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ABSTRACT

Monocytic cells survive HIV replication and consequent cytopathic effects because of
their decreased sensitivity to HIV-induced apoptosis. However, the mechanism underlying
this resistance to apoptosis remains poorly understood. | hypothesized that exposure to
microbial products, translocated from the gut, may confer anti-apoptotic properties in
human monocytic cells through interaction with their corresponding Toll-like receptors
(TLRs). Using HIV-Vpr (52-96) peptide as a model apoptosis-inducing agent, | demonstrated
that unlike monocyte-derived macrophages, undifferentiated primary human monocytes and
pro-monocytic THP-1 cells are highly susceptible to Vpr(52-96)-induced apoptoss.
Interestingly, monocytes and THP-1 cells stimulated with TLR-9 agonists, CpG and E.coli
DNA, induced almost complete resistance to Vpr(52-96)-induced apoptosis albiet via a TLR-9
independent signaling pathway. Moreover, CpG and E.coli DNA selectively induced the anti-
apoptotic Inhibitor of Apoptosis Protein-2 (c-IAP-2) and inhibition of the c-1AP-2 gene by
either specific SSIRNAs or synthetic second mitochondrial activator of caspases (Smac)
mimetic reversed CpG-induced resistance against Vpr(52-96)-mediated apoptosis. |
demonstrated that c-1AP-2 was regulated by the c-Jun N terminal kinase (JNK) and the
calcium signaling pathway in particular the calmodulin-dependent protein kinase-1l
(CaMK-I1). Furthermore, inhibition of JNK and the calcium signaling including CaMK-11 by
either pharmacological inhibitors or their specific SIRNAs reversed CpG-induced protection
against Vpr(52-96)-mediated apoptosis. | also showed that CpG-induced JNK

phosphorylation through activation of calcium signaling pathway.



In an attempt to understand the mechanism of protection induced by
CpG/bacterial DNA-induced c-1AP-2, | determined that c-lAP-2 regulates Vpr-
induced release of mitochondrial apoptotic factors AIF and cytochrome c. Interestingly
Vpr(52-96) was found to induce mitochondrial depolarization in these cells by activation of
pro-apoptotic proteins caspase 8, Bid and Bax. Moreover this apoptoss cascade was
regulated by Vpr(52-96)-mediated degradation of signaling molecules, TRAF-1 and TRAF-2.
| showed that bacterial DNA-induced c-1AP-2 bestowed enhanced survival in monocytic
cells by protecting TRAF-1/2 from Vpr(52-96)-induced degradation, thereby inhibiting
activation of caspase8, Bid and Bax. Thisis the first report demonstrating

involvement of bacterial DNA and c-1AP-2 in protecting mitochondrial viability.

Overall, these findings suggest a novel and key role for bacterial DNA-induced c-
IAP-2 in preventing Vpr-mediated mitochondrial depolarization and apoptosis through
prevention of TRAF-1/2 degradation and sequential inhibition of caspase 8, Bid and Bax.
Furthermore, strategies based on suppressing c-1AP-2 by targeting CaMK-11 or JNK; or
targeting c-1AP-2 or TRAF-1/2 for degradation, may be helpful in controlling reservoir

formation in HIV infected individuals.
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Chapter: 1
1.1 General introduction

Acquired Immunodeficiency Syndrome (AIDS) is advanced stage of the disease
caused by human immunodeficiency virus (HIV), a lentivirus belonging to the Retroviradae
family (1, 2). Since the first case of HIV/AIDS was documented in 1981 more than 25
million lives have been claimed by this disease worldwide (UNAIDS 2009). The clinica
features of HIV/AIDS can be broadly classified in three phases following primary infection:
first is the acute stage characterized by increased plasma vira load and decreased CD4 T
cell count, second is the clinically asymptomatic period of latency characterized by lowering
of plasma viral load and stabilization of CD4 T cell count and the final stage of AIDS (1).
Fortunately owing to almost three decades of relentless research and development, modern
highly active antiretroviral therapy (HAART) is now remarkably efficient in restoring the
health and maintaining below detectable levels of viral burden in HIV infected individuals
for prolong periods of time. However, even prolonged HAART is unable to eradicate the
virus and completely cure HIV/AIDS (3, 4). One mgor roadblock to achieving sterile HIV
cure is the maintenance of viral reservoirs with in the infected hosts. These reservoirs, for
example, cells of the monocytic lineage, are rendered resistant to cell death by HIV infection
and become highly efficient instruments for maintaining viral viability even in the face of
host antiviral immunity and HAART administration (5-8). The main aim of this thesis was
to determine how HIV-1 induces enhanced survivability in otherwise susceptible human
monocytic cells.

Rationae for the project was based on earlier findings that activation of monocytic

cells by microbial components may confer anti-apoptotic survival signals (9, 10). Moreover,



HIV-1 infection was shown to cause translocation of microbial products from gut into the
systemic circulation (11, 12), insinuating that these leaked microbia products may be
responsible for making monocytic cells more apoptosis resistant.

Because it is difficult to achieve productive HIV infection in monocytes in vitro,
HIV-Vird protein Regultaory (HIV-Vpr) was used as a model apoptosis inducing agent to
delineate how monocytic cells develop resistance to apoptotic stimuli. Vpr, is a HIV
accessory protein that plays important roles in viral life cycle (13). Interestingly, one of the
properties of HIV-Vpr is its capacity to promote apoptosis in various cell types including
monocytes (14-16).

In this thesis | investigated whether and how human monocytic cells could
become resistant to HIV-Vpr-induced apoptosis if they were first stimulated with various
microbial components like LPS and bacterial DNA. | also determined the anti-apoptotic
proteins involved in this process, the signaling mechanisms involved in their induction
and the mechanism by which these proteins protected the cells against apoptosis. My results
suggest that Tall like Receptor (TLR) -2, 4 and -9 agonists induce resistance to Vpr-mediated
apoptosis, with CpG-oligodioxynucleotide (ODN) inducing maximum resistance in primary
human monocytes and THP-1 cells. Furthermore, this protection is mediated by cdlular-
Inhibitor of Apoptosis Protein-2 (c-1AP-2) induction through the calcium/Calmodulin kinase-l1
(CaMK-II) activated Jun-N terminal kinase (JNK) pathway in a TLR-9 independent manner.
Moreover, c-l1AP-2, via TRAF-1 and TRAF-2, inhibited Vpr-induced activation of pro-
apoptotic caspase 8, Bid and Bax thereby protecting against Vpr-mediated mitochondrial

membrane permeabilization and consequential apoptosis.



1.2 Overview of Apoptosis

The term apoptosis, meaning “falling of leaves” in Greek, was first coined by Kerr,
Whyllie and Currie (17) to describe an “active and inherently controlled” form of cell death.
Apoptosis is a well conserved cellular process that plays important roles in various
physiological functions like maintaining tissue homeostasis, embryogenesis and clearing
defective or infected cells (18-20). Aberration in this tightly regulated process may result in
lethal disorders like autoimmune diseases, cancers, developmental defects, etc (21). Some of
the typical characteristics of apoptosis include phosphatidylserine exposure, blebbing of the
cellular membrane, shrinking of the cell, chromatin condensation and DNA fragmentation,
eventualy ending in phagocytosis by antigen presenting cells like macrophages to avoid
enhanced inflammatory response in surrounding cells (22, 23). Note that apoptosis is
different from necrosis, another form of cell death, as during necrosis the cells swell causing
cell lysis and uncontrolled spilling of the cellular contents leading to inflammation in the
surrounding tissue (24).

In 1993 Yuan and Horvitz et al described the role of nematode Caenorhabditis
elegans protease CED-3 in apoptosis and suggested that the mammalian homologue of
CED-3, interleukin-1[B-converting enzyme (later termed caspasel), may serve a similar
function in mammalian cell apoptosis. This seminal finding paved the way for discovery of
the entire family of mammalian cystine proteases called caspases and delineation of
apoptotic pathways observed in mammalian cells (25). Depending upon the nature of the
death inducing signals, two major pathways of apoptosis are recognized, the intrinsic

pathway and the extrinsic pathway.



Caspase activation is a common feature in both these pathways, although, apoptosis
is known to occur in caspase independant manner as well. All caspases are expressed in the
inactive “pro” zymogen form and need to be cleaved to become active (26). Based on their
structure and function, apoptotic caspases can be broadly classified as either “initiator” or
“effector”. Initiator caspases like caspase 8 and 9 are the first caspases to be cleaved and
activated upon receiving the death stimuli. These caspases then activate other caspases down
stream setting into action a caspase activation cascade. Effector caspases like caspase 7 and 3
are the last caspases to be activated in the cascade and ultimately lead to activation of other
proteases and nucleases that execute the programmed cell death (PCD) (27-29). Caspases
orchestrate PCD by cleaving substrates involved in several cellular processes. These
substrates include; a) proteins mediating apoptosis, eg. pro-apoptotic Bcl-2 family protein
Bid (30, 31), b) structural proteins that account for the characteristic morphological changes
accompanying apoptosis, eg, filamentous proteins like keratins and vimentin (32) and
nuclear lamins (33), ¢) DNA repair proteins like poly(ADP-ribose) polymerase (PARP) (34),
which is rendered inactive by cleavage and d) cell cycle regulators like inhibitors of cyclin
dependant kinase2 (Cdk2), p21°P*Wat and p27KP! . Cdk2 activation has been found to be
very important for apoptosis and cleavage of Cdk2 inhibitors directly results in enhanced

induction and activation of Cdk2 (35).



1.2.1 Extrinsic apoptotic pathway:

This pathway involves extrinsic signals like binding of death inducing ligands to
their cell surface death receptors like fibroblast associated receptor (Fas), tumor necrosis
factor (TNF) receptors and TNF-related apoptosis inducing ligand receptor (TRAIL-R) (36,
37). Engagement of death ligands with their cognate receptors induces stimulation and
aggregation of the receptors followed by formation of the death inducing signaling complex
(DISC) comprising of death receptors, procaspase8 and Fas associated death domain
(FADD), the death adaptor protein of the extrinsic pathway (38). DISC facilitates
dimerization and activation of procaspase 8. Activation of caspase 8 can mediate apoptosisin
several different ways (39). Active caspase 8 may mediate apoptosis via inducing direct
activation of downstream effector caspases3 and 7, (28) or induce activation of Bid. Upon
activation by cleavage, pro-apoptotic truncated Bid (tBid), may either directly translocate to
the mitochondrial surface and induce mitochondrial outer membrane permiabilization
(MOMP). tBid may aso recruit another pro apoptotic Bcl-2 family member, Bax, causing it
to translocate to the mitochondria, inducing MOMP (30, 40). In either case MOMP causes
loss of mitochondrial potential and release of mitochondrial apoptogenic factors like
apoptosis inducing factor (AlF) and cytochrome c.

1.2.2 Intrinsic apoptotic pathway

This pathway is initiated in response to various internal stress stimuli like DNA
fragmentation caused by irradiation, chemicals, or genotoxic stress. MOMP is the pivotal
event in the intrinsic pathway (19). Mitochondria are structurally composed of an inner
matrix, an inner mitochondrial membrane, an outer mitochondrial membrane (OMM) and an

inter-membrane chamber. The intrinsic pathway involves complicated interactions between



members of Bcl-2 family of proteins (40) which lead to MOMP alowing release of
mitochondrial apoptogenic factors and metabolic failure. Mitochondrial apoptotogenic
factors, cytochrome c (41), second mitochondrial activator of caspases (Smac) (42, 43), AIF
(44) and Endonuclease G (45) are pro-apoptotic proteins that are contained and
compartmentalized within the inter-membrane space in the mitochondria. Upon releasing
into the cytosol, cytochrome ¢ forms multimeric complexes with Apoptosis protease
activating factor-1 (Apaf-1), a cytosolic death adaptor protein in the intrinsic pathway
containing caspase activation and recruitment domain (CARD) (Fig 1.1). This multimeric
complex termed, apoptosome, facilitates aggregation of pro caspase9 instigating caspase
activation cascade eventually leading to activation of caspase 3 (27). Intrinsic apoptosis may
also be achieved in a caspase independent manner by nucleases like AIF and Endonulcease
G. Once released from the mitochondria these nucleases translocate directly to the nucleus
and cause DNA fragmentation (46, 47).

Cellular apoptosis is a finely tuned mechanism with severa redundant pathways,
regulatory checkpoints and counter checkpoints. A complex array of pro-survival, anti-
apoptotic molecules like anti-apoptotic members of the Bcl-2 family and members of
inhibitor of apoptosis protein (IAP) family (48), closely monitor the apoptotic mechanism to

maintain a steady state environment.



Fig 1.1: Diagramatic representation of the mitochondrial membranes and the inter
membrane space.

The mitochondria consist of two membranes, the inner mitochondrial membrane and
the outer mitochondrial membrane. The outer mitochondrial membrane interfaces with the
cytosol and contains the VDAC, a channel allowing transport of ions and small molecules to
and from the mitochondria. The inner mitochondrial membrane interfaces with the
mitochondrial matrix and is comparably less permeable and is the primary site of cellular
respiration. ANT is located in the inner mitochondrial membrane. VDAC and ANT, along
with severa other mitochondria transmembrane proteins comprise the PTPC. The
intermembrane space between IMM and OMM contain the mitochondrial apoptogenic
factors, cytochrome ¢, SMAC, AIF and EndoG. (OMM, outer mitochondrial membrane;
IMM, inner mitochondrial membrane; VDAC, voltage dependant anion channel; ANT,
adenine nucleotide translocator; PTPC; permeability trasition pore complex)
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1.3 Bcl-2 family of proteins

Bcl-2 protein, the mammalian homologue of C.elegans anti-apoptotic protein CED-9
(49) derivesits name from the site where it was first identified, the B cell lymphomas ((50).
Over the years severa homologs of Bcl-2 have been recognized in vertebrates forming the
Bcl-2 family of proteins. This family includes anti-apoptotic proteins like Bcl-2, Bcl-X,,
Mcl-1, A1 and pro-apoptotic proteins like Bax, Bak, Bid, Bad, Bim etc (31, 50-57).
Dynamic equilibrium between pro and anti-apoptotic members of this family arbitrates
succumbing of the cell to the death inducing signals. All the Bcl-2 family members share
sequence homology with a conserved region in Bcl-2 caled Bcl-2 homology (BH) domain
(58, 59). Each member can contain up to four BH domains designated BH1-BH4. Generally
speaking the pro-survival proteins like Bcl-2, Bcl-X, Mcl-1 and Al contain al four BH
domains whereas the pro-apoptotic proteins like Bax and Bak are lacking in BH4 domain.
Interestingly severa pro-apoptotic members contain only the BH3 domain underscoring the
pro-apoptotic properties of this domain. The proteins solely containing BH3 domain like
Bid, Bim, Bad, NOXA and PUMA are referred to as BH3 only proteins (60-62). The
importance of pro-apoptotic Bax and Bak proteins is indicated by the observation that
double knockout (KO) mice lacking both Bax and Bak either die as neonates or survive with
developmental abnormalities (63). In addition, loss of Bax and Bak renders mouse
embryonic fibroblasts (MEFs) resistant to a wide variety of apoptotic cues (64) purporting
proteins with BH1-3 domains Bax and Bak, to be the executioners of MOMP. How these
proteins execute the MOMP has been widely studied. Briefly, Bax normally exists as a
monomer in the cytosol or lightly attached to the OMM. Upon induction of apoptosis it is

translocated to the mitochondria and undergoes conformational changes that alow it to get



embedded within the OMM. Once integrated it oligomerizes creating pores in the
mitochondrial membrane causing MOMP (58, 59, 65). The central issue of how BH3 only
and the pro-survival Bcl-2 proteins interrelate to either control or induce Bax and Bak
activation still remains to be resolved. Earlier studies had reveaed that several BH3 only
proteins including Bad displayed high binding affinity for pro-survival Bcl-2 proteins (51)
where as Bid exhibited marked affinity for both pro-apoptotic Bax/Bak as well as anti-
apoptotic Bcl-2 and Bcl-X, (31) suggesting that BH3 only proteins may be mediating
apoptosis either by occupying the anti-apoptotic Bcl-2 proteins or by activating Bax and
Bak. Leta et al proposed the “direct activation” hypothesis to explain the duality in the
nature of BH3 proteins. Using synthetic BH3 peptides from various BH3 only proteins, and
isolated murine mitochondria, they showed that BID-like BH3 domains, termed “activators”,
alone were sufficient to activate Bak and Bax to induce MOMP as measured by cytochrome
c release. They further determined that certain Bad-like BH3 domains did not directly
activate Bak and Bax, instead these domains, termed “sensitizers”, competitively bound with
the Bcl-2 thereby freeing the Bid-like domains to activate Bax or Bak (66). An alternate
“indirect activation” hypothesis was suggested by Willis et al according to which the Bcl-2
anti-apoptotic members primarily functioned by binding with and neutralizing Bax and Bak
while the BH3 only proteins served to neutralize the pro-survival protein. They showed that
in human embryonic kidney 293T cells, BH3 only Bid and Bim displayed marked affinity
for Bcl-2 pro-surviva proteins and very weak affinity for native Bax or Bak. Moreover, to
further underscore this theory mutations were induced in Bid and Bim that completely
abrogated their binding with Bax and Bak without altering their affinity for the pro-survival

proteins. The mutant and wild type (WT) Bid and Bim induced comparable MOMP in



mouse embryo fibroblasts suggesting that BH3 proteins instigate apoptosis by releasing Bax
and Bak from anti-apoptotic proteins and not by directly interacting with Bax or Bak (67).
141APs

The IAPs, as the name suggests, are key regulators of apoptosis and are over
expressed in many cancer cells (68). The first iap gene was identified and sequenced by
Crook, Clem and Miller in Cydia pomonella granulovirus by its ability to rescue Spodoptera
frugiperda (fall armyworm) SF21 cells from apoptosis induced by p53 mutant Autographa
californica nuclear polyhedrosis virus and actinomycin D (69). c-IAPs were initialy
discovered as a part of TNFR signaling complex (70). There are now eight known
mammalian homologs of 1APs: X-IAP (hILP), NIAP, c-IAP-1 (HIAP2), c-IAP-2 (HIAPL),
livin (ML-IAP/KIAP), survivin, Ts-IAP (hILP2) and Apollon (Bruce) (68, 71).

Structurally, highly conserved, protein binding, baculovirus IAP repeat (BIR)
domains are the primary distinguishing characteristic of |IAPs and have been shown to be
indispensible for the anti-apoptotic functions of these proteins (72, 73). IAPs may carry up
to three BIR domains. Of these, BIR2 and 3 are primarily involved in caspase neutralization
whereas BIR1 is involved in regulating the NFkB signaling (70, 71, 74). Besides BIR
domains certain IAPs aso contain the really interesting new gene (RING) domain and the
ubiquitin associated (UBA) domain. The RING and UBA domains bestow ubiquitin ligase
activity and ability to interact with ubiquitylated proteins respectively (75-77). Interestingly
c-IAP-1 and c-1AP-2 aso harbour a caspase-recruitment domain, CARD (71, 74, 78).

Functionally, X-IAP and c-IAPs mediate cell survival via fundamentally distinct
mechanisms. X-IAP functions by blocking both effector capases3 and 7 and initiator

caspase 9 (79). The peptide sequences with preferential affinity for BIRs are termed |AP-
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binding motifs (IBMs). Proteins like caspase 3, 7 and 9 dl carry IBMs in their substrate
binding pockets (80). Analysis of the crystal structures of X-1AP and caspases reveaed that
the linker region between BIR1 and BIR2 domain in X-1AP directly bound and occupied the
substrate binding pocket of caspase3 and 7 thereby effectively occluding the catalytic
activity of said caspases (81-84). On the other hand mutational and structural analysis
determined that the BIR2 domain of X-IAP bound the active site on cleaved caspase 9 while
BIR3 domain helped interrupt caspase 9 dimerization, an essential step in caspase 9 activation
(82, 85, 86).

