values <0.05 are statistically significant (Fig 3.4, 3.5). There was
no detectable p24 in the supernatants of infected PBMCs treated with inhibitors (AZT

and T20).

We tested PBMCs metabolism by using MTS assay as indicated in materials and
methods, in all groups on the last time point (Day 10). (Fig 3.4) We found no significant
difference among treatment groups, indicating that ANG does not have cytotoxicity

effects on PBMC:s.
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Discussion

The infectivity of X4 and RS tropic HIV-1 is inhibited by ANG at all
concentrations tested (0.25uM, 0.5uM, and 1uM), using both pre and post treatment
protocols. Our results not only confirm the previous studies that show that X4 virus is
inhibited by ANG, but also show inhibition of R5 HIV. Some of the inhibition we
measured could be due to interaction of ANG with the 172kDa ANG putative cell surface
receptor and 42kDa ANG binding protein revealed from previous studies. HIV-1
requires CD4 as receptor and one of two chemokine receptors, CXCR4 and CCRS5 as co-
receptors to enter cells. Therefore, it is possible that the binding of ANG and the cell
surface receptor or binding protein may down-regulate HIV-1 receptor and/or co-

receptors, and inhibit HIV-1 entry in target cells.

The HIV-1 inhibition observed in the ANG post treatment protocol may indicate
that ANG influences viral replication intracellularly. We ruled out that ANG inhibits
HIV-1 by directly interacting with free viral particles extracellularly since we washed out
the HIV-1 virus with PBS buffer for two times before treatment. ANG has been showed
to be able to enter cells by receptor-mediated endocytosis, and further translocate into the
cell nucleus. Therefore, ANG may repress HIV-1 replication intracellularly. Furthermore,
as ANG contains ribonuclease activity, its enzymatic activity may act to degrade
intracellular RNAs that are necessary for HIV-1 replication, such as viral RNA, which is
the template for reverse transcription or the genome for virion assembling, and tRNA-Lys,

which is the specific primer for the reverse transcription of HIV-1.
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Figure 3.2 ANG treatment inhibit X4 tropic virus in PBMCs.

(A) HIV-1ys (X4) infectivity in PHA/IL2 activated PBMCs is decreased by pre-
treating with ANG. (B) HIV-1yp (X4) infectivity in PHA/IL2 activated PBMCs is
decreased by post-treating with ANG. p24 was tested by ELISA at Days 4, 6, 8, and
10. (Error bars: SD)
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Figure 3.3 ANG treatment inhibit X5 tropic virus in PBMCs

(A) HIV-1g,(RS) infectivity in PHA/IL2 activated PBMCs is decreased by pre-
treating with ANG.(B) HIV-1g,1. (R5) infectivity in PHA/IL2 activated PBMCs is
decreased by post-treating with ANG. p24 was tested by ELISA at Days 4, 6, 8, and
10. (Error bars: SD)
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Figure 3.4 Effect of ANG on PBMCs Metabolism
(A) PBMCs Metabolism in X4 (HIV-1y) infection group for 10 days. (B) PBMCs
Metabolism in RS (HIV-1g,.) infection group for 10 days. (Error bars: SD)
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3.2 Evidence that ANG inhibits HIV-1 in PBMCs with a Intracellular Mechanism

Introduction

Based on the results of the previous experiment, we found that HIV-1 is inhibited
by ANG treating prior and after HIV-1 infection in PBMCs. In particular, we noticed that
the HIV-1 was inhibited when ANG was added only after infection (“post treatment”).
We therefore speculated that ANG may inhibit HIV-1 replication intracellularly. In order
to address this hypothesis, we infected cells with HIV-1 pseudo virus, using AMLV
envelope to complement an env-defective HIV-1 genome that expresses firefly luciferase

111-11
reporter gene 3

. The AMLV envelope of the pseudo type virus mediates viral
infection in cells including CD4" T cells without binding to HIV-1 co-receptors, CXCR4
and CCR5"*. In addition, AMLV pseudo type virus undergoes a single round of
replication because the backbone used to produce it is the modified HIV-1 DNA proviral
clone, pNL4-3.luc.R-E-, without Vpr and Env genes, while it contains a firefly luciferase

reporter gene. Therefore, the infectivity of AMLYV pseudo type virus could be detected by

luciferase assay.
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Experimental Design

AMLYV pseudo type virus expressing firefly luciferase (luc) in place of Nef were prepared
by transfecting 293-T cells, a HEK cell line have been transformed and express the SV40
large T antigen, with defective HIV provirus, pNL4-3.Luc.R-E-, and plasmids encoding
env genes from amphotropic murine leukemia virus (AMLV). AMLV pseudo type virus
was concentrated by using sucrose gradient assay before PBMC infection. Both the
protocols of AMLYV pseudo type virus production and viral concentration are described in
material and methods. For detecting if ANG inhibit AMLV pseudo type virus, we
evaluated two protocols (Fig. 3.5), one where ANG was added prior and after infection
(“pre treatment”) and one where ANG post was added only after infection (“post
treatment”), similarly as previous HIV-1 infection experiments. We used three
concentrations of ANG (0.25uM, 0.5uM, and 1uM) for AMLV pseudo type virus
infection experiments. PBMCs were washed with PBS buffer prior and after AMLV
pseudo type virus infecion. Finally, after 3 days incubation, the infectivity of AMLV

pseudo type virus was detected by lucferase assay.

ANG ‘ ANG
| Pre-treatment A Post-treatment
PR Y qﬁvg o""lo l l y
&g % e -ﬁ O, Luciferase
e ﬁ’@f 2h -/ ) 3days )
pBMC  2hr ey assay
PHA+IL2) post-infection
¢ Harvest Cells

AMLY 5%

pseudo-type
virus

A  Wash Cells

Figure 3.5 Experimental Design for determining ANG inhibits AMLYV pseudo
type virus.using two different protocols.

ANG pre-treatment protocol: ANG added to PBMCs 2 h prior and after infection.
ANG post-treatment protocol: ANG added to PBMCs 2 h after infection. p24 antigen
was measured by ELISA 4-10 days after infection.
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Results

The results show ANG inhibits intracellular replication of AMLV pseudo type
virus in PBMCs in a dose-dependent manner when we used the pre treatment, but not
with the post treatment protocol, which showed highest level of inhibitory activity with
the intermediate concentration of ANG. (Fig 3.6A) After converting the data of relative
fluorescence units to percentage of inhibition, we estimated the AMLYV inhibition of
ANG pre treatment to be: 0.25uM ANG: 28.90%; 0.5uM ANG: 49.18%; 1uM ANG:
51.23%; and that of ANG post treatment to be: 0.25uM ANG: 26.54%; 0.5uM ANG:

49.95%; 1uM ANG: 13.81%). (Fig 3.6B)

Discussion

AMLYV pseudo type virus was inhibited by both pre treatment and post treatment
of ANG (0.25uM, 0.5uM, and 1uM) in PBMCs, confirming the results with X4 and RS
HIV from the previous experiment. AMLV pseudo type virus enters PBMCs by using
Pit2 but not CD4, CXCR4, and /or CCRS as receptors. Moreover, since AMLV pseudo
type virus has a defective HIV-1 genome, it undergoes only a single round of replication
in target cells and is not able to produce new infective virions. Therefore, the inhibition
of AMLV pseudo-type virus by ANG suggests that ANG affects viral replication
intracellularly without interacting with HIV-1 receptor, CD4, and/or, co-receptors,

CXCR4 and/or CCRS.
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Figure 3.6 AMLY pseudotype virus infect PBMCs with ANG treatment
(A) AMLYV pseudo type virus infectivity tested by luciferase assay (B) Percentage of
AMLYV inhibition of ANG treatment. (Error bars: SD)
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Chapter 4: To determine if ANG down-regulates HIV-1 receptor
and/or co-receptor expression