Conflicting data make it hard to determine if c-IAPs function in a similar fashion to
X-1AP, ie, by negatively regulating distinct caspase activity. For example, using in vitro
ubiquitination assay Huang et al observed that c-IAP-2 ubiquitinated caspases3 and 7 viaits
RING domain suggesting that c-IAPs may help target caspases for proteolytic degradation
(87). Similarly, Deveraux et al adso demonstrated that X-1AP, c-IAP-1 and c-1AP-2
significantly inhibited cytochrome ¢ mediated cleavage/activation of initiator caspase 9 and
effectively blocked caspase 8-induced apoptosis by inactivating cleaved caspase 3 (48, 88).
Conversely, Eckleman et al used cell free extracts and recombinant c-1APs to test the
binding and inhibitory activity of c-1APs over caspases. They concluded that even though
both c-IAP-1 and c-1AP-2 bound caspases3, 7 and 9 no inhibition of the caspase activity was
observed (89).

Although c-1APs have been reported to affect caspases in some cell types, they have
mainly been described to play a particularly important role in modulating the survival
mechanism by regulating caspase 8 activation and inducing canonical NFKB pathway in

response to TNF-a (Fig 1.2) (90, 91). The role of canonical NFKB activation in c-IAP
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mediated resistance to apoptosis was underscored by the report that MEFs lacking both c-
IAP-1 and c-1AP-2 failed to activate canonical NFKkB pathway in response to TNF-a and

consequently underwent apoptosis (92).
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Fig 1.2: Schematic representation of c-IAP-2-mediated protection against TNF-o-
induced apoptosis.

Upon interaction of TNF-a with the TNFRs, the TNFRs aggregate and induce
formation of death complex by recruiting TRADD and RIP-1. c-IAP-2 gets recruited to this
complex by TRAF-1 and TRAF-2. Being an E3 ligase, c-1AP-2 serves to ubiquitylate RIP-1
thereby inhibiting activation of upstream pro-caspase8 and downstream caspase 3.
Moreover,c-IAP-2 also targets inhibitors of canonical NFKB for degradation thereby
enablingtranscriptional induction of NFKB dependent anti-apoptotic genes.
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The same group further ascertained that c-1AP dependant receptor interacting protein
1 (RIP-1) ubiquitination was the crucial factor in this process. Mechanisticaly, binding of
TNF-a to TNFR-I instigates formation of a plasma membrane bound complex comprising of
TNFR-| —associated DEATH domain protein (TRADD), TRAF-1/2, c-IAP-1/2 and receptor
interacting protein 1 (RIP-1) (93). TRAF-1/2 and c-IAPs are al ubiquitin ligases but in this
scenario TRAF-1/2 mainly bind with the BIR1 on c-IAPs and serve as adaptors for
recruiting c-IAPs to the complex to regulate caspase 8 activation(90). c-IAPs functions as
primary ubiquitin ligases (70) and along with ubiquitilating RIP-1 also facilitate enlisting of
signaling proteins like inhibitory kappa B kinase (IKK) to the complex (77). IKK[(
phosphorylates and targets NFKB inhibitor for proteasomal degradation allowing NFkB to
translocate to the nucleus and initiate gene expression. Notably IAPs are transcriptionaly
regulated by NFkB, hence activation of NFKB results in enhanced c-1AP production setting
forth a positive feedback loop (74). It is interesting to note that c-IAPs have also been
known to negatively regulate the alternate NFkB signaling pathway by targeting a central
kinase in non-canonical pathway, NFKB inducing kinase (NIK), for proteasomal degradation
(94).
1.51AP antagonists

Smac, aso known as the direct AP binding protein with low pl (DIABLO), isawell
defined 1AP antagonist that functions in a similar manner to its functional equivaents in
Drosophila: Grim, Reaper and HID, by binding with 1APs and disengaging 1AP-induced
inhibition of caspase activation (42, 43, 95, 96). Cellular Smac is an endogenous antagonist
of 1APs that is normally sequestered between the inner and outer mitochondrial membrane

(97). Newly synthesized Smac contains a mitochondrial targeting sequence at the N terminal
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which is proteolitycally cleaved in the mature Smac exposing the tetratpeptide, Ala-Val-
Pro-lle (AVPI) at its N terminal. This tetrapeptide represents the founding member of a
family of IBMs. As mentioned earlier IBMs are necessary requisites for binding with the
BIRs on IAPs (98). Upon reception of apoptotic stimuli Smac is released from the
mitochondria along with other apoptogenic factors and interacts with caspase binding
grooves in BIR2 and 3 in IAPs thereby disrupting caspase-IAPs interaction (43, 71). This
modus operandi applies primarily to X-IAP mediated inhibition of caspases since c-1AP-1
and 2 have been shown to bind but not significantly inhibit caspases (89).

Since Smac was found to be such a potent antagonist of X-1AP-induced inhibition of
caspases, efforts were made to developed small synthetic molecules that mimicked Smac
activity and increased cell death in a variety of cancer cells. These small molecules are
called Smac mimetic compounds (SMCs) (99-101). Interestingly, although SMCs were
primarily designed to inactivate X-IAP it soon became apparent that SMCs were very
efficient at regulating c-IAP-1 and 2 mediated repression of apoptosis as well via
autoubiquitylation and rapid proteasomal degradation of c-IAP-1 and 2 (94). A strong body
of research supports the autocrine role of TNF-a in SMC mediated apoptosis. Petersen and
colleagues reported that certain human cancer cells with high TNF-a secretion profiles, were
extremely sensitive to apoptosis induced by SMC treatment alone without requiring
exogenous apoptotic stimuli. Furthermore SMC-mediated cell death in these cells was
regulated by caspase 8, TNFR1, and TNF-0. The same group also determined that certain
cancer cells resisted SMC-mediated apoptosis by enhancing c-IAP-2 expression and
preventing excess TNF-a secretion via non-canonical NFkB signaling pathway (102, 103).

Moreover c-lIAP-1 was identified as the primary target of SMCs as c-IAP-1 degradation
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induced enhanced stability of RIP-1 and NIK and increased secretion of TNF-a via NFkB
signaling pathway (94, 104). The emerging model of SMC-induced apoptosis suggests atwo
pronged mechanism. Briefly, first SMCs induce conformational changes in IAPs causing
them to auto-ubiquitilate and get proteasomaly degraded and so that they can no longer
maintain RIP-1 in a non-apoptotic ubiquitilated form (105). Thereafter, TNF-a secreted
from the cells activates TNFRI signaling mediated RIP-1 and caspase 8 dependant
apoptosis. On the other hand absence of c-IAP-1 and 2 allows for stable expression of NIK
and execution of NFkB activation leading to further secretion of TNF-a (106). Severa
aspects of SMC signaling are still unclear, for example, certain cancer cell lines like THP-1
cells are completely insensitive to SMC-mediated apoptosis even when provided with
exogenous TNF-a (107, 108). Even though considerable information is available regarding
the binding partners and signaling mechanisms of SMCs, further research in required to
precisely delineate the pathways of SMC-mediated cell death.
1.6 HIV-induced apoptosis

HIV has been shown to induce apoptosis via direct and indirect mechanisms in
various cellstypes, for example, CD4 T cells, hepatocytes, cardiomyocytes, renal cells,
neurons, etc (109). HIV-induced syncytial dependent apoptosis is mainly governed by vira
glycoprotein (gp) complex Env (109-114). This mode of apoptosis involves binding of
gp120 on the virion surface with the CD4 receptor and a co-receptor like CXCR4 and
CCR5, on the target cell (115-122), leading to formation of giant multi-nucleated cells,
called synctia, formed by multi-cell fusion (123-125). The relevance of fusion-induced

apoptosis to HIV pathogenesisis indicated by severa in vivo and in vitro studies indicating a
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strong correlation between emergence of syncytia-inducing HIV strains, viral load and rapid
declinein circulating T cells (126-135).

Severa lines of investigation support the hypothesis that activation induced cell
death (AICD) caused due to excessive activation by consistent and prolonged exposure to
HIV is the primary cause for lymphopenia in HIV/AIDS. Moreover, the enhanced
activation and apoptosis was found to be independent of the viral load and disease stage and
has been purported to be regulated by Bcl-2 down regulation mediated by constant
activation by exposure to vira antigens (136-145). Along with lowered expression of anti-
apoptotic Bcl-2, Fas-FasL. and TNFR mediated cell death have also been demonstrated to be
involved in HIV-elicited AICD (137, 141, 146-159). Another facilitator of extrinsic
apoptosis, TRAIL and its receptors, death receptor4 and 5 (DR4 and5) have been implicated
in HIV driven cell death (160, 160-166).

In a landmark study Finkel et al reported that in agreement with the HIV
pathogenesis dogma, the degree of apoptosis in CD4 T cells correlated significantly with
viral burden in the lymph nodes of humans and macagues harboring HIV and SIV infection
respectively. However, most of apoptosis was observed in uninfected or non-productively
infected cells whereas the infected cells were markedly non-apoptotic, implying the
relevance of bystander apoptosis in disease progression (164, 167). In parald, HIV
infection was shown to upregulate expression of FasL on monocytic cells facilitating
bystander apoptosis of FasR expressing uninfected CD4 T cells (168-170). As discussed
above Env-mediated synctia apoptosis is aso another mode of bystander apoptosis wherein
HIV infected cells express gpl120 on their cell surface promoting formation of apoptotic

synctiawith the surrounding uninfected cells (171).
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All in al HIV-induced apoptosis and lymphocyte depletion is a product of
simultaneous execution of several cell death mechanisms. HIV accessory proteins serve as
another efficient medium for HIV induced cell death in different cell types and are
responsiblefor several HIV/AIDS associated medical conditions.

1.7 HIV accessory protein: Vpr

The genetic structure of HIV-1 is composed of nine genes; gag, pol, rev, env, tat, nef,
vpr, vpu and vif , encoded by two copies positive strand RNA (172). Of these nine genes
gag, pol and env termed core/structural genes are necessary for virion formation as these
encode structural proteins for progeny virus. Of the remaining six genes tat and rev are
particularly essential for viral replication (173) whereas, nef, vpr, vpu and vif genes serve to
produce accessory proteins that maybe dispensable for viral replication but represent crucial
virulence factors with important roles in combating host immune surveillance via various
mechanisms including but not limited to apoptosis (174). Of these Vpr, is particularly
important in both early and late phases of viral life cycle. During the early phase of
cellular infection, Vpr packaged in the virion is released in cytoplasm following uncoating
of the capsid while de novo synthesis replenishes it during the late phase (175,176). Further
evidence for the significance of Vpr in viral pathogenesis is indicated by severa in vitro
studies reporting a significant slump in the growth kinetics of infectious HIV clones with
mutational disruption of functional Vpr genes (177, 178). Moreover, both human and
chimpanzees infected with HIV g stock, harboring unstable and non-functional Vpr gene,
spontaneously restored the truncation in Vpr open reading frame within two years indicating
high positive selection pressure for Vpr function in vivo (179). The physiologica

significance of virion free Vpr is indicated by detection of extracellular Vpr in the sera and
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cerebrospinal fluid of HIV infected subjects at levels similar to those of p24 antigen (180,
181). Furthermore, circulating Vpr was found to be biologically active as it induced virion
production from latently infected cells, as well as apoptosis and depletion of bystander cells
in lymphoid tissues during infection (180).

Vpr is a smal 96 amino acid long, 14kDa protein that is highly conserved among
various lentiviruses including HIV-1 and SIV (182). Tertiary structure of Vpr consists of a
a-helix-turn-a-helix motif in the 1-51aa half of the peptide and an a-helix in the 51-96aa hal f
enriched with leucine residues which may facilitate Vpr’s interaction with other proteins
(183-186). Although Vpr has been suggested to be dispensable for HIV replication in cell
culture, it has multiple biological functions. It participates in the nuclear translocation of the
HIV-1 preintegration complex (PIC), transcriptional regulation of the HIV-1 long-
terminal repeat, apoptosis and induces cell cycle arrest at the G2/M phase (187-192).
Multiple functions of Vpr have been attributed to its different domains. Mapping
studies performed on lymphocytes and isolated mitochondria revealed that the N-terminal
Vpr protein (1-51aa) is required for virion incorporation and nuclear localization,
whereas the C-terminus (52-96ad) induces cell cycle arrest and apoptosis (184).

1.7.1 Roleof Vpr in HIV reversetranscription

Reverse transcription is an essential initial step in HIV replication following viral
entry into the target cell (183, 193-196). Vpr has been shown to play avery important rolein
maintaining fidelity of HIV reverse transcription so as to ensure progeny survival while
maintaining genetic diversity (193, 194, 197-199). It has been suggested that Vpr influences
accuracy of reverse transcription by binding and recruiting uracil DNA glycosylase (UNG2),

anuclear form of DNA repair enzyme (193, 194, 197, 200, 201). On the other hand certain
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reports indicate that Vpr may actually induce proteasomal degradation of UNG2 to facilitate
generation of highly genetically diversified virions (202, 203). However, the matter of Vpr’s
role in supporting or antagonizing recruitment of UNG2 is complicated and warrants further
investigation.
1.7.2 Vpr and nuclear import of PIC

Vpr has been demonstrated to be instrumental in aiding translocation of viral PIC
containing reverse transcribed viral DNA into the host’s nucleus (13, 174, 204-207). HIV
clones with loss of function mutations in Vpr gene failed to achieve efficient nuclear import
of PIC and displayed poor viral replication in primary macrophages (189, 208). Interestingly
Vpr does not seem to sport any traditional nuclear localization signals (NLS) (209) making
it difficult to identify mechanism of Vpr-mediated nuclear import of PIC. (205, 210, 210-
214). 1t has also been speculated that Vpr may only serve to bring the PIC to the nuclear
envelope where other vira proteins in the PIC may help carry the viral DNA cargo across
the nuclear pore complex using traditional mechanism (183, 204, 215).
1.7.3 Vpr and cell cyclearrest

Cell cycle arrest by checkpoint activation is one of the pathways used by cells’ to
protect the integrity of their genome. Generally speaking the checkpoint activation pathway
is instigated when certain DNA-damage-sensing proteins like ataxia telangiectasia-mutated
and Rad3-related (ATR) are alerted to abnormal lesions in DNA. Once activated ATR
induces phosphorylation of severa cellular proteins that eventually lead to cell cycle arrest
(216). Certain vira components facilitate hijacking of this cell cycle arrest mechanism to
promote viral persistence and survival. Indeed, Vpr-induced cell cycle arrest at the G2/M

phase has been shown to be highly conserved among primate immunodefieciency viruses
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indicating that this property of Vpr has important bearing on viral replication (217). Lending
credence to this hypothesis is the observation that cells from HIV positive individuals do
indeed display an abnorma G2/M phase arrested cell cycle profile (218). Furthermore, Goh
et al demonstrated that exogenous addition of G2 cell cycle arresting agents rescued vira
replication in Jurkat T cells infected with Vpr-negative HIV-1 clones (179) indicating that
Vpr-induced cell cycle arrest creates a favorable environment for maximal virus production
(179, 219, 220). It iswell established that cell cycle arrest can be caused by interfering with
ATR mediated activity of the Cdc2-cyclin B1 complex, a central regulator of the transition
from G2 to mitosis. Interestingly, C-termina half of Vpr (221) has been shown to cause
cell cycle arrest by recruiting ATR to the nucleus and hyper-phosphorylating Cdc2 while
dephosphorylating Cdc25 (222-227). In paralel, Yuan et al reported that depletion of a
Cdc2 inhibitory kinase, Weel, released Vpr-mediated hold on the cell cycle (228). Also,
Vpr-induced cell cycle arrest was found to be associated with the down regulation of the
ERK MAPK pathway in the 293 fibroblast cells (229). Exploitation of the host ubiquitin
proteasome system is postulated to be another important mechanism of Vpr-mediated cell
cycle arrest (14). Vpr binding protein, later identified as being associated with damaged-
DNA specific binding protein 1 (DDB1) and renamed DDB1-and Cullin 4A-associated
factor -1 (DCAF-1), was found to facilitate Vpr-mediated cell cycle arrest. Although no
direct evidence was reported, it is hypothesized that DCAF-1-Vpr interaction may be
allowing subversion of cell’s ubiquitin ligase machinery for targeting yet unknown regulator
of cell cycle progression for proteasomal degradation (230, 231). Elucidation of this yet
unknown cellular target of Vpr is a subject requiring further investigation and its discovery

may help in identification of aunifying pathway for Vpr-mediated cell cycle arrest.
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1.7.4Vpr and apoptosis

The first indication of Vpr’s involvement in inducing cell death was provided by
Macreadie et al, who showed that treating yeast cells with exogenous V pr induced apoptosis
in these cells. Furthermore they demonstrated that constitutive expression of Vpr by yeast
cells lead to gross mitochondrial dysfunction implicating mitochondrial depolarization as a
mechanism of Vpr induced cell death (232-234). The relevance of mitochondrial
dysfunction in Vpr-mediated cell death was validated in human cells by Arunagiri et al who
showed that both recombinant Vpr and Vpr C-termina peptide caused significant loss of
mitochondrial membrane potential and eventual apoptosisin human CD4 T cells (235).

Vpr is now known to induce apoptosis in various cell types including lymphocytes
(187), monocytic cells (107, 108, 236) and neurons (191) either upon infection with Vpr-
expressing HIV isolates (187, 190) or following exposure of cellsto the purified Vpr protein
(191, 237). It is interesting to note that genetic analysis of HIV strains isolated from long
term non-progressors revealed mutations in Vpr genes that abrogated its apoptotic functions
suggesting that apoptosis by Vpr may be akey determinant of viral pathogenesis (238, 239).
a) HIV-Vpr and itsinteraction with mitochondria:

Experiments performed by Jacotot et al, in intact cells, on isolated mitochondria and
on proteins reconstituted into artificial membranes, revealed that amino acid residues in the
C terminal half of Vpr peptide induced loss of mitochondrial potential and release of
cytochrome ¢ and AIF by interacting directly with a component of inner mitochondrial
membrane, ANT (Fig 1.3) (133, 240-243). ANT is part of a cluster of mitochondria
membrane proteins, PTPC which spans across the inner and out mitochondrial membranes

and consists of VDAC and Bcl-2 on the OMM and ANT in the IMM (242).
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Fig 1.3: Schematic representation of Vpr-mediated apoptosis via mitochondrial
per meabilization.

Upon entry into the cell, Vpr interacts with with a component of PTPC, ANT, and
induced release of mitochondrial apoptogenic factors cytochrome ¢, AIF and SMAC nto the
cytosol via VDAC. Once in the cytosol, SMAC serves to neutralize anti-apoptotic X-1AP,
where as cytochrome ¢ forms an apoptosome activating caspase 9 and caspase 3, with lead
to apoptosis. Released endonuclease, AIF causes apoptosis by directly causing DNA
damage.
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The Vpr peptide is characterized by three well defined a-helices: 17-33, 40-48 and
55-83 (183-186). Three specific residues, positively charged Arginine amino acids, 73, 77
and 80 on one of the a-helices were identified to be essential for mitochondrial dysfunction
as mutations in these residues was shown to abrogate Vpr-ANT interactions (184, 244),
cause osmotic matrix swelling in the mitochondria and loss of membrane potential. Even
though early reports provided compelling evidence for the role of Vpr-ANT interaction in
V pr-mediated mitochondrial depolarization, recent studies suggest otherwise. Andersen et al
showed that SRNA-mediated knockdown of ANT did not appreciably prevent Vpr-mediated
mitochondrial damage or apoptosis in Hel a cells. However, Bax knockdown significantly
reduced Vpr-mediated mitochondrial depolarization and apoptosis. Moreover, they also
showed that Vpr-induced cell death was dependant on cell cycle arrest as Bax activation by
Vpr was regulated by cell cycle related proteins. These results suggest that Vpr-ANT
interaction may be dispensable for Vpr-mediated apoptosis (16).