Introduction

From our previous studies, we concluded that treatment with ANG prior and after
X4 or R5 HIV-1 infection in PBMC inhibits viral replication. Since HIV inhibition by
ANG when ANG is added prior to infection in PBMCs, we investigated whether ANG
could decrease expression of HIV receptors. On the HIV-1 target cells, the HIV receptor
CD4, and two co-receptors, CXCR4 and CCR5'">'?! specifically bind to HIV-1 viral
gpl20 protein, and the bindings lead to virion fusion and HIV-1 infection. We
hypothesized that ANG down-regulate HIV-1 receptor, CD4, and/or co-receptors,
CXCR4 and CCRS5, and we proceeded with the experiment for testing CD4, CXCR4, and
CCRS expression which expressed in the active PBMCs which have incubated with ANG

by flow cytometry assay.
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Experimental Design

We used flow cytometry as described in the materials and methods section to
detect if ANG down-regulates expression of CD4, CXCR4, and CCRS5 on the surface of
PBMCs. PBMCs were isolated from healthy human donors, and stimulated with 10 ng/ml
IL-2 and 2.5 pg/ml PHA for 48 hours. After wash, media (complete RPMI-1640 media
with 10 ng/ml IL-2) was replaced and cells were cultured with for another 24 hours.
Activated PBMCs were treated with ANG (0.25 uM, 0.5 uM, and 1 uM) for 2 hours, and
washed with Fluorescence-activated cell sorting wash buffer (FACS wash buffer) for two
times. The antibodies which bind with HIV-1 receptor (CD4) or co-receptors (CXCR4, or
CCRS) conjugate with appropriate fluorochromes, such as fluorescein isothiocyanate
(FITC), phychoerythrin (PE), or allophycocyanin (APC).The PBMCs with and without
adding ANG are incubated with antibodies, and finally the cell populations with CD4,
CXCR4, or CCRS5 were detected and analyzed by FACSC assay. Take CD4 conjugated
with PE for example. If ANG down-regulateds CD4 expression, the decasing of the

population of PBMCs with PE signal would be expected.

49



ANG or )
Chemokine Antibody

Y

o*®e
® ¢ & ﬁ
2hr o, 0min Te Cytometry
PBMC A : A
(PHAHLZ) ) g &
A “Wash Cells

Figure 4.1 Experimental design for determining if CD4, CXCR4, and CCR5 down-
regulated by ANG

Results

Our results showed that the expression of CD4 on PBMCs was not down
regulated by ANG (0.25uM, 0.5uM, 1uM) treatment. However, ANG has limited effect
on CXCR4 and CCRS expression in PBMCs. Staining of PBMCs with the negative
control for CD4 (isotype antibody), is shown in blue, while the staining of PBMCs with
the positive control (CD4 antibody), is shown in green in figure 4.2. Analysis of our
results show CD4 expression on PBMC is not affected by ANG treatment as no shifting
of the histogram curve, which is shown in blue, was observed. Figures, 4.3 and 4.4, show
the expression of co-receptors, CXCR4 and CCRS. In addition to the positive and
negative antibody controls, we introduced additional controls by using the chemokine
stromal-derived factor-1 (SDF-1 or CXCL12) to block CXCR4 and regulated upon
activation, normal T-cell expressed, and secreted (RANTES or CCLS5) to block CCRS.
The blue, red, orange, and green peaks, in figures 4.3 and 4.4, show negative control,
positive control, inhibitor control, and ANG treatment of PBMCs respectively. ANG

showed limited effect on CXCR4 and CCRS expression as we observed ANG leads to the
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MFTI decreasing of CXCR4 and CCRS. However, the differences in MFI of CCRS are

difficult to assess because the signal is relatively dim.

Discussion

This study showed no difference of median values of fluorescence intensity of
CD4 in the PBMCs with and without incubating with ANG, so it suggests that ANG does
not down-regulate expression of CD4. ANG has shown limited effect on the expression
of CXCR4, and CCRS5 in PBMCs as we observed a decrease in median fluorescent
intensity of the signal, although there was no change in the percentage of cells expressing
these receptors. However, it is not clear whether the changes in MFI for CXCR4 and

CCRS5 are related to the antiviral activity of ANG.
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Chapter 5: To determine if ANG cleaves tRNA-Lys

Introduction

ANG is a member of the pancreatic RNase A superfamily. ANG not only possess
ribonucleolytic activity, but also known for its potent angiogenic activity in vivo.
Previous studies show that its RNase activity is relatively weak, as it is about 10* to 10°-
fold lower than that of bovine RNase A. However, it has been suggested that the
ribonuclease activity of ANG cleaves the tRNA specifically. Some studies have shown
that tRNA is cleaved by ANG in the anticodon loop when the cell is in a stress condition,
resulting in two products corresponding to the 3’ end and 5 end tRNA halves of tRNA.'®
'7 However, tRNAs are also important for HIV-1 replication including the processes of
reverse transcription and translation. For early stage of HIV-1 reverse transcription,
tRNA-Lys is primer used initiate reverse transcription that will result in proviral DNA, so
that tRNA cleavage caused by ANG may lead to HIV-1 inhibition. Therefore, we

hypothesize that ANG inhibits HIV-1 replication by cleaving tRNA-Lys.
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Experimental Design

tRNA-Lys serving as a primer plays an important role of HIV-1 reverse
transcription. As ANG has been shown its RNase activity to tRNA, HIV-1 reverse
transcription could be inhibited if tRNA-Lys is cleaved by ANG. In order to identify if
ANG cleave tRNA-Lys, we incubated tRNA-Lys with ANG and the results were detected
by running 15% TBE-urea gel. The tRNA-Lys we use is the modified tRNA-Lys labeled
with the fluorophore BODIPY-FL (BODIPY-FL-Lys-tRNA; Promega, Cat no.L5001).
tRNA-Lys was incubated with and without RNase A for controls. The band of tRNA-Lys
was expectedly shown on 74nt. If ANG cleaves tRNA-Lys, tiRNA (30 nt and 40 nt), or

tRNA fragments (<74nt) were expectedly to see in the 15% TBE urea gel.

tRNA-Lys, in the first experiment, was treated with RNase, ANG or RNaseA, and
incubated at 37°C for 3min. After the 37°C incubation, we heated the tRNA-Lys and
RNase mixture at 70°C for 3min for denaturing RNA. Samples were then carefully
loaded into 15% TBE-urea gel, and the gel was run at 200V. After about 2 hours gel
running, gel was stained with Ethidium bromide (EtBr) with shaking at room temperature
for 20min, and then destained for 20 min. Finally, the gel was exposed to ultraviolet light,

and a picture was taken with an alpha innotech imager.

tRNA-Lys
+
RNase

.
,.Z-‘l?: ' 5 %

=)
T

15% TBE-urea gel Stain gel with EtBr Exposed to ultraviolet (UV)
and take picture

Figure 5.1 Experimental design for determining if tRNA-Lys is cleaved by ANG
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We designed a second experiment to test whether bands of higher molecular
weight was due ANG binding with tRNA-Lys in a complex. tRNA-Lys was incubated
with 1% enzyme (ANG, RNaseA, or proteinase K (PK)) for 30min at 37°C, and 2™
enzyme (ANG, RNaseA, or PK) for another 30min at 37°C. Then these samples were

loaded into 15% TBE-urea gel analyzed as in the previous experiment.

Results

The result of the first experiment with 15% TBE-urea gel is shown on the figure
5.2. The samples were divided in four groups, 1-4 groups, and each one made of three
wells with different units of tRNA (1, 2, and 5 units). Group 1 was only loaded with
tRNA-Lys. tRNA treated with RNaseA group was loaded on group 2. tRNA-Lys treated
with 40ng ANG was loaded on group 3. tRNA-Lys treated with 20ng ANG was loaded
in wells group 4. (Fig 5.2A) We observed two bands on the gel using tRNA-Lys without
RNase treatment. We estimated the sizes of the two bands to be 70 and 78nt (expected
band size=74nt) by comparison with low molecular RNA ladder. (Group 1, Fig 5.2A)
Incubating tRNA with RNase A as a control resulted in no visible band on the gel (Group
2, Fig 5.2A). In the case of the treatment groups with 40ng and 20ng ANG, no bands of
70 and 78nt were detectable; however, a clear band was present in the high nucleotide

size area on the top of gel, and a faint band of about 28 nt was detected. (Fig 5.2)
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tRNA-Lys
None \ RNase A \ ANG (20ng) \ ANG (40ng)
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band
80nt [
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2ont [
e 28nt
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Figure 5.2 (A)Cleavage of Ethidium bromide (EtBr) staining BODIPY-FL-Lys-
tRNALYys by Angiogenin. In addition to the wells for molecular weight marker (M)
and negative control (lane 1), four groups were analyzed including tRNA-Lys (lanes
2-4), tRNA-Lys incubated with RNase A (lanes 5-7), and tRNA-Lys incubated with
40ng ANG (lanes 8-10) and with 20ng ANG (lanes 11- 13). 1, 2, and 5 units of
tRNA-Lys are used for each group. BODIPY-FL-Lys-tRNALys without RNase
treatment presented two bands, 70nt and 78nt which are shown in the orange box in
lanes 2-4. (B) There is one clear band in the high nucleotide area and one faint
band on 28nt. (H: High molecular bands)
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The results of the second experiment incubating tRNA-Lys with and without PK are
shown in figures 5.5 and 5.6. In these two gels, the samples were set on five groups per
gel (Table 1), each made of three wells with different units of tRNA (1, 2, and 5 units).

The length of incubation (30min) was longer than the first experiment.

Substrate | 1*' Enzyme (30min) | 2" Enzyme (30min)
tRNA-Lys none none
tRNA-Lys RNase A none
tRNA-Lys ANG none
tRNA-Lys RNase A ANG
tRNA-Lys ANG RNase A
tRNA-Lys Proteinase K none
tRNA-Lys Proteinase K RNase A
tRNA-Lys Proteinase K ANG
tRNA-Lys RNase A Proteinase K
tRNA-Lys ANG Proteinase K

Table 1 Groups of tRNA-Lys cleavage experiment Samples in groups A-E are not
treated with PK (Fig5s.3).

tRNA-Lys without any treatment (group I). tRNA incubated with RNaseA group (group
I). tRNA-Lys incubated with 40ng ANG (group III). tRNA-Lys incubated with RNase
A and then 40ng ANG (group IV). tRNA-Lys incubated with 40ng ANG and then RNase
A (group V). In the experiment with PK treatment (Fig 5.4), tRNA-Lys incubated with
PK group (group VI). tRNA incubated with PK and then RNaseA group (group VII).
tRNA-Lys incubated with PK and then 40ng ANG (group VIII). tRNA-Lys first
incubated with RNase A and then PK group (group IX). tRNA-Lys first incubated with
ANG and then PK (group X).

As we observed in the previous experiment, undigested tRNA-Lys showed two
bands on the gel, 70 and 78nt (expected band size=74nt) and incubating tRNA-Lys with
RNase A as a control resulted in no bands (Group I and II, Fig 5.3A) Incubation of
tRNA-Lys with 40ng ANG resulted in a clear band in the high nucleotide size area on the
top of gel, and some faint bands on including 78, 70, 64, 48, 46, and 29 nt were detected.

(Group 111, Fig 5.3B)
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Two bands of 70 and 78 nt were still observed when tRNA-Lys was incubated
with PK (Group VI, Fig 5.4A). However, no band was observed when tRNA-Lys was
incubated with PK and RNase A (goups Il and VII, Fig 5.3A and 5.4A). Incubation of the
tRNA-Lys with PK prior or after 40ng ANG (group VIII and X, Fig 5.4), neither the 70
and 78nt bands nor high nucleotide size bands in the top area of the gel was observed.
However, in the groups VIII and X, some faint bands were detected with estimated sizes

of 53, 41, and 37 nt, and 30nt (Fig 5.4B)
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Figure 5.3 (A) tRNA-Lys incubated
with RNase and ANG. In addition to
marker (M) and negative control, five
groups including tRNA-Lys (group I,
lanel- 3), tRNA-Lys incubated with
RNase A (group II, lanes 4- 6), tRNA-
Lys incubated with ANG (group III,
lanes 7- 9), tRNA-Lys incubated with
RNaseA and then ANG (group IV, line
10, 11, 12), and tRNA-Lys incubated
with ANG and then RNase A (group V,
lanes 13-15). 1, 2 and 5 units of tRNA-
Lys are used for each group. (B)
Compared to the lane of marker,
tRNA-Lys, and tRNA-Lys treated
with ANG. We calculated the size of
band based on the marker. tRNA-Lys
without adding ANG (group I) shows
two bands, 70 and 78nt. In the lane of
tRNA-Lys incubated with ANG (group
IIT), in additional to the strongest band
of the high nucleotide size, the other
weaker bands including 78, 70, 64, 48,
46, and 29 nt.
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Figure 5.4 (A) tRNA-Lys incubated
with RNase A, ANG, and protease K
(PK). In addition to marker (M), there
are five groups including tRNA-Lys
(group VI), tRNA-Lys incubated with
PK and then RNase A (group VII),
tRNA-Lys incubated with PK and then
ANG  (group  VIII), tRNA-Lys
incubated with RNase A and then PK
(group IX), and tRNA-Lys incubated
with ANG and then PK (group X), and
each one made of wells with different
units of tRNA-Lys (1, 2, and 5 units).
(B) Compare different lanes
including marker, and groups VI,
VIII, and X. Bands, 70 and 78nt, were
observed on group VI, VIII, and X.
None of those groups showed high
molecular band. Moreover, 53, 41, and
37 nt are observed on group IX, and
30nt is observed on group X.



Discussion

The bands of estimated 70nt and 78nt that we detected in the control, untreated
samples of tRNA-Lys are compatible with the expected size of tRNA-Lys (74nt). It is
possible that the two bands may indicate the tRNA-Lys with and without fluorescence
dye, BOPDIP-FL. For the groups of tRNA-Lys treated with ANG, the band in the high
nucleotide area may be due to ANG binding with tRNA-Lys. However, the faint band
detected at around 30 nt and 40 nt may indicate that a fragment of tRNA-Lys results from
enzymatic cleavage. Previous studies showed ANG cleaves tRNA (70nt-90nt) in its
anticodon loop to 5’ end and 3’ end fragments whose size is around 30 nt and 40 nt which
is compatible to the size that we observed.!” In addition, our results suggest that ANG
could inhibit HIV-1 reverse transcription by cleaving the tRNA-Lys and/or by binding
and sequestering it. We observed that, in absence of RNase, tRNA-Lys displayed two
bands of 70nt and 78nt which disappeared after incubation with RNaseA. High molecular
bands were observed when tRNA-Lys was incubated with ANG. The results suggest that
high molecular band was due to ANG bound to tRNA-Lys into a high molecular weight

complex while bands of 70nt and 78nt disappeared.

In order to determine if ANG cleaves or binds with tRNA-Lys, we used PK to
digest ANG in the next experiment. 5 incubation groups were set up, with or without PK
(Table 1.). In the control groups I and II in Fig 5.5 and F and G in Fig 5.6, tRNA-Lys was
fully degraded by RNase A. The results of group I, II, and III in Fig 5.5 were comparable
to results of group 1, 2, and 4 shown in Fig5.2 despite the longer incubation time used in
the second experiment. Groups IV and V, where tRNA-Lys was incubated with RNase A

and ANG in different order showed the high molecular bands that were observed in group
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III. Therefore, the results from group I to V confirmed that the bands located on high
molecular size were specific to incubation with ANG. However, the high molecular
bands were not present after incubation with PK as shown in groups VIII, IX, and X.
Comparing groups III and X shows that in the latter the higher molecular size complex
was not observed when tRNA-Lys was incubated with PK after ANG, and the bands of
70nt and 78nt indicated that digestion did not take place. PK did not affect tRNA-Lys as

expected (Group V).

In groups VIII and X, incubation of tRNA-Lys with ANG and PK in different
order not only resulted in the 70nt and 78nt and no high molecular bands, but were also
observed some faint bands (Fig 5.7), showing that ANG has RNase activity on tRNA-Lys.
In summary, our results raise the possibility that ANG inhibit HIV-1 reverse transcription

by specifically cleaving tRNA-Lys or binding with tRNA and sequester it.