Jacotot and colleagues aso demonstrated that pre-incubation of isolated
mitochondria with anti-apoptotic Bcl-2 could rescue mitochondria from the toxic effect of
Vpr as Bcl-2 interfered with Vpr-ANT interaction (240). Muthumani et al, developed a
novel adenovirus based system, adCMV -Vpr, for delivering Vpr into various tumor cells.
Their experiments with adCMV-Vpr demonstrated that Vpr-mediated cell death was indeed
dependant on mitochondrial dysfunction and release of cytochrome c. However, no
significant difference was observed in apoptosis between wild type and Bcl-2 over
expressing Jurkat cells infected with ad-CMV -V pr, suggesting that in whole cells Bcl-2 may
not be an important modulator of V pr-induced mitochondria permiabilization (245). Severd

mitochondrial proteins have been implicated as targets or binding partners for Vpr. For
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instance Vpr has been shown to physically interact with and dislodge mitochondrial anti-
apoptotic protein HS-associated protein-X1 (HAX1) from the OMM leading to
mitochondrial depolarization (246). Vpr has also been shown to cause proteasomal
degradation of a mitochondrial fusion protein, mitofusin2 important for maintaining
mitochondrial integrity (247).

Further exploring the cell death mechanism of Vpr, Muthumani et al and others
determined that caspase 9 and caspase 3 were essential regulators of Vpr-mediated cell death
downstream of cytoschrome c release, where as caspase 8, Fas-FasL or p53 apoptotic
pathways may not be involved in this process (245, 248-251). Interestingly, it was reported
that besides activating caspase 9, infection with Vpr expressing vectors also promoted
transcriptional upregulation of caspase 9 (250). However, caspase 8 and Bid activation has
been reported to be crucia for Vpr-mediated cell death in human neuronal cells, rena
tubular epithelial cells and Jurkat cells (238, 252, 253). Since along with cytochrome ¢, Vpr-
mediated mitochondrial injury also causes release of endonucleases like AIF and
Endonuclease G, it is conceivable that caspases may be altogether dispensible for Vpr-
mediated cell death. Indeed, Roumier et al demonstrated that Hel a cells were susceptible to
Vpr-induced cell death even when pretreated with a pan caspase inhibitor ZVAD-FMK.
Note that in experiments performed by Roumier et al Vpr was able to mediate cell death
even in the absence of both AIF and caspase activation, suggesting that another yet unknown

mechanism for V pr-induced apoptosis may exist (244).
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b) HIV-Vpr direct effect on the nucleus:

Another possible mechanism for Vpr-mediated cell death may be direct effect of Vpr
on the nucleus. Vpr has been found to be colocalized at the nucleus (13). Moreover, cell
cycle regulating protein ATR has been shown to regulate Vpr-mediated Bax activation (14,
16, 254). Vpr’s direct interaction with the glucocortocoid receptor (255) has been implicated
in inhibiting NFKB transcription by recruiting PARP to the nucleus (256). Since NFkB
controls transcription of several anti-apoptotic genes, inhibiting NFKB helps create a pro-
apoptotic environment in the cell (257). Moreover, treatment with glucocorticoid receptor
antagonist prevented transcriptional upregulation of caspase 9 by Vpr (253, 258). All in al
available data suggests that Vpr-induced apoptosis is a complicated and multi pronged
mechanism. Further investigation into this mechanism is likely to revea novel target for
therapeutic intervention.

1.8 Resistanceto HIV-mediated apoptosis and formation of reservoirs

Anti retroviral drugs and therapies have been successful in curtailing HIV-mediated
T cell loss, lowering viral load to below detectable levels and reconstituting the immune
system yet the goal of complete HIV cure remains elusive due to another interesting aspect
of HIV pathogenesis that is reservoir formation. HIV has been shown to establish
anatomical and cellular reservoirs that serve as shelters, supporting accumulation of latent
yet potentially replication competent virus. Indeed these sanctuaries are refractory to anti-
vira drug penetration and allow for low levels of viral replication, even during and after
HAART, while being shielded against host immune surveillance (4, 259-262). Anatomical
reservoirs are immune privileged sites that are compartmentalized from other lymphoid

systems by a barrier, for example, the centra nervous system serves as an reservoir
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guarded by the blood brain barrier which limits the accessibility of drugs and pathogens
alike to this site (263). Other anatomical reservoirs include the male genita tract, the
gastrointestina system, lymph nodes etc (264, 265). Cellular reservoirs are cells that can
support latent viral persistence after initial infection without succumbing to apoptosis. Such
cells, like the memory CD4 T cells and monocytic cells (262), are generaly naturaly
armored with robust survival mechanisms and HIV takes advantage of these pre-existing
mechanisms to insure its long term persistence and latency.

Latency is defined by evidence of amplifiable viral DNA but absence of viral mMRNA
in the cells. Two types of latency mechanism have been identified. Pre-integration latency is
achieved when after infecting the cells; the virus does not undergo nuclear transport and
fails to integrate with the host DNA. Such latency can be reversed if the cell is activated
before the provirus in the cytoplasm gets degraded. The more stable and long lived formed
of latency is the post-integration latency. Post-integration latency, as the name suggests
occurs when the cells revert to a quiescent stage with minimal transcriptiona activity post
vira integration (266, 267).

Latently infected resting memory CD4 T cells harboring replicable virus have been
found in HIV infected individuals during all stages of disease including post prolonged
HAART administration when the vira load falls to below detectable (259, 263, 268, 268-
272). The biological makeup of memory T cells allows these cells to survive for severa
years bestowing immunological memory to the host and facilitating rapid response to recall
antigens. However, in case of latently infected memory T cells, the virus exploits this
capacity of memory cells to prolong their life span, which can last from a few weeks to a

few years, making these reservoirs a major impediment to achieving HIV eradication (273).
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Since T cell depletion was so intricately linked with HIV/AIDS pathogenesis most of
the early efforts were concentrated in deciphering the mode and mechanism of T cell
cytopathy and reservoir formation (124, 145, 274). However, it is conceivable that besides
CD4 T cells other vital sources of vira production also exist as viral replication continues
even when CD4 T cell counts become too low to support significant viral load (275).
Furthermore with increasing efficiency of antiviral drugs in suppressing viral replication in
T cells dternative viral reservoirs have gained prominence in efforts to eradicate HIV. Cells
of the monocytic lineage, especially macrophages, have been known to be highly permissive
to HIV productive infection (276) and are considered a magor HIV reservoir contributing
actively to AIDS pathogenesis (277). Monocytic cells including macrophages and
monocytes, being professional antigen presenting cells are naturally armed to withstand
spontaneous and induced apoptosis to aid them in mounting an immune response to help
clear infections (278). Therefore along with being permissive to productive HIV infection
like CD4 T cells, monocytic cells are also considerably more resistant to apoptosis both in
vivo and in vitro making these an ideal site for reservoir formation (279).

1.8.1 MonocytesasHIV reservoirs

Monocytic cells, like macrophages and CD16hi monocytes represent a significant
source of in vivo vira reservoir (6). Analysis of this issue has been complicated since
productive HIV infection in monocytes appearsto be a function of their differentiation. In
vitro, macrophages have been shown to be more susceptible to infection as opposed to
undifferentiated monocytes (280, 281). However, the importance of circulating monocytes
in replenishing viral progeny and maintaining chronic disease is underscored by the

observation that replication competent HIV-1 could be detected in blood monocytes of HIV
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positive patients who had been on HAART and had sustained undetectable viral load (282-
284). Likewise severa human monocytic cell lines such as THP-1 cells, U937 cdlls,
MonoMac cells and HL60 have been successfully and productively infected with different
strains of HIV in vitro (279). Evidence for in vivo HIV infection of monocytes was provided
by Crowe et al and Zhu et al who described significant number of HIV-1 infected
monocytes in blood of HIV positive patients (5, 285, 286). Crowe et al identified a subset of
monocytes, phenotypically defined as CD14'™ and CD16" (287), that displayed a higher
propensity for HIV-1 infection (5, 285, 286). Furthermore CD14'® and CD16™ monocyte
subset has been found to be expanded in therapy naive HIV-infected individuals (288) and
in AIDS patients suffering from HIV associated dementia (289). Notably prevalence of
CD14'™ and CD16" subset was independent of viral load, CD4 T cell count and disease
timeline (288, 290). A unique characteristic of CD14' and CD16™ monocytes, besides
expression of CD16, is the atered expression of chemokine receptors on these cells
including increased CCR5 expression as compared to CD14™ monocytes (291) which may
account for higher infectivity of this cell type. Recently, differentiation of infected bone
marrow progenitor cells into monocytes has been suggested to be another mechanism of
seeding monocytes with HIV (286).

Along with being important sites of HIV infection, monocytes, (290) as
demonstrated by Fulcher et al, are capable of supporting compartmentalization and
nonparallel viral evolution with important implications for giving rise to vira heterogeneity
and possible drug resistance (292). Similarly Llewellyn et al, showed that due to limited
penetrability of antiretroviral drugs in monocytes (293), ART was substantially less

effective in suppressing viral evolution in blood monocytes of seropositive patients as
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compared to viral evolution in CD4 T cells (294). Another notable aspect of monocytes,
their migratory property, makes these cells akey player in HIV pathogenesis. Monocytes are
one of the few immune cells that have direct access to the immunology restricted sites like
the central nervous system. As infected monocytes migrate across the blood brain barrier
they serve as carriers of HIV into this immune privileged site resulting in serious HIV
associated disorders of the central nervous system (295-297). Moreover, besides constituting
an independent viral reservoir infected monocytes differentiate into tissue macrophages
thereby contributing towards expanding the pool of macrophage reservoirs as well (277).
1.8.2 Monocytes and resistanceto HIV-induced apoptosis

The cellular mechanism, through which a fraction of infected memory CD4 T cells
and monocytic cells survive despite extreme cytopathic effect of HIV on CD4 T cells, isa
remarkable and significant factor in HIV persistence (298). Therefore understanding how
resistance to HIV-induced apoptosis is achieved in these cellsis crucia to finding a cure for
HIV/AIDS.

It isinteresting to note that monocytes are relatively less resilient to apoptotic stimuli
but gain anti-apoptotic properties during their differentiation into macrophages (299).
However, it is generally believed that monocytic cells, unlike T cells, survive HIV
replication without maor signs of HIV-induced cytopathic effects (6, 300). It appears that
monocytic cells can undergo apoptosis but may escape HIV cytopathic effects as aresult of
certain factors reducing their sensitivity to apoptosis (107, 108, 299, 301). In fact Pinti et al
demonstrated that chronically infected Ul cells, derived from promonocytic U937 cells,
displayed a marked down regulation of death receptor, Fas, on its cell surface as compared

to the parent cell line and this down modulation of Fas was correlated with enhanced

30



resistance to FasL-mediated apoptosis in UL cells as compared to uninfected U937 cells
(302, 303). Same results were corroborated by Okamoto et al, who showed that uninfected
promonocytic cell lines were more sensitive to receptor mediated cell death as opposed to
their respective HIV infected clones (304). Moreover, recent evidence obtained by
Fernandez-Larossa et al, from chronically HIV infected cell lines, indicates that differential
regulation of apoptosis-related genes, Bcl-2 and Bax, by HIV may, at least in part, be
responsible for endowing enhanced survival in monocytic cells against H,O, and
staurosporine-induced apoptosis (305). In accordance, pretreatment with HIV Tat induced
resistance to TRAIL-mediated apoptosis via induction of anti-apoptotic Bcl-2 in human
monocytes (306). Similarly distinct and consistent upregulation of a set of anti-apoptotic
gene,s and downregulation of pro-apoptotic genes, in monocytes from seropositive
individuals has been reported (307). Taken together this data strongly argues for yet
unknown mechanisms via which HIV either directly or indirectly bestows resistance to
apoptosis in human monocytic cells.
19TLRs

TLRs are germline encoded pattern recognition receptors that recognize conserved
molecular signatures in microbia pathogens commonly referred to as pathogen associ ated
molecular patterns (PAMPs) (308, 309). The immune modulatory properties of toll gene was
first identified in Dorsophila melanogaster (310, 311) whereas the human homologue of
Dorsophila toll protein was cloned and characterized by Medzhitov et a (312). Today in
mammals, at least 10 TLRs have been identified (313). Different TLRs bind diverse
bacterial components, viral single stranded nucleic acids and small anti-viral or

immunomodulatory molecules. TLR-1, TLR-2 and TLR-4 recognize various components of
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bacterial and yeast cell walls and are expressed on the cell surface while TLR-3, TLR-7,
TLR-8 and TLR-9 recognize microbia nucleic acid signals from endosomal compartments
(314). Structuradly TLRs are characterized by their cytoplasmic domain, termed toll/IL1R
(TIR) domain since it bears homology with the IL1 receptor’s intracellular tail. Other
distinguishing features of TLRs are the leucine rich repeat containing ectodomains and
transmembrane domains (309). TLRs are known to form hetero and homodimers when
ligated with their cognate ligands allowing for a greater variety of PAMPs to be recognized
(315). Death domain containing protein, MyD88 is the common adaptor used by all TLRs
with the exception of TLR3. Upon activation MyD88 interacts with the TLRs through their
TIR domain and recruits IL-1R-associated kinase 4 (IRAK4) viaits death domain. IRAK4 in
turn activates another downstream adapter TRAF6; leading to activation of INK mediated
interferon regulatory factors and NFkB signaling pathways (315, 316). TLR3 exclusively
engages an aternate signaling cascade regulated by TIR domain-containing adaptor
inducing-IFN-B (TRIF) instead of MyD88 (317). Interestingly TLR4 can use either MyD88
or TRIF to induce distinct immune responses depending upon the nature of PAMP, although
it requires additional adaptors TIRAP and TRAM to engage MyD88 and TRIF respectively
(308, 318-320). Severa signaling pathways are activated following TLR stimulation,
ultimately leading to activation of transcription factors like NFKB and interferon regulatory
factor which modulate immune responsiveness and induction of pro-inflammatory cytokines
(316). Two of the primary signaling cascades induced by TLR activation are calcium and

JINK.
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1.9.1 Calcium signaling

Calcium ions are prominent intracellular messengers and control a wide variety of
cellular processes (321). The calcium signaling is instigated when concentration of calcium
ions in the cytoplasm increases beyond a certain threshold. This increase can be caused by
influx of calcium ions from the extracellular medium through voltage gated or receptor
mediated calcium channels like the stores operated channels (SOCs) on the cell surface
(321-323). Conversely release of cacium ions from intracellular calcium stored like
endoplasmic reticulum (ER) or the mitochondria through the inositol-1,4,5-trisphosphate
receptor (IP3R) and ryanodine receptor (RYR) families, may also induce calcium signaling
(322, 324, 325). Cacium sensing proteins like camodulin (CaM) (326, 327) bind calcium
ions and undergo a conformational change, which enables them to modulate downstream
regulators of calcium signaling like calcineurin and CaMKs (328-332). Once activated these
modulators regulate a variety of cellular functions including cell survival, TLR signaling,

metabolism and gene transcription (Fig 1.4) (321, 322).
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Fig 1.4: Schematic representation of calcium signaling pathways and their specific
inhibitors.

Calcium ions can enter the cells either through voltage gated calcium channels on the
cell surface, (inhibited by SKF-96365), or through receptor gated calcium channels on the
ER (inhibited by 2-APB). EGTA being a calcium chelator inhibits calcium entry into the
cell. Upon accumulating inside the cell, calcium ions, activated CaM (inhibited by W-7).
Activated Ca Minturn may activate downstream signal transducers, CaMK-I1 (inhibited by
KN-93) or Calcineurin (inhibited by FK-506).
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1.9.2 JNK signaling

JNK is one of the three members of MAPK family in mammals, the other two
members being p38 kinase and ERK (333). It is a serine/threonine kinase encoded by three
genes jnkl, jnk2 and jnk3. jnkl and 2 are expressed ubiquitously and jnk3 is mainly
expressed in heart, testis and brain (334). JNK is a multifunctional kinase involved in
various cellular processes ranging from cell survival and embryogenesis to cytokine
production (108, 335-339). However the role of JNK activation in apoptosis is difficult to
assess as it is dependent on the cell type and nature of stress stimuli (339). JNK is activated
in response to various stress stimuli and involves dual phosphorylation by MAPKK which
are in turn activated by other upstream kinases (340). Severa MAPKKSs regulate JNK
phosphorylation at distinct sites, in response to discrete signals thereby bestowing specificity
of response on JNK activation (341). MAPKK4 and 7 phosphorylate JINK on its tyrosine and
threonine residues, respectively, in the activation loop within the kinase domain (342).
Furthermore targeted gene disruption studies in mouse reveal that MAPKK4 and 7 may
phosphorylate INK redundantly or discretely depending upon the nature of stimulus. For
instance both mapkk4 and 7 genes were required for JNK activation in response to UV
radiation where only mapkk7 gene was required to induce JNK activation in response to
inflammatory cytokine treatment (343).
1.9.3 CpG/bacterial DNA mediated TLR signaling

Immunostimulatory properties of bacterial DNA in mammalian systems are derived
from frequent occurance of unmethylated CpG motifs (344), which have a relatively small
low frequency of occurrence in mammas and are largely methylated. (345). The

mammalian receptor for bacteriadl DNA as well as synthetic CpG ODNSs, TLR-9, was
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discovered by Hemmi et al, who showed that TLR-9-/- mice failed to mount an
inflammatory response even to lethal doses of bacterial DNA (346, 347). TLR-9isoriginaly
expressed in the ER and traffics, via the Golgi apparatus, to the lysoendosomes, where it
interacts with its DNA ligands (348, 349). Furthermore activation of TLR-9 requires
acidification of endolysosomes since agents that block endosome and lysosome acidification
adversely affect TLR-9 signaing (350). Barton et al demonstrated that chimeric TLR-9
expressed on the cell surface was able to induce signaling in response to self DNA (351).
Similarly Yasuda et al showed that vertebrate DNA delivered endosomaly triggers TLR-9
activation (352). These observations suggest that the endosomal localization of TLR-9 is a
means of safeguarding against activation by self DNA.

CpG-induced TLR-9 signaling has been shown to induce a strong Thl response
resulting in secretion of IL6, IL12, TNF-a and IFN-y (346, 353). It has aso been reported
to prevent spontaneous apoptosis in mouse B cells and dendritic cells and via PI3K signaling
pathway and up regulation of anti apoptotic Bcl-2, BclXl, c-IAP-1 and c-IAP-2 (10, 354).
Plasmacytoid dendritic cells (pDCs) in particular are extremely responsive to CpG-mediated
induction of type | IFN genes and production of copious amounts of type | IFN (355).
Furthermore growing body of evidence suggests the TLR-9-CpG signaling induces class
switching, proliferation and differentiation in B cells (356). The strong immunomodulatory
properties of CpG ODNs make them a strong candidate for vaccine adjuvants (357).