Based on the Michaelis—Menten kinetic model of a single-substrate reaction, the
Michaelis constant Ky, indicates the dissociation constant Kp of the enzyme and substrate
complex, and Kcat, the turnover number, points the number of substrate molecule each
enzyme site converts to product per unit time when the enzyme is working at maximum
efficiency. Therefore, as tRNA-Lys may be a substrate of ANG, our results suggest that
ANG may has high affinity with tRNA-Lys with low Ky, and it may need longer time

(>30min) to complete catalysis with low K.

tRNA-Lys has been reported to interact with viral RNA in the early stage of
reverse transcription. The secondary structure of viral RNA and tRNA-Lys complex

showed that not only the acceptor stem binds with primer binding site of viral RNA, but
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the anti-codon stem loop also plays a crucial role in the stabilization. Therefore, as our
studies indicated that ANG has high infinity with tRNA-Lys, it is possible that reverse
transcription of HIV-1 may be inhibited by sequestering anti-codon and receptor stem of

{RNA-Lys.
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Chapter 6: Summary and Discussion

ANG inhibits HIV-1 replication, both X4 and RS virus, in PBMCs

Our studies demonstrated ANG inhibits HIV-1, X4 and RS tropic strains virus,
replication in activated PBMCs. In both X4 and R5 tropic viruses infection, inhibition of
HIV-1 was observed irrespective of whether PBMCs were incubated with ANG prior and
after to HIV-1 infection (“pre treatment”) , or only post to HIV-1 infection (“post
treatment”). Both of the two previous studies from Bedoya ef a/ and Cocchi ef al showed
that ANG inhibits X4 tropic HIV-1. However, our studies not only confirm that ANG
inhibits X4 tropic virus, but also determine its inhibitory effect on RS tropic virus.
Notably, our study is the first to demonstrate ANG inhibiting R5 tropic virus in activated
PBMCs. Our finding that demonstrates ANG inhibiting HIV-1 replication even 2 hours
after infection (“post treatment”) suggests that ANG is acting on this virus after the virus
has entered the cells. One possible mechanism for ANG to mediate this effect is that
ANG could be uptaken by cells where it could interact and/or degrade the RNA of the
infecting virus and/or the newly produced viral RNA. HIV-1 Inhibition was also
observed when activated PBMCs were incubated with ANG prior and after to HIV-1
infection (“pre treatment”). HIV-1 inhibition in ANG pre treatment raises the possibility
that ANG can exert a direct influence on HIV-1 entry by interacting with or modulate
extracellular receptors of HIV-1. In addition, it is also possible that ANG enters
PBMCsvia ANG receptor in the absence of HIV-1 infection. Then after infecting PBMC:s,
HIV-1 enters the target cell where ANG degrades HIV-1 intracellular RNA. The
inhibition of viral replication in PBMCs after 2 hour HIV-1 infection (“post treatment”)

points to the therapeutic potential of ANG. The time from gp120-CD4 binding to the
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migration of viral cDNA into the target cell nucleus has been estimated to be around 6

122
hours.

Therefore, ANG may affect the period from early HIV-1 replication to
integration including interacting with and/or cleaving viral RNA or tRNA before or
during reverse transcription. The tRNA specifically cleaved by ANG may be functional
as tiRNA for silencing intracellular protein translation, and influence HIV-1 replication.
Moreover, since tRNA-Lys serves as a primer in viral reverse transcription, it is
conceivable that the degradation of tRNA-Lys by ANG result in inhibition of reverse
transcription. Our results provide some mechanistic insights into the activity of ANG,
which could be exploited to provide new therapeutic anti-HIV agents. In order to
understand the mechanism of ANG anti-HIV-1 activity, and to determine if ANG inhibits

HIV-1 replication at the level of viral entry, we tested whether the presence of ANG

modulates expression of HIV-1 receptors and post-entry steps of HIV-1 replication.

ANG has limit effect on the expression of CXCR4 and/or CCR5

When we measured expression of HIV-1 receptors by flow cytometry assay, we
found that ANG does not down-regulate the expression of receptor (CD4). However,
ANG may have limit effect on the main co-receptors (CXCR4 and CCRS) expression.
This result may raise a possibility that ANG may inhibit HIV-1 replication by down-

regulating CXCR4 and/or CCRS.

ANG inhibit AMLVs

This study used AMLV pseudo-type virus (AMLVs) to determine if ANG is
capable to inhibit HIV-1 intracellularly. We observed AMLVs inhibition when ANG was
used prior and after infection and when it was used only after AMLV infection in

activated PBMCs. This suggests that ANG may inhibit HIV-1 replication in post-entry
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step. Since ANG has been shown to bind to a specific receptor and to a binding protein,
ANG may use one or both of them to enter PBMCs through endocytosis. During the
process of HIV-1 replication in cytoplasm, ANG may inhibit HIV-1 reverse transcription

or new HIV-1 assembling by targeting viral RNA or the tRNA primer.

ANG cleavage tRNA-Lys

We also found ANG may inhibit HIV-1 by cleaving tRNA-Lys which is served as
a specific primer for HIV-1 reverse transcription. ANG, RNase 5, has been shown in the
previous studies that it has ribonucleolytic activity, with specificity to RNA substrates
including tRNA. We tested if ANG interacts with tRNA-Lys, and the results suggest
ANG specifically bind to and cleave tRNA-Lys. The tight binding between ANG and
tRNA-Lys that we observed raises the possibility that ANG may inhibit HIV-1 reverse
transcription by binding to the primer, tRNA-Lys, and sequester it. In Michaelis-Menten
kinetics, Michaelis constant (Ky;) indicates dissociation constant (Kp) of enzyme-
substrate complex. Therefore, low Ky enzyme may also diplay high affinity with its
substrate, but requiring long incubation time to complete the enzymatic processes. After
treating tRNA-Lys with ANG and using PK to digest ANG, we detected bands ranging
from 29 to 48 nucleotides. Previous studies showed that ANG cleaves tRNA in the anti-
codon site producing tiRNA of 33nt and 40nt, which are compatible with some of the
tRNA-Lys fragments we observed. However the bands of tRNA-Lys fragments were
relatively faint suggesting that either the recombinant form of ANG we used has a low

activity or ANG needs longer time to fully digest tRNA-Lys.
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ANG inhibit HIV-1 mediate with a intracellular mechanism

In conclusion, our studies show that ANG inhibits both X4 and R5 HIV-1 isolates,
without down regulating HIV-1 receptors CD4. However, ANG may inhibit HIV-
Icellular entry by its limit effect on HIV-1 co-receptors, CXCR4 and CCRS. Post-entry
ANG inhibits HIV-1, and ANG inhibits single-round AMLV/HIV pseudo-type virus in
PBMCs raise a possibility that ANG inhibits HIV-1 mediated with an intracellular
mechanism. In addition, this study also showed ANG may inhibit HIV-1 reverse
transcription by binding and/or cleaving tRNA-Lys. These results suggest that ANG
inhibits HIV-1 replication mediated with a complex mechanism which including an

intracellular mechanism.

Based on this studies shown ANG may inhibit HIV-1 mediated a intracellular, the
continuing studies could possibly focus on determining where is the intracellular location
ANG interaction with RNA, such as tRNA-Lys and viral RNA, and/or proteins, such as
CD4, CXCR4, and CCRS5, which are associated with HIV-1 replication. The location and
interaction of ANG and other RNAs or proteins could be stained with antibody
conjugated with different fluorescences and observed by conforcoal microscope. For
detecting if ANG down regulate CD4, CXCR4, and/or CCRS5 expression per cell, these
receptors could be stained with PE and receptors could be detected by using
phycoerythrin fluorescence quantitation kit (BD, Cat # 340495). In addition, ANG could
also be detected if it cleaves or sequesters to viral RNA by running RNA denaturing gel.
Furthermore, as previous studies suggest ANG may enhance rRNA expression by binding

with nuclear DNA, ANG may also need to determine if it is able to down-regulate HIV-1
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RNA transcription. In addition, it may important to determine if the tRNA fragments

produced by ANG have any effect on HIV-1 protein translation.

70



References

1. Gallo RC, Sarin PS, Gelmann EP, Robert-Guroff M, Richardson E, Kalyanaraman VS,
Mann D, Sidhu GD, Stahl RE, Zolla-Pazner S, et al. Isolation of human T-cell

leukemia virus in acquired immune deficiency syndrome (AIDS). Science 1983 May
20;220(4599):865-7.

2. Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet
C, Axler-Blin C, Vezinet-Brun F, Rouzioux C, et al. Isolation of a T-lymphotropic
retrovirus from a patient at risk for acquired immune deficiency syndrome (AIDS).
Science 1983 May 20;220(4599):868-71.

3. Bedoya VI, Boasso A, Hardy AW, Rybak S, Shearer GM, Rugeles MT. Ribonucleases
in HIV type 1 inhibition: Effect of recombinant RNases on infection of primary T

cells and immune activation-induced RNase gene and protein expression. AIDS Res
Hum Retroviruses 2006 Sep;22(9):897-907.

4. Cocchi F, Devico AL, Lu W, Popovic M, Latinovic O, Sajadi MM, Redfield RR,
Lafferty MK, Galli M, Garzino-Demo A, et al. Soluble factors from T cells

inhibiting X4 strains of HIV are a mixture of beta chemokines and RNases. Proc
Natl Acad Sci U S A 2012 Apr 3;109(14):5411-6.

5. Fett JW, Strydom DJ, Lobb RR, Alderman EM, Bethune JL, Riordan JF, Vallee BL.
Isolation and characterization of angiogenin, an angiogenic protein from human
carcinoma cells. Biochemistry 1985 Sep 24;24(20):5480-6.

6. Rybak SM, Fett JW, Yao QZ, Vallee BL. Angiogenin mRNA in human tumor and
normal cells. Biochem Biophys Res Commun 1987 Aug 14;146(3):1240-8.

7. Moenner M, Gusse M, Hatzi E, Badet J. The widespread expression of angiogenin in
different human cells suggests a biological function not only related to angiogenesis.
Eur J Biochem 1994 Dec 1;226(2):483-90.

8. LE CLERC J. Action of ribonuclease on the multiplication of the influenza virus.
Nature 1956 Mar 24;177(4508):578-9.

9. Rosenberg HF, Domachowske JB. Eosinophils, eosinophil ribonucleases, and their role
in host defense against respiratory virus pathogens. J Leukoc Biol 2001
Nov;70(5):691-8.

10. Domachowske JB, Dyer KD, Adams AG, Leto TL, Rosenberg HF. Eosinophil

cationic protein/RNase 3 is another RNase A-family ribonuclease with direct
antiviral activity. Nucleic Acids Res 1998 Jul 15;26(14):3358-63.

71



11

12

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Lee-Huang S, Huang PL, Sun Y, Huang PL, Kung HF, Blithe DL, Chen HC.
Lysozyme and RNases as anti-HIV components in beta-core preparations of human
chorionic gonadotropin. Proc Natl Acad Sci U S A 1999 Mar 16;96(6):2678-81.

. Shapiro R, Riordan JF, Vallee BL. Characteristic ribonucleolytic activity of human
angiogenin. Biochemistry 1986 Jun 17;25(12):3527-32.

. GUO-FU HU,JAMES F.RIORDAN, AND BERT L.VALLEE. A putative angiogenin
receptor in  angiogenin-responsivehuman endothelial cells. Biochemistry
1997;94:2204.

Hu GF, Chang SI, Riordan JF, Vallee BL. An angiogenin-binding protein from
endothelial cells. Proc Natl Acad Sci U S A 1991 Mar 15;88(6):2227-31.

Gao X, Xu Z. Mechanisms of action of angiogenin. Acta Biochim Biophys Sin
(Shanghai) 2008 Jul;40(7):619-24.

Fu H, Feng J, Liu Q, Sun F, Tie Y, Zhu J, Xing R, Sun Z, Zheng X. Stress induces
tRNA cleavage by angiogenin in mammalian cells. FEBS Lett 2009 Jan
22;583(2):437-42.

Yamasaki S, Ivanov P, Hu GF, Anderson P. Angiogenin cleaves tRNA and promotes
stress-induced translational repression. J Cell Biol 2009 Apr 6;185(1):35-42.

Emara MM, Ivanov P, Hickman T, Dawra N, Tisdale S, Kedersha N, Hu GF,
Anderson P. Angiogenin-induced tRNA-derived stress-induced RNAs promote
stress-induced stress granule assembly. J Biol Chem 2010 Apr 2;285(14):10959-68.

Ivanov P, Emara MM, Villen J, Gygi SP, Anderson P. Angiogenin-induced tRNA
fragments inhibit translation initiation. Mol Cell 2011 Aug 19;43(4):613-23.

Ellermann V. BO. Experimentelle leukdmie bei hithnern. zentralbl. bakteriol.
parasitenkd. infectionskr. Hyg. Abt. Orig 1908(46):595-609.

Clavel F, Guetard D, Brun-Vezinet F, Chamaret S, Rey MA, Santos-Ferreira MO,
Laurent AG, Dauguet C, Katlama C, Rouzioux C. Isolation of a new human
retrovirus  from west african patients with AIDS. Science 1986 Jul
18;233(4761):343-6.

Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, Cummins LB,
Arthur LO, Peeters M, Shaw GM, et al. Origin of HIV-1 in the chimpanzee pan
troglodytes troglodytes. Nature 1999 Feb 4;397(6718):436-41.

Gurtler LG, Zekeng L, Tsague JM, van Brunn A, Afane Ze E, Eberle J, Kaptue L.

HIV-1 subtype O: Epidemiology, pathogenesis, diagnosis, and perspectives of the
evolution of HIV. Arch Virol Suppl 1996;11:195-202.

72



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Simon F, Mauclere P, Roques P, Loussert-Ajaka I, Muller-Trutwin MC, Saragosti S,

Georges-Courbot MC, Barre-Sinoussi F, Brun-Vezinet F. Identification of a new
human immunodeficiency virus type 1 distinct from group M and group O. Nat Med
1998 Sep;4(9):1032-7.

Zekeng L, Gurtler L, Afane Ze E, Sam-Abbenyi A, Mbouni-Essomba G, Mpoudi-
Ngolle E, Monny-Lobe M, Tapka JB, Kaptue L. Prevalence of HIV-1 subtype O
infection in cameroon: Preliminary results. AIDS 1994 Nov;8(11):1626-8.

Plantier JC, Leoz M, Dickerson JE, De Oliveira F, Cordonnier F, Lemee V, Damond
F, Robertson DL, Simon F. A new human immunodeficiency virus derived from
gorillas. Nat Med 2009 Aug;15(8):871-2.

Akari H, Arold S, Fukumori T, Okazaki T, Strebel K, Adachi A. Nef-induced major
histocompatibility complex class I down-regulation is functionally dissociated from
its virion incorporation, enhancement of viral infectivity, and CD4 down-regulation.
J Virol 2000 Mar;74(6):2907-12.

lijima S, Lee YJ, Ode H, Arold ST, Kimura N, Yokoyama M, Sato H, Tanaka Y,
Strebel K, Akari H. A noncanonical mu-1A-binding motif in the N terminus of HIV-
1 nef determines its ability to downregulate major histocompatibility complex class |
in T lymphocytes. J Virol 2012 Apr;86(7):3944-51.

Le Gall S, Buseyne F, Trocha A, Walker BD, Heard JM, Schwartz O. Distinct
trafficking pathways mediate nef-induced and clathrin-dependent major
histocompatibility complex class I down-regulation. J Virol 2000 Oct;74(19):9256-
66.

Le Gall S, Prevost MC, Heard JM, Schwartz O. Human immunodeficiency virus type
I nef independently affects virion incorporation of major histocompatibility complex
class I molecules and virus infectivity. Virology 1997 Mar 3;229(1):295-301.

Piguet V, Wan L, Borel C, Mangasarian A, Demaurex N, Thomas G, Trono D. HIV-1
nef protein binds to the cellular protein PACS-1 to downregulate class I major
histocompatibility complexes. Nat Cell Biol 2000 Mar;2(3):163-7.

Stumptner-Cuvelette P, Morchoisne S, Dugast M, Le Gall S, Raposo G, Schwartz O,
Benaroch P. HIV-1 nef impairs MHC class II antigen presentation and surface
expression. Proc Natl Acad Sci U S A 2001 Oct 9;98(21):12144-9.

Armstrong JA, Horne R. Follicular dendritic cells and virus-like particles in AIDS-
related lymphadenopathy. Lancet 1984 Aug 18;2(8399):370-2.