Based on nucleotide sequence and effect on the target cells, CpG ODNs have been
loosealy classified into 5 classes. The five classes are Class A (Type D), Class B (Type K),
Class C, Class P, and Class S (358). Class B ODNs or ODN 2006, first characterized by

Krieg et al, are potent inducers of human pDCs maturation and B cell activation (344). Krug

36



et al first defined the Class A ODNs or ODN 2216, as strong inducers of IFNa from pDCs
while having little effect of B cell of pDC maturity or proliferation (359).
1.9.4 TLR-9independent CpG signaling

A growing body of evidence indicates that bacterial genomic DNA-induced
signaling in mammalian cells may be TLR-9 independent as well. For instance E.coli-DNA
was shown to induce Type 1 IFN and chemokine secretion in both WT and TLR knockout
mice. The same group also demonstrated that in human embryonic kidney cells, bacterial
DNA induced IFNB and NFKB activation independently of TLR-9 (360). Similarly Geffner
et al described activation of human neutrophils by both methylated and non-methylated CpG
ODN (361). Furthermore CpG-mediated Akt activation in mouse bone marrow derived
macrophages was shown to be dependent on DNA-dependent protein kinases instead of
TLR-9 (362). On the other hand Smad phosphorylation and not TLR-9 activation was
suggested to be responsible for CpG-mediated anti apoptotic effects in malignant plasma
cells (363). The functiona relevance of TLR-9 independent signaling is further underscored
by the observation that non-TLR-9 expressing glomerular endothelia are able to secrete IL-
6, chemokines and IFNa/p in response to CpG treatment (364). These observations suggest
that TLR-9 may not be the only receptor for recognizing pathogenic and self DNA and yet
unknown factors may be important in DNA-mediated signaling.
1.9.5Roleof TLRsin HIV-induced apoptosis and pathogenesis

TLR expression and activation has been purported to be important to various aspects
of HIV pathogenesis including: systemic immune activation (11), HIV gene expression
(365) and vira replication (366). Brenchley et al postulate that gut injury sustained by the

hosts due to acute and chronic HIV infection leads to |eakage of microbial products like LPS
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from the gut into the systemic circulation causing activation of various cells including blood
monocytes (11, 12). Furthermore HIV infection has been shown to alter TLR expression and
activation profile in both ex vivo and in vitro infection models (367-370). Interestingly mass
spectrometric analysis of protein profile in HIV infected and uninfected human
promonocytic THP-1 cells revealed that HIV infection significantly downregulates
expression of a crucia TLR signaling modulator, IRAK4, thereby debilitating the TLR
response in human monocytic cells (371). Decrease in TLR response was also documented
by Jiang et al, who showed that human PBMCs isolated from blood of HIV positive donors
were unable to undergo maturation or induce IFNa/B in response to CpG stimulation (372-
374). Immune responses to severa co-infections during HIV infection have been considered
to be a crucia factor in HIV pathogenesis and disease progression. Several co-infections
such as endotoxins, tuberculosis and bacterial DNA interact with their respective TLRs
(TLR2, -4 and -9). Subsequent TLR signaling has been shown to induce HIV long
terminalrepeat transactivation and HIV replication (375-378). However, opposing effects

of TLR signaling on HIV replications have also been observed (379).
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Chapter 2: Rationale and Hypothesis
2.1 Rationale

HIV is aretrovirus that replicates in cells of the immune system, primarily in CD4+
T cells and macrophages (259, 380). HIV infection is responsible for the severe loss of
CD4+ T-cells, acute viremia and progressive depletion of immune system responses (257,
381). However, certain host cells, like cells of monocytic lineage survive the extremely
cytopathic environment created by HIV infection and develop into reservoirs for HIV.
These cells provide a safe sanctuary for the virus to remain latent and hidden against both
the host’s antiviral responses as well as against various antiretroviral drugs. Moreover, being
antigen presenting cells, monocytic cells help in spreading the virus and aid in establishing
infection in immunologicaly protected sites like the brain (259, 265, 277, 296, 382). It is
interesting to note that in vitro human monocytic cells are indeed susceptible to HIV
mediated cell death. Therefore the observation that the number of monocytic cells do not
decline even during acute infection, lends itself to the hypothesis that HIV decreases the
sengitivity of this cell type to apoptosis in vivo.

Determining how HIV induces resistance against apoptosis in monocytes and how
this protection can be reversed is vital for designing AIDS treatments effective in clearing
viral reservoirs.

Since primary monocytes are refractory to productive HIV infection in vitro (280,
281), HIV-1 accessory protein, Vpr (204), was used as an apoptosis causing agent in order
to explore mechanisms of resistance to HIV induced apoptosis. Vpr is bestowed with some
unigue properties; a) It can cross plasma membranes in a receptor independent manner via

clathrin coated pits (383), b) its functions are domain dependant, i.e, the 1-45aa half of Vpr
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(N terminal) isinvolved in retro transcription and nuclear import while the 52-96aa half (C
terminal) regulates apoptosis and cell cycle progression (184) and c) biologically active Vpr
is secreted from infected cells has been isolated from cerebrospinal fluid and serum of
infected patients (180, 181). Vpr-induced apoptosis has been shown to be primarily
mediated by direct interaction with and depolarization of mitochondria, leading to release of
apoptotic factors like cytochrome ¢ and AIF, and activation of caspase 9/3 (14, 16).
However, afew incidences of caspase 8 activation in Vpr-mediated cell death have also been
reported (252, 253). Recent body of research suggests that HIV infection may impair host’s
gut immunity and cause translocation of gut microbes and microbia products into systemic
circulation (12). This enhanced evidence of microbia products in the serum of HIV infected
patients has been correlated with systemic immune activation (11, 384, 385). Moreover
activation by LPS and CpG has been shown to induce pro-survival mechanisms in human
monocytic cells (9, 10). Hence given the propensity of HIV infection to induce systemic
microbial translocation and considering the anti-apoptotic properties of microbial ligands, it
is tempting to speculate that interaction with microbial products, through their TLRs on

monocytic cells may be rendering these cells resistant to HIV-mediated cell death.
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2.2 Hypothesis:
HIV-Vpr-mediated apoptosis in primary human monocytes and promonocytic THP-1

cells can be prevented by pre-treatment with bacterial DNA and induction of c-l1AP-2.

2.3 Aimsand Objectives:

To determine if stimulation with TLR ligand/s may confer protection in human monocytic
cells against V pr(52-96)-induced apoptosis.
a. Investigate which TLR agonists induce this protection and
which anti-apoptotic proteins are invol ved.
b. Determine the signaling pathways involved in induction of these anti-
apoptotic genes.
c. Determine the mechanism of how these anti-apoptotic gene/s induce

resistance to apoptosisin human monocytic cells.
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Chapter 3: Material and Methods

3.1 Isolation of primary human monocytes, generation of monocyte-derived macrophages

(MDMs), cell lines, and reagents

PBMCs were isolated by density gradient centrifugation over Ficoll-Hypaque
(Pharmacia Biotech, Piscataway, NJ). PBMCs thus obtained were subjected to Automacs
negative selection (Miltenyi Biotech, Auburn, CA) as per manufacturer’s instructions. THP-
1 cells, a pro-monocytic cell line derived from an acute monocytic leukemia patient (386),
were obtained from the American Type Culture Collection (Manassas, VA). Cells were
cultured in IMDM-10 (Sigma-Aldrich, St-Louis, MO) supplemented with 10% FBS
(Invitrogen, Grand Island, NY), 100 U/ml penicillin, 100 ung/ml gentamicin, 10 mM HEPES,
and 2 mM glutamine (all from Sigma-Aldrich, St-Louis, MO). SMAC mimetic AEG-730
was a gift from Dr. Korneluk (Apoptosis Research Centre, Ottawa, ON). Imiquimod, LPS
(Sigma-Aldrich, St-Louis, MO), and TNF-a (Invitrogen, Grand Island, NY), CpG-B ODN
2006 (Hycult Biotech, Plymouth Meeting, PA), Poly I:C, Lyovec E.coli DNA, TLR-9
antagonist ODN and GpC control ODN (Invitrogen, CA) were purchased. The following
signaling inhibitors were used: Chloroquine and EGTA (Sigma-Aldrich, St-Louis, MO);
FK-506 (AG Scientific Inc., San Diego, CA) (387); 2-APB, W-7 hydrochloride, KN-93,
SKF-96365 hydrochloride (Calbiochem, San Diego, CA) (325, 388); caspase-8-specific
inhibitor  z-Leu-Glu-His-Asp-fluoromethyl ketone (z-IETD-FMK) (R&D  Systems,
Minneapolis, MN, USA), SP600125 (Enzo Life sciences, PA), cycloheximide and Bcl-2

inhibitor HA14-1 (Sigma-Aldrich, St-Louis, MO). All other chemicals used for
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electrophoresis and immunoblot analysis were obtained from (Sigma-Aldrich, St-Louis,
MO).

For generation of MDMs, monocytes were isolated by the adherence method.
Briefly, PBMCs were resuspended in serum free medium (5x10%ml) and cultured in 12 well
polystyrene plates (Beckton Dickinson and Co, Mississauga, ON) for 3 hr to adhere to the
plate. The non-adherent cells were washed off and adherent cells were cultured for another 6

days in IMDM-10 supplemented with 10ng/ml macrophage colony-stimulating factor (107,

108) (R&D Systems, Minneapolis, MN).

3.2 Vpr peptides

The Vpr(52-96) peptide (Invitrogen, California) and Vpr(1-45) peptides (Genemed
Synthesis Inc, San Francisco, CA, USA) were synthesized by automated solid-phase
synthesis and was purified by reverse-phase HPLC (>95%). The amino acid sequence of
Vpr peptide Vpr(52-96) is, >DTWAGVEAI IRILQQLLFI HFRIGCRHSR IGVTRQRRAR
NGASRS™ and Vpr(1-45) is, ‘MEQAPE DQGP-QREPYNEWTL-ELLEELKSEA-VRHFP
RIWLH-NLGQH®. These sequences are derived from HIV-1 (NL 4.3) strain (240, 242).
The mutant Vpr peptide with three Arginine to Alanine mutations at sites R73, R77
and R80 and indicated in bold letters in the above sequence was synthesized (Genemed
Synthesis, Inc, Texas). Cells were cultured for 12 hr in serum free media before treatment

with Vpr peptides, as described previously (107, 108, 235).
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3.3 Ca®" influx

Changes in the levels of intracellular calcium were measured by flow cytometry as

described previously. Briefly, cells were washed with Ca?*-free PBS and resuspended in
buffer A (RPMI 1640 containing 20 mM HEPES, pH 7). The cells were washed again and
resuspended in buffer A containing 1 mM Fluo3/AM (Molecular Probes, Eugene, OR) for

45 min at 37°C. The reaction was stopped by adding equal volume of buffer B (buffer A
containing 5% FBS, pH 7.4) for 15 min at 37°C. The cells were washed and resuspended in
buffer B (0.5X10° cells/ml) and analyzed for Ca?* levels by flow cytometery. Ca* ionophore
A23187 (20 mM) and 5mM EGTA (Sigma-Aldrich) were used as positive and negative

controls, respectively.

3.4 Analysis of cellular apoptosis by intracellular propidium iodide (PI) and Annexin-

V/PI staining

Apoptotic cells exhibiting sub-Go DNA content were indentified and analyzed by
flow cytometry using Pl staining of permeabilized cells, as described previously (107).
Briefly, cells (1.0x10%ml) were washed twice with PBS containing 1% FBS, fixed with
methanol for 15 min at 4°C, treated with 1 ug/ml of RNAse A ( Roche Applied Science,
Laval, Quebec) followed by staining with 50 pg/ml of Pl (Sigma-Aldrich, St-Louis, MO) at
4°C for 1 hr. The DNA content was then analyzed by flow cytometry (BD FACS Canto
equipped with BD FACS Diva software v5.0.3). Apoptosis was also measured by staining

cells (1.0x10%ml) with FITC-labeled Annexin-V (Molecular probes, Eugene, OR) for 15



min at room temperature in the dark followed by flow cytometry and data analysis using

Win-MDI version 2.8 software (J. Trotter, Scripps Institute, San Diego, CA).

3.5 Extraction of mitochondrial and cytosolic fractions

Cells (3X10°%) were suspended in 70 ul of cell lysis and mitochondria intact buffer

(120 mM KCI, ImM EDTA, 50 mg/ml digitonin in PBS) and incubated on ice for 5 min.

Thereafter the cells were subjected to 3500 rpm for 5 min at 4°C. The supernatant was stored
as the cytosolic fraction. Remaining pellet was suspended in 30 ul of universa
immunoprecipitation buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM
EGTA and complete protease inhibitors) and incubated on ice for 10 min followed by
centrifugation a 10,900 rpm for 10 min a 4°C. The supernatant was collected as the

mitochondrial fraction (389, 390).

3.6 Western blot analysis

Briefly, total proteins from cell lysates were subjected to SDS-PAGE followed by
transfer onto polyvinylidene difluoride membranes (Bio-Rad Laboratory, Hercules, CA).
The membranes were probed with antibodies specific for XIAP, Bcl-2, c-1AP-1, c-1AP-2,
CaMK-II, Bid, full length caspase 8, Bax, TRAF-1, TRAF-2, phospho-p38, phospho-Akt,
Akt, Mcl-1, Bcl-X, and GAPDH (all from Cell Signaling Tech, Inc., Danvers, MA), cleaved
caspase 8, phospho-JNK, JNK, phospho-ERK, ERK, p38 (Santa Cruz Biotechnology, Inc,

Santa Cruz, California), Vpr (gift from Dr. Eric Cohen, University of Montreal), ANT
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(MitoSciences,Eugene, Oregon) followed by donkey anti-rabbit secondary  polyclonal
antibodies conjugated to horseradish peroxidase (Amersham Bioscience, Montreal,

Quebec). All immunoblots were visualized by enhanced chemiluminescence (Amersham

Bioscience), as described previously.

3.7 Immunoprecipitation

Mitochondrial fraction was prepared as mentioned above. 30-100ug of mitochondrial

extract was incubated with anti-ANT antibodies for 2 hours at 4°C on a shaker and then

washed 3 times with lysis buffer at 2500 rpm.The pellet was then suspended in lysis buffer

and incubated with 20 pl of protein A/G Agarose beads (Santa Cruz Inc.) for 30 min at 4°C
on a shaker followed by resuspension in 40 ul of 1X electrophoresis sample buffer and

boiled for 5 min. 20 pl aliquots were anal yzed by western blotting.

3.8 Transient transfection

THP-1 cells were transiently transfected with either dominant negative (DN)-CaMK -
Il or empty vector plasmid using transfection reagent FUGENEG6 (Roche Applied Science,
Laval, Quebec). For transfection, 5 ug of the test plasmid was incubated for 30 min at room
temperature with 10 pl of FUGENEG6 in 100 ul of OPTI-MEM1 (Invitrogen, CA) medium to
allow formation of DNA-liposome complexes. These complexes were then added to the cell
suspension (1.0x106/ml) for 24 hr followed by stimulation with CpG for 12 hr. The cells

were treated with Vpr(52-96) overnight and the percentage of apoptotic cells was

determined by staining with Annexin-V and flow cytometry.
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The sSIRNAs against c-IAP-2, INK-1, INK-2 and CaMK-lly (Santa Cruz
Biotechnology, Inc, Santa Cruz, CA) were used to inhibit CpG-induced c-IAP-2 expression
and protection. Briefly, the control non-silencing SSRNA (Qiagen, Mississauga, ON) and c-
IAP-2 ssRNA were incubated with 3 pl of Fugene6 (Roche Applied Science, Laval, Quebec)
at a 1l:3 ratio (ug : pL) in 100 pl of serum free medium for 30 min at room temperature
before adding to THP-1 cells (O.25x106/0.5ml). After 5 hr of transfection, cells were
transferred into complete medium and stimulated with CpG (5 pyM) for 48 hr. The non-
slencing SRNA or JNK-1 and JNK-2 siRNA was used to transfect THP-1 cells
(0.25x10%0.5ml) using TransMessenger (Qiagen, Mississauga, ON) transfection reagent at a
ratio of 1.5 (ug: L) as per the manufacturer’s protocol. Similarly, CaMK-lly SsSRNA was
transfected using Fugene6 (Roche Applied Science, Laval, Quebec) transfection reagent at a
1:3 ratio (ug : pL) as described above. After 5 hr of transfection, cells were transferred into
complete medium and incubated for 24 hr followed by stimulation with CpG (5 uM) for 12
hr.

Mcl-1, Bcl-2, Bcl-X, TRAF-1 and TRAF-2 siRNAs (Santa Cruz Biotechnology,
Inc, Santa Cruz, CA) were transfected using Mirus TransIT-TKO transfection reagent
(Mirus, Madison, WI) in 50 pul of serum free medium for 30 min at room temperature before
adding to THP-1 cells suspended in 250 pL of complete medium in 24 well plates. After 5
hr of incubation additional 200 ul of complete medium were added to the wells followed by

48 hr incubation following which the cells were stimulated with CpG (5 uM) for 12 hr.

The caspase 8, Bid and Bax specific SRNAs (Santa Cruz Biotechnology, Inc, Santa

Cruz, CA) were transfected using the Mirus TransI T-TK O transfection reagent Mirus,
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Madison, W1) as described above for 24-48 hr. Following transfections the cells were treated
with 1.5 uM Vpr(52-96) for 5 hr (mitochondrial permeabilization measurement) or 24 hr

(apoptosis measurement).

3.9 Confocal microscopy

Briefly, THP-1 cells and monocytes were washed with PBS and plated on Poly-L-
lysine (Sigma-Aldrich, St-Louis, MO) coated coverdlips in 12 well plates for 20 min at
37°C. MDMs were generated as mentioned above directly on glass coverslips in 6 well
plates. The adhered cells were fixed (4% PFA in PBS for 30 min at 37°C) and quenched (10
min in 50 mM NH4CI in PBS). This was followed by permeabilization in 0.1% Triton in
PBS (10 min).

The cells were then incubated overnight at 4°C with primary antibodies conjugated
with fluorescent probes that is, @ Alexa flour 488-conjugated cytochrome c antibodies,
FITC-conjugated AlIF specific antibodies (Santa Cruz Biotechnology, Inc, Santa Cruz, CA),
FITC-conjugated monoclonal TLR-9-specific antibody and FITC-conjugated mouse 1gGza
isotype control antibody (both from Hycult Biotech, Plymouth Meeting, PA).

After permeabilization the cells were incubated overnight at 4°C with Tom20, Bax
6A7 and cleaved caspase 8 specific primary antibodies (all from Cell Signaling Tech, Inc.,
Danvers, MA). Thereafter cells were washed with blocking solution three times and

incubated with the secondary antibody conjugated with Alexa flour 488 (following Bax 6A7

and cleaved caspase 8) or Alexa flour 688 (following Tom 20) (Invitrogen, CA) for 1 hr at

room temperature.

48



Eventually the coverslips were washed with blocking solution three times and
mounted using Prolong Gold Antifade reagent with DAPI nuclear stain (Invitrogen, CA).
Confocal fluorescent images were obtained using a Zeiss LSM510 confocal scan head
mounted on a Zeiss Axiovert 200M on an inverted-base microscope with a 63X objective.

Images were anal yzed by Zeiss software and ImageJ (NIH freeware).

3.10 Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed to determine activation of NF-kB DNA binding. Briefly,
cells were stimulated with LPS or CpG ODN and nuclear and cytoplasmic proteins were
extracted from cell pellets using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Pierce), as per the manufacturer's instructions. Nuclear protein concentration was
measured by the Bradford method.