Cameron PU, Freudenthal PS, Barker JM, Gezelter S, Inaba K, Steinman RM.

Dendritic cells exposed to human immunodeficiency virus type-1 transmit a
vigorous cytopathic infection to CD4+ T cells. Science 1992 Jul 17;257(5068):383-7.

73



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Frankel SS, Wenig BM, Burke AP, Mannan P, Thompson LD, Abbondanzo SL,
Nelson AM, Pope M, Steinman RM. Replication of HIV-1 in dendritic cell-derived
syncytia at the mucosal surface of the adenoid. Science 1996 Apr 5;272(5258):115-7.

Gartner S, Markovits P, Markovitz DM, Betts RF, Popovic M. Virus isolation from
and identification of HTLV-III/LAV-producing cells in brain tissue from a patient
with AIDS. JAMA 1986 Nov 7;256(17):2365-71.

Gartner S, Markovits P, Markovitz DM, Kaplan MH, Gallo RC, Popovic M. The role
of mononuclear phagocytes in HTLV-III/LAV infection. Science 1986 Jul
11;233(4760):215-9.

Gyorkey F, Melnick JL, Sinkovics JG, Gyorkey P. Retrovirus resembling HTLV in
macrophages of patients with AIDS. Lancet 1985 Jan 12;1(8420):106.

Ho DD, Rota TR, Hirsch MS. Infection of monocyte/macrophages by human T
lymphotropic virus type III. J Clin Invest 1986 May;77(5):1712-5.

Koenig S, Gendelman HE, Orenstein JM, Dal Canto MC, Pezeshkpour GH,
Yungbluth M, Janotta F, Aksamit A, Martin MA, Fauci AS. Detection of AIDS virus

in macrophages in brain tissue from AIDS patients with encephalopathy. Science
1986 Sep 5;233(4768):1089-93.

Langhoff E, Terwilliger EF, Bos HJ, Kalland KH, Poznansky MC, Bacon OM,
Haseltine WA. Replication of human immunodeficiency virus type 1 in primary
dendritic cell cultures. Proc Natl Acad Sci U S A 1991 Sep 15;88(18):7998-8002.

Nicholson JK, Cross GD, Callaway CS, McDougal JS. In vitro infection of human
monocytes with human T lymphotropic virus type III/lymphadenopathy-associated
virus (HTLV-III/LAV). J Immunol 1986 Jul 1;137(1):323-9.

Pope M, Betjes MG, Romani N, Hirmand H, Cameron PU, Hoffman L, Gezelter S,
Schuler G, Steinman RM. Conjugates of dendritic cells and memory T lymphocytes
from skin facilitate productive infection with HIV-1. Cell 1994 Aug 12;78(3):389-98.

Pope M, Elmore D, Ho D, Marx P. Dendrite cell-T cell mixtures, isolated from the
skin and mucosae of macaques, support the replication of SIV. AIDS Res Hum
Retroviruses 1997 Jul 1;13(10):819-27.

Pope M, Frankel SS, Mascola JR, Trkola A, Isdell F, Birx DL, Burke DS, Ho DD,
Moore JP. Human immunodeficiency virus type 1 strains of subtypes B and E
replicate in cutaneous dendritic cell-T-cell mixtures without displaying subtype-
specific tropism. J Virol 1997 Oct;71(10):8001-7.

74



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

Pope M, Gezelter S, Gallo N, Hoffman L, Steinman RM. Low levels of HIV-1
infection in cutaneous dendritic cells promote extensive viral replication upon
binding to memory CD4+ T cells. J Exp Med 1995 Dec 1;182(6):2045-56.

Spina CA, Prince HE, Richman DD. Preferential replication of HIV-1 in the
CD45RO memory cell subset of primary CD4 lymphocytes in vitro. J Clin Invest
1997 Apr 1;99(7):1774-85.

Maddon PJ, Dalgleish AG, McDougal JS, Clapham PR, Weiss RA, Axel R. The T4
gene encodes the AIDS virus receptor and is expressed in the immune system and
the brain. Cell 1986 Nov 7;47(3):333-48.

Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy PE, Murphy PM, Berger
EA. CC CKRS5: A RANTES, MIP-1alpha, MIP-1beta receptor as a fusion cofactor
for macrophage-tropic HIV-1. Science 1996 Jun 28;272(5270):1955-8.

Berson JF, Long D, Doranz BJ, Rucker J, Jirikk FR, Doms RW. A seven-
transmembrane domain receptor involved in fusion and entry of T-cell-tropic human
immunodeficiency virus type 1 strains. J Virol 1996 Sep;70(9):6288-95.

Choe H, Farzan M, Sun Y, Sullivan N, Rollins B, Ponath PD, Wu L, Mackay CR,
LaRosa G, Newman W, et al. The beta-chemokine receptors CCR3 and CCRS5
facilitate infection by primary HIV-1 isolates. Cell 1996 Jun 28;85(7):1135-48.

Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, Burkhart M, Di Marzio P, Marmon
S, Sutton RE, Hill CM, et al. Identification of a major co-receptor for primary
isolates of HIV-1. Nature 1996 Jun 20;381(6584):661-6.

Dragic T, Litwin V, Allaway GP, Martin SR, Huang Y, Nagashima KA, Cayanan C,
Maddon PJ, Koup RA, Moore JP, et al. HIV-1 entry into CD4+ cells is mediated by
the chemokine receptor CC-CKR-5. Nature 1996 Jun 20;381(6584):667-73.

Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 entry cofactor: Functional
cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science 1996
May 10;272(5263):872-7.

Trkola A, Dragic T, Arthos J, Binley JM, Olson WC, Allaway GP, Cheng-Mayer C,
Robinson J, Maddon PJ, Moore JP. CD4-dependent, antibody-sensitive interactions
between HIV-1 and its co-receptor CCR-5. Nature 1996 Nov 14;384(6605):184-7.

Engelman A, Cherepanov P. The structural biology of HIV-1: Mechanistic and
therapeutic insights. Nat Rev Microbiol 2012 Mar 16;10(4):279-90.

. Schacker TW, Hughes JP, Shea T, Coombs RW, Corey L. Biological and virologic

characteristics of primary HIV infection. Ann Intern Med 1998 Apr 15;128(8):613-
20.

75



58. Mellors JW, Rinaldo CR,Jr, Gupta P, White RM, Todd JA, Kingsley LA. Prognosis
in HIV-1 infection predicted by the quantity of virus in plasma. Science 1996 May
24;272(5265):1167-70.

59. O'Brien TR, Blattner WA, Waters D, Eyster E, Hilgartner MW, Cohen AR, Luban N,
Hatzakis A, Aledort LM, Rosenberg PS, et al. Serum HIV-1 RNA levels and time to
development of AIDS in the multicenter hemophilia cohort study. JAMA 1996 Jul
10;276(2):105-10.

60. Wu L, KewalRamani VN. Dendritic-cell interactions with HIV: Infection and viral
dissemination. Nat Rev Immunol 2006 Nov;6(11):859-68.

61. van Kooyk Y, Geijtenbeek TB. DC-SIGN: Escape mechanism for pathogens. Nat Rev
Immunol 2003 Sep;3(9):697-709.

62. Pilcher CD, Tien HC, Eron JJ,Jr, Vernazza PL, Leu SY, Stewart PW, Goh LE, Cohen
MS, Quest Study, Duke-UNC-Emory Acute HIV Consortium. Brief but efficient:
Acute HIV infection and the sexual transmission of HIV. J Infect Dis 2004 May
15;189(10):1785-92.

63. Pilcher CD, Joaki G, Hoffman IF, Martinson FE, Mapanje C, Stewart PW, Powers

KA, Galvin S, Chilongozi D, Gama S, et al. Amplified transmission of HIV-1:

Comparison of HIV-1 concentrations in semen and blood during acute and chronic
infection. AIDS 2007 Aug 20;21(13):1723-30.

64. Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, Beilman GJ, Nguyen
PL, Khoruts A, Larson M, Haase AT, et al. CD4+ T cell depletion during all stages
of HIV disease occurs predominantly in the gastrointestinal tract. ] Exp Med 2004
Sep 20;200(6):749-59.

65. Mattapallil JJ, Douek DC, Hill B, Nishimura Y, Martin M, Roederer M. Massive

infection and loss of memory CD4+ T cells in multiple tissues during acute SIV
infection. Nature 2005 Apr 28;434(7037):1093-7.

66. Mehandru S, Poles MA, Tenner-Racz K, Horowitz A, Hurley A, Hogan C, Boden D,

Racz P, Markowitz M. Primary HIV-1 infection is associated with preferential

depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal tract. J
Exp Med 2004 Sep 20;200(6):761-70.

67. Stevenson M. HIV-1 pathogenesis. Nat Med 2003 Jul;9(7):853-60.

68. Grossman Z, Meier-Schellersheim M, Paul WE, Picker LJ. Pathogenesis of HIV
infection: What the virus spares is as important as what it destroys. Nat Med 2006
Mar;12(3):289-95.

76



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Munier ML, Kelleher AD. Acutely dysregulated, chronically disabled by the enemy
within: T-cell responses to HIV-1 infection. Immunol Cell Biol 2007 Jan;85(1):6-15.

Sarafianos SG, Marchand B, Das K, Himmel DM, Parniak MA, Hughes SH, Arnold
E. Structure and function of HIV-1 reverse transcriptase: Molecular mechanisms of
polymerization and inhibition. J Mol Biol 2009 Jan 23;385(3):693-713.

Isel C, Ehresmann C, Marquet R. Initiation of HIV reverse transcription. Viruses
2010 Jan;2(1):213-43.

Strydom DJ, Fett JW, Lobb RR, Alderman EM, Bethune JL, Riordan JF, Vallee BL.
Amino acid sequence of human tumor derived angiogenin. Biochemistry 1985 Sep
24;24(20):5486-94.

Kurachi K, Davie EW, Strydom DJ, Riordan JF, Vallee BL. Sequence of the cDNA
and gene for angiogenin, a human angiogenesis factor. Biochemistry 1985 Sep
24;24(20):5494-9.

Hallahan TW, Shapiro R, Vallee BL. Dual site model for the organogenic activity of
angiogenin. Proc Natl Acad Sci U S A 1991 Mar 15;88(6):2222-6.

Hallahan TW, Shapiro R, Strydom DJ, Vallee BL. Importance of asparagine-61 and
asparagine-109 to the angiogenic activity of human angiogenin. Biochemistry 1992
Sep 1;31(34):8022-9.

Hu GF, Strydom DJ, Fett JW, Riordan JF, Vallee BL. Actin is a binding protein for
angiogenin. Proc Natl Acad Sci U S A 1993 Feb 15;90(4):1217-21.

Shapiro R, Vallee BL. Site-directed mutagenesis of histidine-13 and histidine-114 of
human angiogenin. alanine derivatives inhibit angiogenin-induced angiogenesis.
Biochemistry 1989 Sep 5;28(18):7401-8.

Leonidas DD, Shapiro R, Subbarao GV, Russo A, Acharya KR. Crystallographic
studies on the role of the C-terminal segment of human angiogenin in defining
enzymatic potency. Biochemistry 2002 Feb 26;41(8):2552-62.

Lee FS, Vallee BL. Structure and action of mammalian ribonuclease (angiogenin)
inhibitor. Prog Nucleic Acid Res Mol Biol 1993;44:1-30.

Liu S, Yu D, Xu ZP, Riordan JF, Hu GF. Angiogenin activates Erk1/2 in human
umbilical vein endothelial cells. Biochem Biophys Res Commun 2001 Sep

14;287(1):305-10.

Kim HM, Kang DK, Kim HY, Kang SS, Chang SI. Angiogenin-induced protein
kinase B/Akt activation is necessary for angiogenesis but is independent of nuclear

77



82.

83.

&4.

85.

86.

87.

88.

9.

90.

91.

92.

93.

94.

translocation of angiogenin in HUVE cells. Biochem Biophys Res Commun 2007
Jan 12;352(2):509-13.

Xu Z, Monti DM, Hu G. Angiogenin activates human umbilical artery smooth muscle
cells. Biochem Biophys Res Commun 2001 Jul 27;285(4):909-14.

Gho YS, Chae CB. Anti-angiogenin activity of the peptides complementary to the
receptor-binding site of angiogenin. J Biol Chem 1997 Sep 26;272(39):24294-9.

Weiner HL, Weiner LH, Swain JL. Tissue distribution and developmental expression
of the messenger RNA encoding angiogenin. Science 1987 Jul 17;237(4812):280-2.

Shestenko OP, Nikonov SD, Mertvetsov NP. Angiogenin and its role in angiogenesis.
Mol Biol (Mosk) 2001 May-Jun;35(3):349-71.

Badet J, Soncin F, Guitton JD, Lamare O, Cartwright T, Barritault D. Specific
binding of angiogenin to calf pulmonary artery endothelial cells. Proc Natl Acad Sci
US A 1989 Nov;86(21):8427-31.

Chamoux M, Dehouck MP, Fruchart JC, Spik G, Montreuil J, Cecchelli R.
Characterization of angiogenin receptors on bovine brain capillary endothelial cells.
Biochem Biophys Res Commun 1991 Apr 30;176(2):833-9.

Hu GF, Riordan JF, Vallee BL. A putative angiogenin receptor in angiogenin-
responsive human endothelial cells. Proc Natl Acad Sci U S A 1997 Mar
18;94(6):2204-9.

Hu GF. Neomycin inhibits angiogenin-induced angiogenesis. Proc Natl Acad Sci U S
A 1998 Aug 18;95(17):9791-5.

Moroianu J, Riordan JF. Nuclear translocation of angiogenin in proliferating
endothelial cells is essential to its angiogenic activity. Proc Natl Acad Sci U S A
1994 Mar 1;91(5):1677-81.

Hu G, Xu C, Riordan JF. Human angiogenin is rapidly translocated to the nucleus of
human umbilical vein endothelial cells and binds to DNA. J Cell Biochem 2000
Jan;76(3):452-62.

Soncin F, Guitton JD, Cartwright T, Badet J. Interaction of human angiogenin with
copper modulates angiogenin binding to endothelial cells. Biochem Biophys Res

Commun 1997 Jul 30;236(3):604-10.

Lee FS, Vallee BL. Structure and action of mammalian ribonuclease (angiogenin)
inhibitor. Prog Nucleic Acid Res Mol Biol 1993;44:1-30.

Badet J. Angiogenin. Encyclopedic Reference of Vascular Biology & Pathology 2000.

78



95. Strydom DJ, Fett JW, Lobb RR, Alderman EM, Bethune JL, Riordan JF, Vallee BL.
Amino acid sequence of human tumor derived angiogenin. Biochemistry 1985 Sep
24;24(20):5486-94.

96. Riordan JF, Vallee BL. Human angiogenin, an organogenic protein. Br J Cancer 1988
Jun;57(6):587-90.

97. Lee FS, Vallee BL. Characterization of ribonucleolytic activity of angiogenin towards
tRNA. Biochem Biophys Res Commun 1989 May 30;161(1):121-6.

98.FuH, Tie Y, Xu C, Zhang Z, Zhu J, Shi Y, Jiang H, Sun Z, Zheng X. Identification of
human fetal liver miRNAs by a novel method. FEBS Lett 2005 Jul 4;579(17):3849-
54,

99. Yamasaki S, Anderson P. Reprogramming mRNA translation during stress. Curr
Opin Cell Biol 2008 Apr;20(2):222-6.

100. Maes P, Damart D, Rommens C, Montreuil J, Spik G, Tartar A. The complete amino
acid sequence of bovine milk angiogenin. FEBS Lett 1988 Dec 5;241(1-2):41-5.

101. Ng TB, Lam TL, Au TK, Ye XY, Wan CC. Inhibition of human immunodeficiency
virus type 1 reverse transcriptase, protease and integrase by bovine milk proteins.
Life Sci 2001 Sep 28;69(19):2217-23.

102. McLaughlin RL, Phukan J, McCormack W, Lynch DS, Greenway M, Cronin S,
Saunders J, Slowik A, Tomik B, Andersen PM, et al. Angiogenin levels and ANG
genotypes: Dysregulation in amyotrophic lateral sclerosis. PLoS One 2010 Nov
10;5(11):e15402.