EMSAs were performed using annealed 5’ biotin-labeled duplex probes specific for
the NF-kB binding sites for induction of c-IAP-2, with the respective sequences as follows,
NF-kB site 1: 5 TC GGG GAT TTC CAT 3 and NF-kB site 3: 5 AG GGG AAC TCC
AGC 3 (Integrated DNA Technologies, USA) (391). Binding reactions were performed
using the Lightshift Chemiluminescent EMSA Kit (Thermo Scientific, Rockford, IL) as per
the manufacturer's instructions. Briefly, al binding reactions included 12 pg of nuclear
extract, 10x Binding Buffer (100 mm Tris, 500 mm KCI, 10 mm dithiothreitol), 50%
glycerol, 100 mm MgCl,, poly(dldC), 1% Nonidet P-40, and 10 pm of nuclear extract. To
determine the specificity of the proteins for the probe sequence, nuclear proteins were
incubated for 30 min at room temperature with an excess (500 pm) of annealed, unlabeled,

cold competitor probe. DNA-protein complexes were then resolved on a 5% non-denaturing

49



polyacrylamide gel, transferred to nylon membranes (Thermo Scientific, Rockford, IL).
Chemiluminescent detection was performed using the Lightshift Chemiluminescent EMSA

kit (Thermo Scientific, Rockford, IL), as per the manufacturer'sinstructions.

3.11 Determination of mitochondrial membrane permeability

Loss of Rhodamine 123 (107) and MitoTracker Green FM (392, 393) (both from
Invitrogen Molecular Probes) flouresence was used as an indicator of mitochondrial
membrane depolarization. Briefly THP-1 cells and MDMs were loaded with 100 ng/mL of
Rhodamine 123 and primary monocytes were loaded with 200 nM/mL, in serum free
medium and incubated for 30 min at 37°C after treatment with Vpr(52-96). Subsequently the
cells were washed with PBS and analyzed by flowcytometry for green fluorescence. Some
drawbacks of this approach include interruption of the mitochondrial respiration by the dye
itself, over staining other organelles like the endoplasmic reticulum, inability of the dye to
enter the cellular plasma membrane and degradation of the dye within the cell (449). In view
of these drawbacks, immunoflorescent staining for mitocondrial loss of AIF and cytochrome
c was employed as an alternate means of confirming mitochondrial membrane

permeabilization.

3.12 Caspase 8 detection assay

Caspase 8 activation was detected using FITC-IETD-FMK caspase 8 activation kit
(Calbiochem, San Diego, CA) according to manufacturer’s protocol. This kit provides a cell
permeable FITC-conjugated caspase 8 inhibitor that binds with cleaved caspase8. The
measure of FITC fluorescence reflects the degree of caspase 8 activation (394). Briefly,

monocytes and THP-1 cells, treated with 1.5 uM Vpr(52-96) for 2 hr and 5 hr, respectively,
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suspended in 300 pl of medium and 1 pl of FITC-IETD-FMK (caspase-8 detection Kit;
Calbiochem) was added. After 1 h of incubation at 37°C, cells were washed and anal yzed

for caspase 8 activation by flow cytometry.

3.13 Transmission electron microscopy

Cells were centrifuged and precipitated in glutaraldehyde followed by standard
double fixation using glutaraldehyde and osmium tetraoxide. The samples were processed
using Leica EMTP and cut on Leica Ultra UC6 ultra microtome and counterstained with
lead citrate and uranyl acetate. The images were visualized and captured using Jeol 1230

transmi ssion el ectron microscope equipped with AMT digital software.

3.14 Statistical analysis

Data sets were analyzed by the two tailed Student's t-test using Microsoft
Excel software. In every graph only two groups are anayzed making t-test an
appropriate statistical marker. The protective effect of TLR-ligands was calculated as %
apoptosisrelative to the Vpr-induced apoptosis. Where no error bars are added the experiment

was performed only once.

3.15 Ethics Statement

Blood was obtained from healthy volunteers after approva of the protocol by the
ethics review committee of the Ottawa Hospital, Ottawa, Ontario, Canada. A written

informed consent was obtained from the study parti cipants.
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Chapter 4. Bacterial DNA protects human monocytic cells against HIV-Vpr-induced
apoptosis by cellular inhibitor of apoptosis-2 through the calcium-activated JNK

pathway in a TLR-9-independent manner

4.1 Chapter 4: Introduction

Monocytic cells represent a key target of HIV and play a crucia role in disease
progression (300). Monocytes, MDM and tissue macrophages can be productively infected
by HIV (5, 6). Persistently-infected monocytic cells serve as a magjor reservoir of HIV in
lymphoid tissues at al stages of disease and represent a key challenge to eradicating HIV
infection. It is generally believed that monocytic cells, unlike T cells, survive HIV
replication without major signs of HIV-induced cytopathic effects (5, 6, 300). However,
MDMs were shown to undergo apoptosis following in vitro infection with HIV, which was
mediated by down regulation of Akt-1 and the FOXO3a transcription factor (161, 395). It
appears that monocytic cells can undergo apoptosis but may escape HIV cytopathic effects
as aresult of certain factors reducing their sensitivity to apoptosis (301). For example, nerve
growth factor was shown to act as an autocrine survival factor that rescued monocytic cells
from the cytopathic effects of HIV (396), whereas IL-13 decreased their spontaneous
apoptosis from HIV-infected patients (397). However, the mechanism(s) underlying the
development of resistance to HIV-induced apoptosis in monocytic cells are poorly
understood and may result in viral persistence.

Viral protein R (Vpr), is a multifunctiona regulatory protein of HIV, can induce cell
cycle arrest at the G2/M phase of the cell cycle (184), and promotes apoptosis in T cells

(222), monocytes (236) and neurona cells (191). Vpr-induced cell cycle arrest has been
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suggested to create a favorable environment for maximal virus production (222). Vpr isaso
secreted from HIV-infected cells and has been detected in the serum and cerebrospinal fluid
of HIV-infected patients at levels similar to those of the HIV-p24 antigen (181). Notably,
extracellular Vpr can aso be efficiently taken up by cells and its transport appears to be
independent of cellular receptors or ionic gradients (184, 398). Moreover, circulating Vpr is
biologically active as it has been shown to induce virion production from latently-infected
cells and apoptosis of uninfected bystander cells (181, 399).

Multiple functions of Vpr have been attributed to its different domains. Mapping
studies performed on isolated mitochondria revealed that the N-terminal 1-51 aa of Vpr,
Vpr(1-51), are vital for virion incorporation and nuclear localization, whereas the C-terminal
52-96 aa, Vpr(52-96), induce cell cycle arrest and apoptosis (184, 185, 239, 398). Vpr can
cause apoptosis either upon infection with Vpr-expressing HIV isolates or following
exposure of cellsto the purified protein (191, 235, 236). We and others have shown that this
apoptotic effect is mimicked by Vpr(52-96) but not by the Vpr(1-51) moiety (242).

Activation of monocytic cells by microbial components has been shown to confer
anti-apoptotic survival signals (9, 10). Recently, elevated levels of microbial products, as a
consequence of their translocation from the gut, were found in the serum of persons with
chronic HIV infection and this was linked to systemic immune activation and
immunodeficiency (11, 385). Moreover, immune responses to severa co-infections, like
those causing endotoxaemia and tuberculosis, have been considered to be a crucia factor in
HIV pathogenesis and disease progression (376, 400). | hypothesized that monocyte
activation by such microbial products interacting with their corresponding TLRs may confer

anti-apoptotic survival signals against HIV-induced cytopathic effects in these cells. My
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results show for the first time that among various TLR agonists examined, pre-treatment
with TLR-9 ligand, CpG ODN, afforded maximum protection in monocytic cells against
HIV-Vpr-induced apoptosis. Subsequently, | investigated the mechanism underlying CpG-
mediated protection against HIV-induced cytopathic effects in monocytic cells by using
Vpr(52-96) peptide as a model apoptosis causing agent. Results presented in this study
further suggest that this resistance to apoptosis was mediated through TLR-9-independent
signaling via induction of the c-IAP-2 gene and involved the selective activation of

CaM/CaMK-II and INK MAPK.



4.2 Chapter 4: Results

4.2.1 Monocytic cells are susceptible to Vpr(52-96)-induced apoptosis before differentiation
into macrophages

Vpr-containing retroviruses have been shown to induce apoptosis in human
monocytic cells (236, 250). To precisely delineate the signaling pathways involved in
Vpr(52-96)-induced apoptosis, synthetic Vpr peptides were utilized as these are free of
contaminating bacterial products present in recombinant Vpr proteins and certain non-
specific or undefined factors present in retroviral supernatants which may be capable of non-
specifically and/or transiently activating various signaling pathways. Moreover, Vpr(52-96)
peptide mimics the apoptotic activity of full length Vpr-peptide (250). Even though V pr(52-
96) induced significant apoptosis in undifferentiated primary monocytes and THP-1 cells
(Fig 4.1A and B), differentiated MDMs displayed a marked resistance to Vpr(52-96)-
induced apoptosis (Fig 4.1C). Three Vpr arginine residues at sites 73, 77 and 80 have been
shown to be essentia for Vpr-mediated mitochondrial permeabilization and apoptosis (238,
239). The control mutant Vpr(52-96) peptide with arginine to alanine mutations at sites 73,
77 and 80 did not induce cell death either in MDMs or THP-1 cells (Fig 4.1C and D).
Interestingly both Vpr(52-96) and mutant Vpr(52-96) were able to enter the cell indicating
that apoptosis abolishing mutations in Vpr(52-96) did not affect the ability of Vpr to

penetrate the cell wall (Fig 4.1E).
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Fig 4.1: Vpr(52-96) induces apoptosis in undifferentiated monocytic cells but not in
differentiated macrophages.

Cells (1.0x10%ml) were treated with various concentrations of Vpr(52-96) for 4 hr in
monocytes (A) or for 24 hr in THP-1 cells (B) followed by Annexin-V staining and flow
cytometry for analysis of apoptosis. C. MDMs (1.0x10%ml) were treated with 1.5 pM
Vpr(52-96) or mutant Vpr for 24 hr followed by intracellular Pl staining and measurement of
apoptosis by flow cytometry. D. THP-1 cells (1.0x10%ml) were also treated with varying
concentrations of mutant Vpr for 24 hr and then analyzed by intracellular Pl staining and
flow cytometry. E. Mitochondrial extracts harvested from THP-1 cells (3.0x10%ml) treated
with 1.5 uM Vpr(52-96) or mutant Vpr for 1 hr were analyzed by western blotting using
antibodies against full length Vpr. Resultsin A, B, C and D are expressed as mean + SD of
three independent experiments. *(p <0.05), ** (p <0.005) The p values were calculated
against media/cells alone. No loading control for (E) was performed as the purpose of this
experiment was to determine, qulitatively and not quantitavely, if both wild type and mutant
Vpr had access to the mitochondria.
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4.2.2 Sequential exposure of undifferentiated monocytic cells to low non-apoptotic
concentrations of Vpr causes apoptosis

Despite the apoptogenic affect of Vpr at high concentrations, low concentrations of
Vpr have been shown to protect CD4+ T cells against apoptotic agents like cyclohexamide,
TNF-a and sorbitol (401, 402). To determine if low concentrations of Vpr protected
monocytic cells against Vpr-mediated cytopathic effects, we sequentially treated monocytic
cells with two low, non-apoptogenic concentrations of Vpr(52-96) at intervals of 24 hr in
THP-1 cells and 2 hr in primary monocytes followed by measurement of apoptosis. It was
observed that cells that recelved two treatments with low doses of Vpr(52-96) exhibited
significantly higher apoptosis compared to cells receiving single dose of Vpr (Fig 4.2).
These results suggest that low concentrations of Vpr(52-96) instead of conferring protection
enhanced apoptosis upon subsequent exposures to a low non-apoptotic dose of Vpr(52-96).
Additionaly both low and high doses of Vpr(52-96) induced comparable phosphorylation of
al three MAPKinases, that is, JINK, p38 and ERK (Fig 4.3). Taken together this data
indicates that low non-apoptotic concentrations of Vpr present in the serum of HIV-infected
individuals (181) may be apoptotic for primary monocytes and thus may have biological

relevance as an apoptosi s-inducing agent under in vivo conditions.
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Fig 4.2: Sequential exposure of undifferentiated monocytic cells to low non-apoptotic
concentrations of Vpr causes apoptosis.

THP-1 cells and primary monocytes (1.0x10°ml) were treated with a first non-
apoptotic dose of 0.25 uM Vpr(52-96) for 24 hr in THP-1 cells and for 2 hr in primary
monocytes. Cells were treated with a second low dose of either 0.25 or 0.5 uM Vpr(52-96)
for another 24 hr in THP-1 cells and for 2 hr in primary monocytes. Cells were then
anayzed by Annexin-V staining and flow cytometry for the measurement of apoptosis.
Results are expressed as a mean + SD of three independent experiments. *(p <0.05), ** (p
<0.005) The p values were calculated against media/cell alone.

58



THP-1

30 A

20 A
15 -

% apoptotic cells

0.25 0.25 0.25
Media + + +

0 0.25 0.5

Vpr(52-96) uM

Monacytes
60 -
50 .
40
30
20
10

0 -

% apoptotic cells
| | |

0.25 0.25 0.25
Media + + +
0 0.25 0.5

Vpr(52-96) UM

Figure 4.2



Fig 4.3: Exposure to both low and high doses of Vpr(52-96) induces comparable
activation of MAPK signaling pathway.

THP-1 cells (1.0x10%ml) were treated with either low, non-apoptotic dose of 0.25
UM Vpr(52-96) or with high, apoptosis inducing dose of 1.5 yM Vpr(52-96) for 10-60 min.
Total cellular proteins were subjected to immunoblotting and the membranes were
sequentially probed with antibodies specific for phospho-JNK, phosphor-p38 and phopho-
ERK. The membranes were probed with anti-total INK, p38 and ERK antibodies to serve as
aloading control.

59



o I
T 5 15 0.25 Ul
& 5 0.25 M e e e
10 15 30 60 10 15 3060min 18 4 < B 40 13 SHehh
pJNK —_—— el pp38 - —— e ——

UNK [ESSSSS——— g e g

NMedia

15 M 0.25 Ul
10 15 30 60 10 15 3060min

oERK

ERK - oo e» e @S aw =

Figure 4.3



4.2.3 TLR-9 ligand CpG, induces protection against Vpr(52-96)-mediated apoptosis in
primary monocytes and THP-1 cells

Recently, translocation of various microbia products, like LPS, from the gut have
been implicated in causing systemic immune activation, TLR stimulation (11, 385) and
upregulation of programmed death receptors-1 on monocytes (384) in HIV-infected
individuals. Therefore, | hypothesized that stimulation with various TLR ligands may
protect monocytic cells against Vpr(52-96)-induced apoptosis. To determine the effect of
TLR-ligands on V pr(52-96)-induced apoptosis, THP-1 cells and monocytes, were stimulated
initially with LTA, Poly I:C, LPS, imiquimod and CpG-B ODN, the ligands for TLR-2,
TLR-3, TLR-4, TLR-7 and TLR-9, respectively, followed by treatment with Vpr(52-96)
peptide and analysis for apoptosis. Pretreatment with LTA decreased apoptosis by 60% in
THP-1 cells (Fig 4.4A) and about 50% in monocytes (Fig 4.5A) whereas LPS pretreatment
exhibited a modest protection (Fig 4.4A). In contrast, imiquimod and Poly I:C did not
induce protection against Vpr(52-96)-induced apoptosis (Fig 4.4A). Interestingly,
pretreatment with TLR-9 agonists, synthetic CpG-B ODN and E. coli DNA at
concentrations recommended by the manufacturer reduced apoptosis by more than 80% and
50%, respectively, in THP-1 cells in a dose-dependent manner (Fig 4.4). CpG ODNs with
small differences in the nucleotide sequences have been classified into separate classes
loosely based on the cell specific response elicited by each ODN. Type A ODNSs have been
described to induce cytokines in pDCs whereas type B ODNs have been shown to activate
both B cells and pDCs. Type C ODNs have been depicted to have some properties of both
type A and B ODNSs (344, 358, 359). Interestingly stimulation of THP-1 cells with different

types of CpG ODNSs, ie, type A, B and C, prior to Vpr(52-96) treatment yielded comparable
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protection from apoptosis, indicating that protection afforded by CpG ODNs against
Vpr(52-96)-mediated apoptosis in independent of the nucleotide sequence of CpG ODNSsin
human monocytic cells (Fig 4.4C). Where not mentioned the experiments were performed
with type B CpG ODN, here on referred to as CpG. Similar results were obtained in primary
monocytes following CpG and E. coli DNA stimulation (Fig 4.5B and C). Notably, CpG
failed to induce protection if cells were treated with Vpr(52-96) prior to CpG stimulation

(Fig 4.5D).
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Fig. 44:. TLR-2, TLR-4 and TLR-9 agonists induce resistance against Vpr(52-96)-
mediated apoptosisin THP-1 cells.

A. THP-1 cells (1.0x10°%ml) were stimulated with either 5 pg/ml LTA, 50 pg/ml
Poly I:C, 1ug/ml LPS, 10 pg/ml imiquimod or 5 uM CpG B for 12 hr followed by treatment
with 1.5 uM Vpr(52-96) for 24 hr. B. THP-1 cells (1.0x10s/ml) were stimulated with
increasing concentrations of CpG-B for 12 hr followed by treatment with 1.5 pM Vpr(52-
96) for 24 hr. C. THP-1 cells (1.0x10%ml) were stimulated with 5 pM CpG A, B and C for
12 hr followed by treatment with 1.5 uM Vpr(52-96) for 24 hr. D. THP-1 cells (1.0x10%ml)
were stimulated with increasing concentrations of E. coli DNA for 12 hr followed by
treatment with 1.5 uM Vpr(52-96) for 24 hr. Cells were analyzed by Annexin-V staining for
the measurement of apoptosis. Results in A and C are expressed as a mean + SD of three
independent experiments. Results in B and D show a representative experiment. The
protective effect of TLR-ligands was calculated as % apoptosis relative to the Vpr-induced
apoptosis following normalization against apoptosis in cells cultured in media aone.
*( p<0.05) ** (p <0.005). The p values were calculated against V pr(52-96) treated cells.
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Fig. 4.5: TLR-9 agonists induce resistance against Vpr(52-96)-mediated apoptosis in
primary human monocytes.

A. Primary monocytes (1.0x10%ml) were stimulated with 5 pug/ml LTA for 12 hr
followed by treatment with 1.5 uM Vpr(52-96) for 4 hr. B. Primary monocytes (1.0x10%ml)
were stimulated with 5 uM CpG for 12 hr followed by treatment with 1.5 yM Vpr(52-96)
for 4 hr. C. Primary monocytes (1.0x10°/ml) were stimulated with 25 pg E. coli DNA for 12

hr followed by treatment with 1.5 pM Vpr(52-96) for 4 hr. D. Primary monocytes
(1.0x10%ml) were treated with Vpr(52-96) for 2 hr followed by stimulation with 5 pM CpG

for 12 hr. Cells were analyzed by Annexin-V staining for the measurement of apoptosis.
Resultsin A, C, D and right panel in B are expressed as amean + SD of three independent
experiments. Results in left panel in B show a representative experiment. The protective
effect of TLR-ligands was calculated as % apoptosis relative to the Vpr-induced apoptosis
following normalization against apoptosis in cells cultured in media alone. *p <0.05) ** (p
<0.005). The p vaueswere calculated against Vpr(52-96) treated cells.
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4.2.4 CpG-induced protection against Vpr(52-96)-mediated apoptosis is regulated by anti-
apoptotic c-|AP-2 gene

Cell survival is regulated by distinct anti-apoptotic genes in different cell types (68).
To identify anti-apoptotic gene(s) involved in CpG-induced protection against V pr(52-96)-
mediated apoptosis, | first analyzed the induction of pro-/anti-apoptotic genes, c-1AP-1, c-
IAP-2, XIAP, Bcl-2, Mcl1 and Bax in CpG-stimulated THP-1 cells and primary monocytes.
The results show that both CpG and E. coli DNA upregulated c-1AP-2 expression in THP-1
cells in a dose-dependent manner. Similar results were obtained in primary monocytes
following CpG treatment as well. However, no significant change was observed in the
expression of c-IAP-1, XIAP, Bcl-2, Mcl1 or Bax genes in either cell type following CpG
treatment (Fig 4.6A). In accordance with the above results showing that pretreatment with
Vpr(52-96) abrogated CpG-induced resistance against Vpr(52-96)-mediated apoptosis (Fig
4.5D), monocytes did not exhibit c-IAP-2 induction in response to CpG if they had been
pretreated with Vpr(52-96) (Fig 4.6B). It is interesting to note that both TLR-4 and TLR-2
ligands, LPS and LTA respectively, aso induced enhanced expression of c-IAP-2 (Fig
4.6C).

Since CpG selectively induced c-1AP-2 expression, | hypothesized that CpG-induced
protection may be regulated by c-IAP-2. Therefore, THP-1 cells were transfected with
SIRNA against c-1AP-2 prior to stimulation with CpG. c-1AP-2 specific SSIRNA significantly
inhibited CpG-induced c-1AP-2 expression compared to the cells transfected with non-
silencing control sSIRNA (Fig 4.7A). Significantly, prior stimulation with CpG failed to
inhibit Vpr(52-96)-induced apoptosis in cells transfected with c-IAP-2 SRNA compared to

the cells transfected with control SSRNA (Fig 4.7B). These results suggest that the protective



effect of CpG against Vpr(52-96)-mediated apoptosis may be regulated via c-IAP-2
induction in monocytic cells.

To confirm the role of CpG-induced c-IAP-2 in conferring protection against
Vpr(52-96)-mediated apoptosis, | used SMAC mimetic (SMC) AEG-730. These are
synthetically produced novel small molecules that mimic the activity of cellular SMAC and
target 1APs for rapid degradation (106). THP-1 cells and primary monocytes were treated
with SMC and CpG. Consistent with the results observed with c-IAP-2 SSRNA (Fig 4.7),
stimulation with CpG failed to inhibit Vpr(52-96)-induced apoptosis in THP-1 cells or
primary monocytes treated with SMC (Fig 4.8A and B). Significantly, treatment with SMC
also inhibited CpG-induced c-IAP-2 expression (Fig 4.8C). Please note that treatment with
SMC aone did not cause apoptosis in either cell type (Fig 4.8D and E). These results
combined with the SRNA data support a protective role for c-IAP-2 in CpG-induced

resistance to apoptosis caused by Vpr(52-96) in human monocytic cells.
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Fig. 4.6: CpG selectively up regulates anti-apoptotic c-l AP-2 protein in THP-1 cellsand
primary monocytes.

A. Monocytes (2x10%ml) and THP-1 cells (1.0x10%ml) were stimulated with
increasing concentrations of CpG (0-10 uM) and E. coli DNA (0-25 ug) for 12 hr. B.
Monocytes (2x10%ml) were treated with 1-2 uM Vpr(52-96) for 2 hr followed by
stimulation with 5 pM CpG for 12 hr. C. THP-1 cells (1.0x10%ml) were stimulated with 1
pg/ml of LPS or with increasing concentrations of LTA (0-100 ug) for 12 hr. Total cellular
proteins were subjected to immunoblotting and the membranes were sequentially probed
with antibodies specific for c-IAP-1, c-IAP-2, Bcl-2, BcL XL, McL1, Bax and XIAP
proteins. The membranes were probed with anti-GAPDH antibodies to serve as a loading
control. The results shown are a representative of three independent experiments.
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Fig. 4.7. sSRNA-mediated knockdown of c-IAP-2 abrogates CpG-induced protection
from Vpr(52-96)-mediated apoptosis.

A. THP-1 cells (0.25x10%0.5ml) were transfected with 1 pg of either c-IAP-2 or
non-silencing control sSIRNA for 5 hr followed by stimulation with CpG (5 puM) for 48 hr.
Subsequently total cell proteins were analyzed for c-1AP-2 expression by immunaoblotting.
B. Transfected cells were stimulated with CpG (5 uM) for 48 hr followed by treatment with
1.5 uM Vpr(52-96) for 24 hr and measurement of apoptotic cells by Annexin-V staining.
Results in A and lower panel in B are representative of three independent experiments. The
resultsin the top panel in B are expressed as a mean + SD of three independent experiments.
*( p <0.05) ** (p <0.005).
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Fig. 4.8. SMC-mediated knockdown on c-lAP-2 abrogates CpG-induced protection
from Vpr (52-96)-mediated apoptosisin THP-1 cellsand primary monocytes.

THP-1 cells (A) and primary monocytes (B) (1.0x10%ml) were stimulated with 100
and 200 nM AEG-730 SMC and 5 uM CpG for 12 hr followed by treatment with 1.5 uM
Vpr(52-96) for 24 hr in THP-1 cells and for 4 hr in monocytes before measurement of
apoptosis by Annexin-V staining. C. THP-1 cells (1.0x10%ml) were treated with 100 and
200 nM AEG-730 SMC and 5 uM CpG for 12 hr. Cell lysates were analyzed for c-1AP-2
expression by immunoblotting. THP-1 cells (D) and primary monocytes (E) (1.0x10%ml)
were stimulated with 100 and 200 nM AEG-730 SMC for 40 hr followed by measurement of
apoptosis by Annexin-V staining. Results in C and the right panel in A are representative of
three independent experiments. The resultsin B, D, E and the left panel in A, are expressed
as a mean + SD of three independent experiments. The protective effect of CpG was
calculated as % apoptosis relative to the Vpr-induced apoptosis after normalization against
apoptosisin cellsaone. *(p <0.05) ** (p <0.005). US: unstimulated
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4.2.5 Induction of c-1AP-2 by CpG is regulated by NFkB transcription factor in THP-1 cells

Induction of c-IAP-2 by various stimuli has previously been shown to be regulated
by NFKB, cCAMP response element or glucoccorticoid response element binding sites in the
c-IAP-2 promoter region in T cells, lung cancer cells and colon cancer cells, respectively
(391, 403-405). LPS has specifically been reported to induce c-IAP-2 by inducing
translocation of cytosolic NFKB into the nucleus and binding with NFkB site 1 on c-1AP-2
promoter region where as TNF-a-mediated c-IAP-2 induction has been shown to require
both NFKB binding sites 1 and 3 (391). In order to determine whether transcriptional
regulation of CpG-induced c-1AP-2 was also mediated via NFKB, nuclear extracts harvested
from THP-1 cells treated with CpG were anayzed by EMSA for binding of NF-kB to NF-
KB oligonucleotide probes corresponding to NFKB binding site 1 and site 3 in the c-IAP-2
promoter. Nuclear extract from cells treated with LPS was used as a positive control. The
results showed significant shift in CpG and LPS treated samples as compared to cells
cultured in media alone indicating involvement of NFKB binding site 1 and NFkB in CpG
and LPS-mediated c-IAP-2 induction in human monocytic cells (Fig 4.9A and B).
Interestingly, similar to LPS and unlike TNF-a, CpG-mediated regulation of c-IAP-2 was
found to be independent of NFkB binding site 3. The specificity of NF-kB binding was

demonstrated by competition with unlabeled oligonucleotides (Fig 4.9A and B).
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Fig. 4.9: NF-kB transcription factor binds to the NF-kB binding site 1 on the c-1AP2

promoter in CpG-stimulated cells
A. THP-1 cells (2.0x10%ml) were treated with CpG (5 uM) for 15 min to 4 hr. B.

THP-1 cells (2.0x10%ml) were treated with LPS (1 pg/ml) or CpG (5 pM) for 30 min and 45
min respectively. Cell pellets were harvested and nuclear protein extracts were subjected to
EMSA as described in Materials and Methods to measure DNA binding activity of NF-kB.
Cold competitor (CC) lanes contained 50x excess of unlabeled probes compared with biotin-
labeled probes. US: unstimulated
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4.2.6 CaM/CaMK-II activation regulates CpG-induced c-lAP-2 expression and protection
against Vpr(52-96)-mediated apoptosis in primary monocytes and THP-1 cells
CaM/CaMK-I1 pathway has previously been demonstrated to regulate response to
TLR-ligands in monocytic cells (406, 407). Therefore, | hypothesized that in addition to the
INK pathway, CpG-induced protection against Vpr-mediated apoptosis may also be
regulated by the calcium signaling pathway in monocytic cells. Consistent with my
hypothesis, CpG treatment was found to cause rapid calcium influx in THP-1 cells that was
inhibited upon addition of calcium chelator EGTA in THP-1 cells (Fig 4.10A). The
biological activity of various pharmacological inhibitors of calcium signaling pathway
namely, SKF, W-7, EGTA and KN-93 was confirmed by their ability to inhibit CpG-
induced CaMK-11 phosphorylation in a dose-dependent manner in THP-1 cells (Fig 4.10B).
Notably, more than 24 hr treatment of THP-1 cells and primary monocytes with the highest
concentrations of all the inhibitors used in this study did not cause significant apoptosis (Fig
4.10C). Elevated cytoplasmic calcium concentrations occur in response to stimuli that
activate voltage or ligand-gated calcium channels in the plasma membrane or following the
release of calcium mainly from the endoplasmic reticulum (ER) (408). Interestingly,
treatment with calcium chelator, EGTA, prior to stimulation with CpG reversed the CpG-
mediated protection against V pr(52-96)-induced apoptosis in both THP-1 cells and primary
monocytes (Fig 4.11A). The role of receptor-mediated entry of extracellular Ca?* was
studied by using SKF-96365 (388). To determine whether calcium release from ER
regulates CpG-induced resistance to Vpr-mediated apoptosis, | used 2-APB, which inhibits
the release of calcium from ER by blocking 1P3 receptor-gated channels (325). Unlike 2-

APB, SKF-96365 treatment prior to stimulation with CpG reversed the CpG-mediated
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protection against V pr(52-96)-induced apoptosis in both cell types (Fig 4.11A). Calmodulin,
a major calcium receptor, is present in both cytoplasmic and nuclear compartments. The
calcium/CaM complex regulates severa downstream targets including protein kinases and
phosphatases. One major family of calcium/CaM effectors is CaMK which includes
multifunctional kinases, CaMK-Il and calcineurin (321, 409). The role of CaM, CaMK-II
and calcineurin was determined by using their inhibitors W-7, KN-93 and FK-506,
respectively. Unlike FK506, pretreatment with both W-7 and KN93 significantly reversed
the CpG-mediated protection against Vpr(52-96)-induced apoptosis in both cell types (Fig
4.11A). These inhibitor studies suggest that protection induced by CpG is mediated via
influx of extracellular calcium and CaM/CaMK-I| activation whereas ER calcium stores and
calcineurin do not play a significant role in CpG-induced protection from apoptosis caused
by Vpr(52-96) treatment. In addition, pretreatment with EGTA, SKF, KN-93 and W-7 also
prevented CpG-induced expression of c-IAP-2 in THP-1 cells and monocytes (Fig 4.11B)
suggesting that c-1AP-2 induced by CpG was instrumental in protecting cells from apoptosis
caused by Vpr(52-96).

The role of CaMK-IlI was confirmed by transfecting THP-1 cells with CaMK-1I
specific SSIRNA as well as a DN-CaMK-11 construct followed by stimulation with CpG and
subsequent determination of c-IAP-2 expression and Vpr(52-96)-induced apoptosis.
Transfection with both CaMK-11 SsIRNA and DN-CaMK-II construct significantly inhibited
both, the c-IAP-2 expression induced by CpG (Fig 4.12A and C) and the protective effects
of CpG (Fig 4.12B and D) compared to the cells transfected with control SSRNA or control

vector. These results suggest that CpG-induced protection against Vpr(52-96)-mediated
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apoptosis is regulated, at least in part, by c-1AP-2 expression through the activation of INK
and CaMK-I1I in human monocytic cells.

Given the similarity in transcriptional regulation of c-IAP-2 by LPS and CpG (Fig
4.6C left panel and 4.9B) and the significance of calcium signaling for CpG-mediated c-
IAP-2 induction (Fig 4.10-4.12), | wanted to explore whether the CaM/CaMK-I1-mediated
signaling was involved in LPS-mediated c-IAP-2 regulation. To this end SKF-96365 and
EGTA were used to prevent influx of calcium ions through the voltage gated calcium
channels on the cell surface (388). Furthermore inhibitors of CaM and CaMK-II, W-7 and
KN-93, respectively, were used to determine the role of these modulators in LPS-mediated
c-IAP-2 induction (321, 409). Similar to CpG, prior treatment with EGTA, SKF-96365, W-7

and KN-93 inhibited c-IAP-2 expression in LPS treated cells (Fig 4.13).
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Fig. 4.10: CpG treatment induces calcium influx and CaMK-II phosphorylation in
THP-1cédls.

A. THP-1 cells (1.0X10%ml) were loaded with Fluo3/AM. Cells were then
stimulated with 5 uM CpG or 5mM of ionophore A23187 in the presence and the absence of
EGTA. The resulting C&* influx was measured by flow cytometry. B. THP-1 cells
(1.0x10%ml) were treated with various concentrations of EGTA, W-7, SKF and KN-93 for 2
hr before stimulation with 5 uM CpG for 15 min. Cell lysates were analyzed for CaMK-I1
phosphorylation by immunoblotting. Protein loading was normalised by reprobing the
membranes with total anti-CaMK-I1I antibodies. C. 20 mM EGTA, 25 uM W-7, 50 uM SKF
and 50 UM KN-93 were added to THP-1 cells (1.0x10%ml) for 40 hr followed by analysis of
apoptosis by Annexin-V staining. US: unstimulated
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Fig. 4.11. CpG-mediated resistance to Vpr(52-96)-induced apoptosis is regulated
through the activation of CaM/CAMK-I1.

A.THP-1 cells and primary monocytes (1.0x10%ml) were treated with various
concentrations of EGTA, W-7, SKF, KN-93, APB and FK-506, for 2 hr prior to stimulation
with 5 uM CpG for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) for 24 hr
in THP-1 cells and 4 hr in monocytes, followed by analysis of apoptosis by Annexin-V
staining. Results are expressed as a mean = SD of three independent experiments. B. THP-1
cells (1.0x10°%ml) and primary monocytes (2.0x10%ml) were treated with increasing
concentrations of EGTA, W-7, SKF and KN-93 for 2 hr followed by stimulation with 5 uM
CpG for 12 hr. Cell lysates were analyzed for c-IAP-2 expression by immunoblotting. The
results shown in B are representative of three independent experiments. The protective effect
of CpG was caculated as % apoptosis relative to the Vpr-induced apoptosis after
normalization against apoptosisin cells alone. p <0.05, ** p <0.005. The p values calculated
for EGTA, SKF, KN93 and W7 were against cells treated with CpG and Vpr.
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Fig. 4.12: CaMK-Il SSRNA and DN-CaMK-I1 vector reverse CpG-mediated resistance
to Vpr(52-96)-induced apoptosis.

A. THP-1 cells (0.25x10%0.5ml) were transfected with 1 pg of either CaMK-II
siRNA or non-silencing siRNA for 24 hr, followed by stimulation with 5 yM CpG for 12 hr.
Cell lysates were anayzed for c-IAP-2 and CaMK-Il expression by immunoblotting. B.
THP-1 cells transfected with CaMK-1I or non-silencing SsSRNA as above, were stimulated
with 5 yM CpG for 12 hr prior to treatment with 1.5 pM of Vpr(52-96) for 24 hr followed
by measurement of apoptotic cells by Annexin-V staining. Results are expressed as a mean
+ SD of three independent experiments. The results shown in A and left panel in B are
representative of three independent experiments. C. THP-1 cells (1x10°/ml) were transfected
with DN-CaMK-II or control vector for 24 hr, followed by stimulation with 5 uM CpG for
12 hr. Cell lysates were analyzed for c-1AP-2 expression by immunoblotting. D. THP-1 cells
transfected with DN-CaMK-11 or control vector as above, were stimulated with 5 uM CpG
for 12 hr prior to treatment with 1.5 yM of Vpr(52-96) for 24 hr followed by measurement
of apoptotic cells by Annexin-V staining. The results shown are representative of two
independent experiments. *p <0.05, ** p <0.005.
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Fig. 4.13: Pretreatment with CaM/CaMK-I1 inhibitors abrogates L PS-mediated c-
|AP-2 expression in THP-1 cells.

THP-1 cells (1.0x10%ml) were treated with increasing concentrations of EGTA, W-
7, SKF and KN-93 for 2 hr followed by stimulation with 1 pg/ml LPS for 12 hr. Cell lysates
were analyzed for c-lIAP-2 expresson by immunaoblotting. The results shown are
representative of three independent experiments.
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4.2.7 IJNK activation regulates CpG-induced c-IAP-2 expression and protection from

Vpr(52-96)-mediated apoptosis in primary monocytes and THP-1 cells

The c-IAP-2 gene has been shown to be regulated by the extracellular signal-
regulated kinase (ERK) and p38 MAPKs in human colon epithelial cells and by
phosphoionositide-3 kinase (PI3K) pathway in human breast cancer MCF-7 cells (403, 410).
To determine the role of MAPK and PI3K pathways in CpG-induced protection against
Vpr(52-96)-induced apoptosis, specific pharmacological inhibitors of these pathways were
used. First, the biological activity of SB203580, SP600125, PD98059 and Ly294002, the
specific inhibitors for p38, INK, ERK and Akt, respectively, were confirmed for their ability
to inhibit phosphorylation of corresponding kinases in response to CpG stimulation (Fig
4.14A). Thereafter, THP-1 cells were treated with SP600125, PD98059, SB203580 and
Ly294002 before stimulation with CpG followed by treatment with Vpr(52-96) and analysis
for apoptosis. Interestingly, pretreatment with JNK inhibitor, SP600125 significantly
prevented protection afforded by CpG in THP-1 cells. In contrast, inhibitors for p38, ERK or
PI3K pathways did not affect CpG-mediated protection in these cells (Fig 4.14B). Similar
results were obtained in primary monocytes with respect to JNK inhibition (Fig 4.14C).
Notably more than 24 hr treatment with highest dose of SP600125 did not induce apoptosis
in the cells (Fig 4.14D). In accordance with the protection results, pretreatment of THP-1
cells and primary monocytes with SP600125 prevented CpG-induced c-1AP-2 expression
whereas inhibiting p38, ERK or Akt phosphorylation did not affect c-IAP-2 induction (Fig
4.14E).

The involvement of JNK in CpG-induced protection was further confirmed by

transfecting THP-1 cells with either control non-silencing SSRNA or INK siRNAs for 48 hr
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and stimulating with CpG for 12 hr followed by Vpr(52-96) treatment. Consistent with the
JNK inhibitor studies (Fig 4.14), cells transfected with INK siRNAs displayed a marked
lack of protection against Vpr(52-96)-induced apoptosis compared to control sIRNA
transfected cells (Fig 4.15A). Moreover, cells transfected with JNK sSIRNA failed to
upregulate CpG-induced c-1AP-2 expression compared to control SIRNA transfected cells

(Fig 4.15B).
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Fig. 4.14: JNK MAPK regulates CpG-induced expression of c-IAP-2 and protection
from Vpr (52-96)-mediated apoptosis.