103. Fett JW, Olson KA, Rybak SM. A monoclonal antibody to human angiogenin.
inhibition of ribonucleolytic and angiogenic activities and localization of the
antigenic epitope. Biochemistry 1994 May 10;33(18):5421-7.

104. Olson KA, French TC, Vallee BL, Fett JW. A monoclonal antibody to human
angiogenin suppresses tumor growth in athymic mice. Cancer Res 1994 Sep
1;54(17):4576-9.

105. Olson KA, Fett JW, French TC, Key ME, Vallee BL. Angiogenin antagonists
prevent tumor growth in vivo. Proc Natl Acad Sci U S A 1995 Jan 17;92(2):442-6.

106. Wang H, Ye X, Ng TB. First demonstration of an inhibitory activity of milk proteins
against human immunodeficiency virus-1 reverse transcriptase and the effect of
succinylation. Life Sci 2000 Oct 20;67(22):2745-52.

79



107. Reisdorf C, Abergel D, Bontems F, Lallemand JY, Decottignies JP, Spik G. Proton
resonance assignments and secondary structure of bovine angiogenin. Eur J Biochem
1994 Sep 15;224(3):811-22.

108. Acharya KR, Shapiro R, Riordan JF, Vallee BL. Crystal structure of bovine
angiogenin at 1.5-A resolution. Proc Natl Acad Sci U S A 1995 Mar 28;92(7):2949-
53.

109. Komolova GS, Fedorova TV. Milk angiogenin (review). Prikl Biokhim Mikrobiol
2002 May-Jun;38(3):229-36.

110. Komolova GS, Fedorova TV. Milk angiogenin (review). Prikl Biokhim Mikrobiol
2002 May-Jun;38(3):229-36.

111. Connor RI, Chen BK, Choe S, Landau NR. Vpr is required for efficient replication
of human immunodeficiency virus type-1 in mononuclear phagocytes. Virology
1995 Feb 1;206(2):935-44.

112. He J, Choe S, Walker R, Di Marzio P, Morgan DO, Landau NR. Human
immunodeficiency virus type 1 viral protein R (vpr) arrests cells in the G2 phase of
the cell cycle by inhibiting p34cdc2 activity. J Virol 1995 Nov;69(11):6705-11.

113. Kutner RH, Zhang XY, Reiser J. Production, concentration and titration of
pseudotyped HIV-1-based lentiviral vectors. Nat Protoc 2009;4(4):495-505.

114. Schnierle BS, Stitz J, Bosch V, Nocken F, Merget-Millitzer H, Engelstadter M,
Kurth R, Groner B, Cichutek K. Pseudotyping of murine leukemia virus with the
envelope glycoproteins of HIV generates a retroviral vector with specificity of
infection for CD4-expressing cells. Proc Natl Acad Sci U S A 1997 Aug
5;94(16):8640-5.

115. Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy PE, Murphy PM, Berger
EA. CC CKRS: A RANTES, MIP-1alpha, MIP-1beta receptor as a fusion cofactor
for macrophage-tropic HIV-1. Science 1996 Jun 28;272(5270):1955-8.

116. Berson JF, Long D, Doranz BJ, Rucker J, Jirik FR, Doms RW. A seven-
transmembrane domain receptor involved in fusion and entry of T-cell-tropic human
immunodeficiency virus type 1 strains. J Virol 1996 Sep;70(9):6288-95.

117. Choe H, Farzan M, Sun Y, Sullivan N, Rollins B, Ponath PD, Wu L, Mackay CR,
LaRosa G, Newman W, et al. The beta-chemokine receptors CCR3 and CCRS
facilitate infection by primary HIV-1 isolates. Cell 1996 Jun 28;85(7):1135-48.

118. Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, Burkhart M, Di Marzio P,

Marmon S, Sutton RE, Hill CM, et al. Identification of a major co-receptor for
primary isolates of HIV-1. Nature 1996 Jun 20;381(6584):661-6.

80



119. Dragic T, Litwin V, Allaway GP, Martin SR, Huang Y, Nagashima KA, Cayanan C,
Maddon PJ, Koup RA, Moore JP, et al. HIV-1 entry into CD4+ cells is mediated by
the chemokine receptor CC-CKR-5. Nature 1996 Jun 20;381(6584):667-73.

120. Feng Y, Broder CC, Kennedy PE, Berger EA. Pillars article: HIV-1 entry cofactor:
Functional ¢cDNA cloning of a seven-transmembrane, G protein-coupled receptor.
science. 1996. 272: 872-877. J Immunol 2011 Jun 1;186(11):6076-81.

121. Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 entry cofactor: Functional

cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science 1996
May 10;272(5263):872-7.

81



	Acknowledgements
	List of Figures
	List of Abbreviations
	Chapter1: Background and hypothesis
	Introduction
	Human Immunodeficiency Virus (HIV)
	Figure 1.1 Diagram of HIV virion structure.
	Figure 1.2 HIV-1 genome

	HIV Replication Cycle
	Figure 1.3 Schematic overview of the HIV-1 replication cycle.

	HIV Pathogenesis
	Figure 1.4 Schematic of typical course of HIV-1 infection showing changes in CD4 and CD8 T-cell counts in peripheral blood and
	Figure 1.5 HIV-1 subverts intracellular processing by dendritic cells through DC-SIGN.

	HIV Reverse Transcription
	Reverse Transcription
	tRNA-Lys3
	Figure 1.6 Reverse transcription of the HIV-1 genome
	Figure 1.7 Secondary (a) and tertiary (b) structures of tRNA-Lys371
	Figure 1.8 Secondary structure of the RNA partners of the HIV-1 initiation complex of reverse transcription and of the binary 

	Angiogenin
	Figure 1.9 Amino acid sequence of human angiogenin.72

	Angiogenin Molecular Structure and Domains
	Figure 1.10 Representation of the Ang structure showing the C-terminal segment (residues 116−123) in red and the side chains o

	Angiogenin Receptor and Binding Protein
	Angiogenesis
	Figure 1.11 Mechanism of action of angiogenin in the process of angiogenesis

	Angiogenin RNase activity
	Angiogenin Anti-HIV Activity
	Specific Aims

	Chapter 2: Materials and Methods
	Isolation and culture of primary cells and cell lines
	Virus production
	Angiogenin antiviral assay
	Infectivity assays – p24
	Detecting CD4, CXCR4, and CCR5 by flow cytometry assay
	Cell metabolism assay
	AMLV pseudo type virus production
	Virus concentration
	Sucrose Gradient assay
	PEG 6000 assay


	Chapter 3: To determine if ANG inhibits X4 and R5 tropic HIV-1 replication by an intracellular mechanism
	3.1  Angiogenin inhibits both X4 and R5 tropic virus in PBMCs
	Introduction
	Experimental Design
	Figure 3.1 Experimental design for determining ANG HIV-1 (X4 and R5) inhibition in PBMCs using two different protocols.

	Results
	Discussion
	Figure 3.2 ANG treatment inhibit X4 tropic virus in PBMCs.
	Figure 3.3 ANG treatment inhibit X5 tropic virus in PBMCs
	Figure 3.4 Effect of ANG on PBMCs Metabolism

	3.2 Evidence that ANG inhibits HIV-1 in PBMCs with a Intracellular Mechanism
	Introduction
	Experimental Design
	Results
	Discussion
	Figure 3.6 AMLV pseudotype virus infect PBMCs with ANG treatment


	Chapter 4: To determine if ANG down-regulates HIV-1 receptor and/or co-receptor expression
	Introduction
	Experimental Design
	Figure 4.1 Experimental design for determining if CD4, CXCR4, and CCR5 down-regulated by ANG

	Results
	Discussion

	Chapter 5: To determine if ANG cleaves tRNA-Lys
	Introduction
	Experimental Design
	Results
	Discussion

	Chapter 6: Summary and Discussion
	ANG inhibits HIV-1 replication, both X4 and R5 virus, in PBMCs
	ANG has limit effect on the expression of CXCR4 and/or CCR5
	ANG inhibit AMLVs
	ANG cleavage tRNA-Lys
	ANG inhibit HIV-1 mediate with a intracellular mechanism