A. THP-1 cells (1.0x10°/ml) were treated with various concentrations of SP600125
(SP), SB203580 (SB), PD98059 (PD) and Ly294002 (Ly), for 2 hr before stimulation with 5
MM CpG for 15 min. Cell lysates were analyzed for JNK, p38, Akt or ERK phosphorylation
by immunoblotting. Protein loading was normalised by reprobing the membranes for total
JINK, p38, Akt and ERK antibodies, respectively. THP-1 cells (B) and primary monocytes
(C) (1.0x10%ml) were treated with various concentrations of SP600125, SB203580,
PD98059 and Ly294002 for 2 hr prior to stimulation with 5 pM CpG for 12 hr.
Subsequently cells were treated with 1.5 yM Vpr(52-96) for 24 hr in THP-1 cells and 4 hr
in monocytes, followed by analysis of apoptosis by Annexin-V staining. D. THP-1 cells
(1.0x10%ml) were treated 50 pM SP for 40 hr followed by analysis of apoptosis by
Annexin-V staining. E. THP-1 cells (1.0x10%ml) and primary monocytes (2x10%ml) were
treated with increasing concentrations of SP600125, SB203580, PD98059 and Ly294002,
for 2 hr followed by stimulation with 5 yM CpG for 12 hr. Cell lysates were analyzed for c-
IAP-2 expression by immunoblotting. The results shown in A and E are representative of
three independent experiments. Results in B and C are expressed as a mean + SD of three
independent experiments The protective effect of CpG was calculated as % apoptosis
relative to the Vpr-induced apoptosis after normalization against apoptosis in cells alone. *p
<0.05, **p <0.005. The p vaues calculated for SP600125 were against cells treated with
CpG and Vpr.

80



A B THP-lcdls

©
g Q CPG+SP (M) 120 9 %%
s O 102050 *
— — % 100 '_|
p-JNK 54kDa 2
. 46k £ 80
% 60
X
e 40
£ QCpG+SB (uM) 2
s O 51020 & 20
@
p-p38 T === =" 38kDa o
5 & 1020 50 1020 50 10 20 50 5 10 20
tp33 NN 35D §5 R2%
5 SP (uM) SB (UM) PD (UM) Ly (UM)
& CpG + Vpr
©
g @ CpG+PD (uM) C  Monogytes
e y D THP-1cdls
- 44/42kDa — 120 -
o 100 . =
44/42kDa 8 « " —
2 80 ®
2 = 80 4
QL v
o 60 =]
S & 3- 60 o
B Q CpG+Ly (M) S n 3
= O 51020 2 E 40 1
—— — 60kDa § 20 2 5
60kDa 0 L _._._._.
5 &8 __ 10 20 Media SP
S >
+ SP (M)
Q
& CpG + Vpr
E  THP-lcdls
S o fo ke CoG+LY (UM
g @ CRGILM) § @ QRGISBUM) g @ CcseDiM) B @ SPECLATD
= 051025 = O 10205 = 01205 = 0251020 %
CIAP-2 ;-!“'-"" e —— 70kDa
CAPDH e GSesesemes - - - 37kDa

Monocytes

S, CpG+SP (M)
“10 20 50

'8 (.’)
ﬁnm

GAPDH 37kDa

Figure 4.14



Fig 4.15: JNK specific SRNAsreverse the protective effect of CpG against Vpr (52-96)-
induced apoptosis.

A. THP-1 cells (0.25x10%0.5ml)) were transfected with 0.4 pg JNK-1 and JNK-2
specific SSIRNAs or non-silencing control SsIRNA for 48 hr and then stimulated with CpG (5
uM) for 12 hr. Cells were then treated with 1.5 uM Vpr(52-96) for 24 hr followed by
measurement of apoptosis by Annexin-V staining. The results are expressed as a mean + SD
of three independent experiments. *p <0.05, ** p <0.005. B. Cells transfected with SRNAs
were stimulated with CpG as above. Cell lysates were analyzed for c-IAP-2 and JNK
expression by immunoblotting. The results shown are a representative of three independent
experiments.
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4.2.8 Calcium signaling pathways regulate JNK activation in response to CpG

The above results suggest that CpG-induced c-1AP-2 expression was regulated by
both, activation of INK and calcium pathways. Therefore, it was interesting to determine if
these two pathways cross talked and regulated each other. For this, | inhibited either calcium
signaling using EGTA or JNK activation by SP600125 followed by stimulation with CpG.
Blocking calcium signaling inhibited not only phosphorylation of CaMK-II but also
prevented JNK activation (Fig 4.16A). In contrast, blocking JNK activation did not prevent
CaMK-II activation (Fig 4.16B) suggesting that INK activation takes place downstream of

CaMK-I1I phosphorylation in response to CpG stimulation.
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Fig. 4.16: CpG-induced JNK activation is regulated by the calcium signaling pathway

in THP-1 cells.
THP-1 cells (1.0x10%ml) were treated with various concentrations of either calcium

pathway inhibitor, EGTA (A) or JNK inhibitor SP600125 (SP) (B) for 2 hr followed by CpG
stimulation for 15 min. Cell lysates were analyzed for p-CaMK-11 and p-JNK expression by
immunoblotting. The membranes were stripped and reprobed with either anti-CaMK-I1 or
anti-JNK antibodies to control for protein loading. The results shown are representative of
three independent experiments.
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4.2.9 CpG-induced c-1AP-2 expression and protection from Vpr(52-96)-mediated apoptosis
in human monocytic cellsis mediated via TLR-9 independent mechanisms

Human monocytes have been reported to express low levels of TLR-9 mRNA (411).
Keeping in view the above mentioned results, | determined if CpG-mediated protection from
Vpr(52-96)-induced apoptoss is indeed mediated through TLR-9 signaling. For this, | first
demonstrated that THP-1 cells and monocytes expressed TLR-9 (Fig 4.17A). Chloroquine has
been shown to inhibit endocytic maturation and subsequent TLR-9 activation (350). Therefore,
to further confirm the involvement of TLR-9 signaling, THP-1 cells and monocytes were
treated with chloroquine followed by CpG stimulation and Vpr(52-96) treatment. Cells
pretreated with chloroquine at concentrations of 25 uM failed to significantly reverse CpG-
induced protection (Fig 4.17B) suggesting that CpG, under these experimenta conditions, may
exert its effects through TLR-9 independent mechanisms (361, 363, 364, 412). In support of
this, | found that stimulation with non-TLR-9 activating GpC control ODNs prior to Vpr(52-
96) treatment were equally capable of inhibiting Vpr(52-96)-induced apoptosis (Fig 4.17C).
Similarly pre-incubation with TLR-9 antagonisng ODNs did not abrogate CpG-induced
protection (Fig 4.17D). Additionaly prior treatment with CaM/CaMK-I1 inhibitors significantly
reduced the protection afforded by GpC control ODNSs against V pr(52-96)-mediated apoptosis
(Fig 4.18) suggesting that ssimilar to CpG-induced protection, GpC-mediated cell survival was
also regulated by the CaM/CaMK-1I signaling. Thus, these results suggest that CpG-induced
protection in human monocytes from Vpr(52-96)-mediated apoptosis may be regulated by
the inhibitor of apoptosis c-1AP-2 through the calcium-activated INK pathway but in a TLR-

9 independent manner (Fig 4.19).



Fig. 4.17: TLR-9 independent signaling for CpG-induced c-lAP-2 expression and
protection against Vpr(52-96)-mediated apoptosisin human monocytic cells.

A. THP-1 cells and monocytes (1.0x10°/ml) were stained with FITC conjugated anti-
TLR-9 or anti-1gG isotype control antibodies and visualized using confocal microscope with
a 63X lens at 4x magnification (THP-1 cells) and 9x magnification (monocytes). B. THP-1
cells and monocytes (1.0x10%ml) were treated with 25 uM chloroquine for 2 hr prior to
stimulation with 5 uM CpG for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-
96) for 24 hr in THP-1 cells or 4 hr in monocytes followed by analysis of apoptosis by
Annexin-V staining. C. THP-1 cells (1.0x10%ml) were treated with 5 uM GpC control
ODNs for 12 hr before stimulation with 1.5 uM Vpr(52-96) for 24 hr followed by analysis
of apoptosis by Annexin-V staining. D. THP-1 cells (1.0x10%ml) were incubated with 5, 10
or 25 UM TLR-9 antagonist ODNSs for 1 hr before being treated with 5 yM CpG for 12 hr.
Subsequently cells were treated with 1.5 pM Vpr(52-96) for 24 hr followed by analysis of
apoptosis by Annexin-V staining. Resultsin B and C are expressed as a mean + SD of three
independent experiments. The protective effect of CpG in B and C was calculated as %
apoptosis relative to the Vpr-induced apoptosis after normalization against apoptosisin cells
aone.*p <0.05, ** p <0.005.
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Fig. 4.18: TLR-9 independent signaling for GpC ODN-induced protection against
Vpr(52-96)-mediated apoptosis is mediated via CaM/CaMK-Il signaling in THP-1
cells.

THP-1 cells (1.0x10%ml) were treated with various concentrations of EGTA, W-7,
SKF, KN-93, APB and FK-506, for 2 hr prior to stimulation with 5 uM GpC for 12 hr.
Subsequently cells were treated with 1.5 uM Vpr(52-96) for 24 hr in THP-1 cells followed
by analysis of apoptosis by Annexin-V staining. Results are expressed as a mean + SD of
three independent experiments. The protective effect of GpC was calculated as % apoptosis
relative to the Vpr-induced apoptosis after normalization against apoptosisin cells alone. *p
<0.05, ** p <0.005. The p values calculated for EGTA, SKF, KN93 and W7 were against
cellstreated with GpC and Vpr.
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Fig. 4.19: Schematic representation of TLR-9 independent CpG-induced protection
against Vpr(52-96)-mediated apoptosisin human monocytic cells.

Upon entering the cell, CpG induces calcium influx which activates CaM. CaM
activates CaMK-Il which in-turn induces JNK phosphorylation leading to c-1AP-2
expression. c-IAP-2 servesto protect cells against apoptosis caused by HIV-Vpr.
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4.3 Chapter 4: Discussion

Recent developments indicating translocation of microbes or their components from
the gut into the circulation during chronic HIV infection suggest a critical role for TLR
ligandsin HIV pathogenesis. In fact, high levels of bacterial LPS and DNA have been found
in the plasma of persons infected with HIV. Moreover, LPS levels in plasma have also been
correlated with indices of T cell activation, IFN-y plasma levels and CD4+ T cell restoration
following antiretroviral therapy (11, 385). Besides, chronic HIV-1 infection was associated
with increased TLR expression and immune responsiveness (370). Since LPS and CpG
DNA have been implicated in enhanced cell survival (10, 301, 413), | determined whether
monocytic cells’ stimulation by various TLR agonists can modulate their surviva in
response to apoptogenic Vpr(52-96) peptide. Herein, | show for thefirst timethat TLR-2, TLR-
4 and TLR-9 agonists induce resistance to V pr(52-96)-mediated apoptosis, with CpG inducing
maximum resistance in primary human monocytes and THP-1 cells. Furthermore, this
protection is mediated by c-IAP-2 induction through the calcium/CaMK-Il activated JNK
pathway in a TLR-9 independent manner.

Synthetic/bacterial DNA rich in unmethylated CpG motifs has previously been
shown to enhance cell survival by preventing spontaneous apoptosis in mouse B cells and
dendritic cells via PI3K signaling and upregulation of anti apoptotic Bcl-2, BclXI, c-IAP-1
and c-IAP-2 genes (10, 354). CpG DNA is a classical TLR-9 ligand (346) and has been
shown to induce potent Th1l responses resulting in secretion of 1L12 and IFN-y via MyD88-
dependent signaling pathway involving MyD88, IL-1 receptor associated kinases and TNF-
receptor-associated factor-6 (313, 317). In the recent past, a growing body of evidence

suggests that DNA can also be recognized by the host cells independent of TLR-9 leading to
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inflammatory events such as activation of a set of genes encoding type-1 interferons,
chemokines, histocompatibility complex, costimulatory molecules, transcription factors
STAT1 and IRF and protein kinase R (361, 363, 364, 412, 414, 415). The precise
mechanism by which CpG exerts its effects via TLR-9-independent pathways is not well
understood. Severa TLR-9-independent CpG signaling cascades have been suggested
including activation of two Src family kinases, Hck and Lyn (412), activation of
transcription factor IRF-3 and IFN-B-promotor stimulator-1 through the signaling pathway
requiring the kinases TANK-binding kinase-1 and inducible-k-B-kinase-i (360), DNA-
dependent protein kinases-induced Akt activation in murine macrophages (362) and
inhibition of Smad proteins-regul ated signaling in human osteobl asts (363).

Cdcium (Ca2+), a pervasive intracellular second messenger, plays a key role in
mediating the transcription of several cellular genes (321, 416). In general, binding of aligand
to its receptor induces influx of extracellular Ca2+ and/or release of intracellular Ca2+ stores
from the ER. Many of the effects of Ca2+ are mediated via CaM. CaM is a highly conserved
17kD protein associated either with membrane, cytoplasm or nucleus. It binds up to four
calcium ions and undergoes a conformational change that renders it active to bind its target
proteins with high affinity. CaMK-I1I is one of the key targets for CaM (408). It is activated by
increases in intracellular calcium levels and is essential for the trandation of calcium signalsto
enable gene transcription. CaMK-11 can phosphorylate severa downstream effectors including
transcription factors involved in diverse cdlular functions such as T cell activation and
cytokine production (321, 408).

Caz2+ influx in various cell types including monocytic cells in response to TLR-4

ligands has been shown (416, 417). However, very little is known about the involvement of
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Ca2+ signaling and its mgjor downstream kinases, CaMKs, in CpG-mediated activation of
cellular genes. In the present study, | provide evidence that CpG can trigger elevation of
intracellular Ca2+ by inducing influx of extracellular Ca2+ and activation of CaMK-II in
monocytic cells. These observations clearly suggest that calcium signaling and in particular
CaMK-Il activation may serve as a key pathway in TLR-9-independent CpG signaling
leading to the development of resistance to apoptosis in human monocytic cells.

JINK, a serine/threonine kinase, plays a critical role in cell survival as it has been
shown to be both pro- and anti-apoptotic depending upon the cell type and the apoptosis-
inducing agent (339). For example, thymocytes from JNK null mice were shown to suffer
from increased Fas’'CD95 and CD3 mediated apoptosis (418). In contrast, jnk1” and jnk2”"
murine embryonic fibroblasts were found to be resistant to UV induced apoptosis (419).
Herein, | report an anti-apoptotic role of INK in CpG-induced protection against apoptosis
caused by Vpr(52-96) in human monocytic cells via upregulation of c-IAP-2. In accordance
with previous studies showing cross interaction between MAPK and Cat signaing (321),
my results demonstrate that CaM/CaMK-Il activation is a prerequisite for JINK
phosphorylation in response to TLR-9-independent CpG signaling.

The IAP genes are key regulators of apoptosis and are over expressed in many
cancer cells (68). The results of this study suggest that CpG selectively up regulates the
expression of c-IAP-2. Moreover, inhibition of c-IAP-2 expression by CaM/CaMK-II or
JNK antagonists reversed CpG-mediated protection against Vpr(52-96)-induced apoptosis.
The expression of other anti-apoptotic gene products such as c-IAP-1, XIAP and Bcl-2 was
not upregulated in this study suggesting these genes may not play a significant role in

development of resistance to Vpr-induced apoptosis in monocytic cells following CpG
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stimulation. However, determination of the precise role of these genes in the development of
resistance to Vpr-induced apoptosis needs further investigation.

Vpr has been shown to induce apoptosis by directly affecting the mitochondria
permeability transition pore complex and by specifically acting on the mitochondrial
adenine nucleotide translocator, a component of the permeability transition pore complex.
This event enhances permeability of the outer mitochondrial membrane with consequent
release of apoptogenic factors such as apoptosis inducing factor and cytochrome ¢ (242,
250). Cytochrome ¢ interacts with Apaf-1 and procaspase-9 to create an apoptosome, the
caspase activation complex that causes activation of other caspases resulting in apoptosis
(420). The precise mechanism by which c-IAP-2 prevents Vpr-induced apoptosis will be
discussed in Chapter 5.

Others and | have used relatively high concentrations of Vpr as apoptosis inducing
agents compared to the physiologically relevant low concentrations present in the plasma of
HIV-infected individuals (181). Moreover, low concentrations of Vpr have been suggested
to be protective rather than apoptosis-inducing agents in T cells (401, 402). My results
clearly suggest that undifferentiated primary monocytes and THP-1 cells, when exposed
sequentially to low non-apoptogenic concentrations of Vpr, undergo enhanced apoptosis.
Furthermore both low and high concentrations of Vpr induced similar activation of
MAPkinases further challenging the notion that Vpr has different biological effects at low
and high concentrations. Therefore, primary monocytes exposed persistently to low
concentrations of Vpr present in serum / lymph nodes of HIV -infected individuals under in
vivo conditions may infact undergo apoptosis. However, these cells may be protected from

the apoptogenic effects of Vpr following differentiation in tissues or exposure to various
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microbia products present in the circulation of HIV-infected individuals. In addition,
interesting parallels can be drawn between resistance of MDMs and CpG-stimulated
monocytes to Vpr(52-96) driven apoptosis. Since CpG has previously been reported to
induce macrophage like characteristics in monocytes, such as increased expression of co-
stimulatory and antigen presenting molecules (345), it is possible that CpG induces
resistance against Vpr-mediated apoptosis by propelling undifferentiated monocytes into a
more mature and macrophage-like state of differentiation. The molecular mechanism
responsible for the development of resistance to Vpr-induced apoptosis will be addressed in
Chapter 5.

Highly purified monocytes depleted of pDCs do not express TLR-9 or express low
levels of TLR-9 and do not respond to TLR-9 agonists unless reconstituted with the
plaSmacytoid DCs (411). However, other reports indicate that monocytes isolated by
adherence method or positive selection respond to CpG and express TLR-9 (421-425)
suggesting that the expression of TLR-9 may depend on the method of isolation, cell
activation, and the presence of non-monocytic cells in the preparation. | have shown that
both THP-1 cells and monocytes do express TLR-9 and respond to CpG athough the
monocytes used in this study may contain non-monocytic cells (2-5%) including pDCs. My
results also suggest that TLR-9-independent mechanisms may be operative in CpG-induced
protection from Vpr(52-96) mediated apoptosis, as chloroquine was unable to prevent CpG-
induced protection. Concordantly, GpC control ODNs consistently prevented Vpr(52-96)-
induced apoptosis whereas TLR-9 antagonist ODNs failed to inhibit CpG-induced protection.
Moreover both CpG and GpC induced protection via the calcium signaling pathway, further

suggesting the role of TLR-9-independent mechanisms. These observations are in
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accordance with severa studies which describe TLR-9 independent CpG signaling in
neutrophils, DCs, mouse embryonic stem cells, macrophages and THP-1 cells (361, 363,
364, 412, 414, 415).

In summary, thisisthe first study that demonstrates a CpG/bacterial DNA -dependent
mechanism for the resistance of human monocytic cells to a HIV accessory protein, Vpr.
Moreover, TLR-9-independent CpG-mediated resistance to Vpr-induced apoptosis occurred
via expression of c-IAP-2 regulated by activation of CaM/CaMK-Il and JNK signaling

pathways (Fig 4.19).
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Chapter 5: Bacterial DNA-induced c-1AP-2 protects human monocytic cells against

HIV-Vpr-mediated mitochondrial damage.

5.1 Chapter 5: Introduction

Cells of the monocytic lineage, including macrophages and monocytes, serve as a major
source of HIV reservoir contributing actively to AIDS pathogenesis (6, 277, 282, 283, 290).
Infected macrophages act as shelters for HIV, supporting accumulation of latent virus.
Interestingly primary monocytes are generally believed to be rather susceptible to apoptotic
stimuli (108, 299). However despite being susceptible to apoptosis induced by HIV in vitro,
monocytes survive HIV-induced cytopathic environment in vivo (5, 285, 381). Therefore it
is reasonable to hypothesize that HIV infection induces mechanism/s that allow monocytes
to survive HIV-mediated cytopathic effects. Severa factors have been implicated in
induction of resistance to HIV-mediated apoptosis in monocytes, including down regulation
of cell surface death receptors and differential regulation of apoptosis related genes (107,
108, 303-305). However the exact mechanism enabling monocytes to withstand cytopathic
effects of HIV still remain to be determined.

Synthetic Vpr(52-96) peptide, an accessory protein of HIV (204), was used in this
study to induce apoptosis in monocytic cells so as to circumvent lack of productive in vitro
HIV infection in human monocytic cells (280, 281) and to avoid interference from
endotoxins often found in recombinant proteins.

Recent body of research suggests that HIV infection impairs host’s gut immunity and
causes translocation of gut microbes and microbial products into systemic circulation

thereby causing systemic immune activation (11, 12, 384, 385). Moreover interaction with
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microbial products was shown to bestow pro-survival properties on monocytic cells
indicating that HIV-induced microbial translocation from the gut could render monocytes
resistant to apoptosis (9, 10). As demonstrated in Chapter 4, CpG or E.coli DNA prevented
Vpr(52-96)-mediated apoptosis by induction of anti apoptotic c-IAP-2 gene in human
monocytic cells.

c-lIAP-2 belongs to a family of anti-apoptotic proteins caled, IAPs. 1APs are key
regulators of apoptosis and are found over expressed in many cancer cells (68). Although
some reports have demonstrated arole for c-1AP-2 in neutralizing caspases 9 and 3 directly,
the principle mode c-IAP-2-mediated protection is considered to be via prevention of
caspase 8 activation and transcriptiona up regulation of anti-apoptotic proteins via induction
of canonical NFkB signaling (90, 91). Mechanistically, binding of TNF-a to TNFR-I
instigates formation of a plasma membrane bound complex comprising of TRADD, TRAF-
1/2, c-IAP-1/2 and RIP-1 (90, 93). TRAF-1/2 help recruit c-IAP-1/2 to the signaling
complex where c-IAP-1/2 function as primary ubiquitin ligases (70) and serve to maintain
RIP-1 in aubiquitilated state thereby preventing activation of pro-caspase 8 (74).

| have previously demonstrated that bacterial DNA-induced c-1AP-2 reversed the
apoptosis caused by Vpr(52-96) in human monocytic cells (Chapter 4). In this study the
precise mechanism by which c-IAP-2 protects against V pr-induced apoptosis is investigated.
Herein, | show that Vpr(52-96)-induced apoptosis is caused by mitochondrial depolarization
which is mediated by TRAF-1/2 degradation and subsequent activation of pro-apoptotic
caspase 8, Bid and Bax. Furthermore, bacterial DNA-induced c-IAP-2 protected against
Vpr(52-96)-mediated mitochondrial membrane permeabilization and prevented release of

AIF and cytochrome-c through CaMK-I1I activation. Overal, these results suggest a novel
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and key role played by bacterial DNA-induced c-1AP-2 in protection against V pr-mediated
mitochondrial depolarization and apoptosis through prevention of TRAF-1/2 degradation

and sequential inhibition of caspase 8, Bid and Bax.
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5.2 Chapter 5. Results

5.2.1 Bacterial DNA induces protection against Vpr(52-96)-mediated mitochondrial
depolarization in primary monocytes and THP-1 cells

Several studies performed in intact cells as well as on isolated mitochondria have
indicated that Vpr regulates apoptosis by interacting with the proteins on the mitochondrial
membrane and causing loss of mitochondrial potential (Chapter 1 Fig 1.3) (16, 235, 240,
242). Given my previous observations indicating that pretreatment with bacterial DNA
reversed Vpr(52-96)-mediated apoptosis in human monocytic cells (Chapter 4 Fig 4.4 and
4.5), and since Vpr is believed to be a potent inducer of gross mitochondrial dysfunction |
hypothesized that protection induced by bacterial DNA pretreatment may be modulated
through prevention of Vpr(52-956)-mediated mitochondrial membrane permeabilization in
human monocytic cells.
Mitochondrial membrane potential is a key indicator of mitochondrial health or injury.
It is defined as a proton motive force accumulated due to reductive transfer of
electrons through the electron transfer chain from complex | to 1V, forcing the
electrons against gradient and creating a polarized environment. Rhodamine 123 is a
lipophillic cationic dye that accumulates in the mitochondrial membrane matrix in proportion
to mitochondrial membrane potential (449). To determine whether bacterial DNA
pretreatment interfered in Vpr(52-96)-mediated physical and functional mitochondrial
damage, THP-1 cells and primary human monocytes were initially stimulated with E.Coli
DNA or CpG followed by treatment with Vpr(52-96) peptide and analysis for gross changes

in mitochondrial structural morphology and loss of membrane potential.
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Pretreatment with CpG /E.coli DNA prevented Vpr(52-96)-mediated damage to
mitochondrial structure (Fig 5.1A) and aso prevented lossof mitochondrial potential by
amost 60% in both THP-1 cells (Fig 5.2A and B) and primary monocytes (Fig 5.2C).
Furthermore cells pretreated with CpG were rescued from Vpr(52-96)-induced release
of mitochondrial cytochrome c¢ (Fig 5.3A) and AIF (Fig 5.3B) into the cytosol.
Interestingly, in accordance with the previously described observation regarding the TLR-9
independent nature of bacterial DNA-induced protection in human monocytic cells
(Chapter 4 Fig 4.17 and 4.18), pretreatment with non-TLR-9 stimulating GpC control
ODN exhibited significant protection against Vpr(52-96)-mediated physical injury and loss
of membrane potential in the mitochondrial (Fig 5.1 and Fig 5.2B).

Similarly treatment with TLR-9 inhibiting drug, chloroquine (350), prior to CpG
or E.coli DNA stimulation and Vpr(52-96) treatment failed to reverse CpG and E.coli
DNA-mediated mitochondrial protection (Fig 5.2B and C). Three specific positively charged
Vpr Arginine residues at sites, 73, 77 and 80 have been identified as being essential for Vpr-
mediated mitochondrial dysfunction (184,244). Treatment with varying concentrations of
mutant Vpr(52-96) peptide with Arg to Ala mutations at 73, 77 and 80 amino acids did not
induce significant mitochondrial depolarization (Fig 5.2A). Apoptotic properties of Vpr have
been mapped to C-terminal half of Vpr, that is, Vpr(52-96), where as the N-terminal half of
Vpr, Vpr(1-45) has been described to be non-apoptotic (184). Consistent with the results
obtained with mutant Vpr (Fig 5.2A), treatment with control Vpr(1-45) did not cause loss of

mitochondrial cytochrome ¢ or AIF (Fig 5.3).
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Notably cells treated with CpG aone did not display signs of mitochondria damage
(Fig 5.1). Interestingly when equal number of mitochondria from each sample condition in
5.1 were anaysed for diameter and size no significant difference in mitochondrial size
was observed (data not shown). This may indicate that metabolic state of mitochondria do
not change upon Vpr or bacterial DNA treatment. Conversly difference in microscopic
fields make it hard to accurately quantify mitochondrial size differences between
samples. For purposes of this study the presence of double membrane and occurance of dense,

discernable cristae was taken as a measure of healthy respiring mitochondria.
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Fig 5.1: Pretreatment with bacterial DNA induces resistance against Vpr(52-96)-
mediated changes to mitochondrial cristae as observed by transmission electron
Mi Cr 0SCope.

THP-1 cells (1.0x10%ml) were stimulated with either with 5 uM CpG, 25 ug E.coli
DNA or 5 uM GpC for 12 hr followed by treatment with 1.5 yM Vpr(52-96) for 5 hr. Cells
were fixed and analyzed by transmission electron microscopy as described in Materials and
Methods at the magnification of x 50,000.
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Fig 5.2. Pretreatment with bacterial DNA induces resistance against Vpr(52-96)-
mediated loss of mitochondrial membrane potential.

(A) THP-1 cells (1.0x10%ml) were stimulated with CpG (5 M) for 12 hr followed
by treatment with 1-2 yM  Vpr(52-96) or 1-2 yM mutant Vpr for 5 hr. Cells were then
stained with Rhodamine 123 dye for mitochondrial membrane potential evaluation by flow
cytometry. THP-1 cells (B) and monocytes (C) (1.0x10%ml) were treated 25 pM
chloroquine (CQ) for 2 hr prior to stimulation with 5 uM CpG, 25 pg E.coli DNA or 5 uM
GpC for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) for 5 hr (THP-1
cells) or 2 hr (monocytes) followed by staining with Rhodamine 123 (THP-1 cells) or
MitoTracker Green (monocytes) for mitochondrial membrane potential evaluation by flow
cytometry. Results are expressed as a mean £ SD of three independent experiments. *(p
<0.05), ** (p <0.005).
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Fig 5.3: Pretreatment with CpG prevents Vpr(52-96)-mediated release of
mitochondrial cytochromecand AlF.

A.THP-1 cells (3.0x10%ml) were stimulated with 5 uM CpG for 12 hr followed by
treatment with 1.5 uM Vpr(52-96) or Vpr(1-45) for 5 hr. Subsequently mitochondrial and
cytoplasmic extracts were harvested and analyzed by immunoblotting using antibodies
against cytochrome c. Membranes were reprobed with antibodies against SMAC and
GAPDH to normalize loading. B. THP-1 cells (3.0x10%ml) were stimulated with 5 uM CpG
for 12 hr followed by treatment with 1.5 uM Vpr(52-96) or Vpr(1-45) for 5 hr. Subsequently
mitochondrial extracts were harvested and analyzed by immunoblotting using antibodies
against AIF and SMAC.
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5.2.2 Anti-apoptotic protein c-1AP-2 regulates bacterial DNA-mediated protection against
Vpr(52-96)-induced mitochondrial depolarization

c-IAP-2 has been shown to mediate cell survival via several mechanisms. These
mechanisms include neutralizing pro-apoptotic activity of effector caspases3, 7 and 9
activated by release of cytochrome ¢ from permeabilized mitochondrian, inhibition of
initiator caspase 8 activation and positive regulation of canonical NFKB pathway (48, 88, 91,
426, 427). | have previously shown that CpG and E.coli DNA stimulation induced enhanced
expression of anti-apoptotic c-1AP-2 and prevention of c-1AP-2 expression negated CpG and
E.coli DNA-induced protection against Vpr(52-96)-mediated apoptosis in monocytic cells
(Chapter 4). Given the above mentioned observations, it was tempting to speculate that
CpG and E.coli DNA-regulated protection from V pr(52-96)-mediated mitochondrial damage
may also be attributed to c-IAP-2 induction. Inorder to validate this hypothesis, c-1AP-2 was
knocked down in THP-1 cells and primary monocytes by ssRNA and SMC prior to
stimulation with CpG and treatment with Vpr(52-96). THP-1 cells transfected with c-1AP-2
specific SRNA failed to induce c-1AP-2 in response to CpG and also displayed significantly
higher mitochondrial depolarization as compared to cells transfected with non-silencing
SIRNA (Fig 5.4). Similarly, SMC treatment degraded c-IAP-2 (102, 107, 108) induced in
response to CpG (Fig 5.5A) and significantly inhibited CpG-induced protection from
Vpr(52-96)-induced mitochondrial depolarization (Fig 5.5B and C). In parale, prior
treatment with SMC significantly reduced E.coli DNA-mediated mitochondrial protection
against Vpr(52-96)-induced damage in primary monocytes (Fig 5.5D).

It is interesting to note that monocytes and pro-monocytic THP-1 cells are

susceptible to Vpr(52-96)-induced apoptosis (Chapter 4 Fig 4.1) but gain anti-apoptotic
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properties during differentiation into MDMs due to up regulation of 1APs (108, 299).
Therefore | used differentiated MDMs and THP-1 derived macrophages as c-1AP-2 over
expression models to determine whether knocking down c-1AP-2 would render these cells
sensitive to Vpr(52-96)-mediated mitochondrial damage. Treatment of MDMs with SMC
prior to addition of Vpr(52-96) induced loss of c-IAP-2 expression (Fig 5.6A) rendering
these cells responsive to Vpr(52-96)-mediated loss of mitochondrial membrane potential
(Fig 5.6B). Moreover, prior treatment with SMC caused marked release of apoptogenic
factors cytochrome c (Fig 5.7A) and AlIF (Fig 5.7B) from the mitochondria as compared to
cells treated with Vpr(52-96) aone in MDMs. Similarly, THP-1 derived macrophages
transfected with c-1AP-2 specific SRNA exhibited lack of c-IAP-2 expression (Fig 5.8A)
and release of mitochondrial AIF as compared to control sSIRNA transfected cells, in
response to Vpr(52-96) treatment (Fig 5.8B). Note that treatment with SMC alone did not

induce mitochondrial depolarization and apoptosis (Fig 5.5D and 5.6B).
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Fig 54. clAP-2 sSRNA abrogates CpG-induced resistance against Vpr(52-96)-
mediated loss of mitochondrial membrane potential.

A. THP-1 cells (0.25x10%0.5ml) were transfected with 1 pg of either c-IAP-2 or
non-silencing control sSIRNA for 5 hr followed by stimulation with CpG (5 uM) for 48 hr.
Thereafter cells were treated with 1.5 uM Vpr(52-96) for 5 hr followed by Rhodamine 123
staining and flow cytometry for mitochondrial membrane potential evaluation. B.
Subsequently total cell proteins were analyzed for c-IAP-2 expression by immunoblotting.
Results in B and bottom panel in A are representative of thee independent experiments. The
results top panel of A are expressed as amean = SD of three independent experiments. *(p
<0.05), ** (p <0.005).
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Fig 5.5: SMC-mediated degradation of c-IAP-2 abrogates bacterial DNA-induced
resistance against Vpr(52-96)-mediated loss of mitochondrial membrane potential.

A. THP-1 cells (1.0x10%ml) were stimulated with 200 "M AEG-730 SMC and 5 pM
CpG for 12 hr. Cell lysates were analyzed for c-IAP-2 and c-IAP-1 expression by
immunoblotting. B. THP-1 cells (1.0x10%ml) were stimulated with 200 nM AEG-730 SMC
and 5 pM CpG for 12 hr followed by 5 hr treatment with 1.5 uM Vpr(52-96). Monocytes
(1.0x10%ml) were stimulated with 200 "M AEG-730 SMC and (C) 5 uM CpG or (D) 25 ug
E.coli DNA for 12 hr followed by 2 hr treatment with 1.5 uM Vpr(52-96). Subsequently
cells were stained with Rhodamine 123 (THP-1 cells) or MitoTracker Green (monocytes)
for mitochondrial membrane potential evaluation by flow cytometry. Resultsin A, and right
panelsin B and C are representative of three independent experiments. The resultsin D and
left panelsin B and C are expressed as a mean + SD of three independent experiments. *(p
<0.05), ** (p <0.005).
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Fig 5.6: c-IAP-2 mediates resistance to Vpr(52-96)-induced mitochondrial loss of
membrane potential in MDMs.

A. MDMs (1.0x10%ml) were treated with 200 nM AEG-730 SMC for 12 hr and the
cell lysates were analyzed for c-IAP-2 expression by immunoblotting. B. MDMs
(1.0x10%ml) were treated with 200 nM AEG-730 SMC for 12 hr followed by trestment with
1.5 uM Vpr(52-96) for 6 hr. Cells were stained with Rhodamine 123 for mitochondrial
membrane potential evaluation by flow cytometry. Results in A are representative of three
independent experiments. The results in B are expressed as a mean = SD of three
independent experiments. *(p <0.05), ** (p <0.005).
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Fig 5.7: Pre-treatment with SMC renders MDM s sensitive to Vpr (52-96)-mediated |oss
of mitochondrial cytochromecand AlF.

MDM s (1.0x10%ml) were treated with 200 nM AEG-730 SMC for 12 hr followed by
treatment with 1.5 uM Vpr(52-96) for 6 hr. Cells were prepared for microscopy as described
in Materials and Methods. A. Cells were co-stained for the nuclear stain DAPI (blue),
mitochondrial marker Tom20 (red) and cytochrome c (green); and visualized using confocal
microscope with a 40X lens at 1x magnification. B. Cells were co-stained for the nuclear
stain DAPI (blue), Mitotracker (green) and AIF (red); and visualized using confocal
microscope with a 40X lens at 4x magnification.Yellow/Orange represents colocalization
of cytochrome ¢ or AIF with the mitochondria. The staining for AIF and cytochrome c
becomes undetectable in samples treated with SMC+Vpr, as enhanced permeabilization of
mitochondrial outer membrane in these samples releases of concentrated AlF/cytochrome ¢
into the cytosol, thereby diluting the dye and reducing the immunoflorescent signal .
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Fig 5.8. c-IAP-2 mediates resistance to Vpr(52-96)-induced loss of mitochondrial
apoptogenic factorsin THP-1 derived macrophages.

Fully differentiated THP-1 macrophages (5x10°/ml) were transfected with 1 ug of
either c-IAP-2 or non-silencing control SsIRNA for 48 hr. A. Cell lysates were analyzed for c-
|AP-2 expression by immunoblotting. B. Cells transfected as above were stimulated with 1.5
MM Vpr(52-96) for 6 hr and prepared for microscopy by staining for the nuclear stain DAPI
(blue), MitoTracker (green) and AIF (red) followed by visualization using confocal
microscope with a 40X lens at 4x magnification. Yellow represents colocalization of AlF
with the mitochondria. The staining for AIF becomes undetectable in samples treated with
SMC+Vpr, as enhanced permeabilization of mitochondrial outer membrane in these samples
releases of concentrated AIF into the cytosol, thereby diluting the dye and reducing the
immunoflorescent signal .
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5.2.3 CaM/CaMK-II activation regulates bacterial DNA-mediated protection against
Vpr (52-96)-induced mitochondrial depolarization and release of mitochondrial apoptogenic
factors

My previous observations suggested that CpG-induced calcium influx, through the
calcium channels on the cell surface and activation of CaM/CaMK-I1 signaling pathway
regulated c-IAP-2 induction and associated protection against Vpr(52-96)-mediated
apoptosis (Chapter 4 Fig 4.10-4.12). To further validate the novel role for c-IAP-2 in
protecting against loss of mitochondrial viability, |1 hypothesized that inhibiting c-1AP-2
expression via blocking activation of CaM/CaMK-11 should inhibit bacterial DNA-mediated
rescue of mitochondrial loss of membrane potential caused by Vpr(52-96). Interestingly,
prior treatment with pharmacologica inhibitors of; a) influx of calcium ions through
receptor gated calcium channels on the cell surface, SKF-96365 (388), b) inhibitor of CaMvi
activation, W-7, ¢) inhibitor of CaMK-Il phosphorylation, KN-93 and d) calcium chelator
EGTA (321, 409), significantly reversed the CpG-mediated protection against Vpr(52-96)-
induced release of mitochondrial cytochrome ¢ (Fig 5.9) and AIF (Fig 5.10). Notably, 24 hr
treatment of THP-1 cells with the highest concentrations of all the inhibitors used in this
study did not cause significant release of mitochondrial AIF (Fig 5.11). The biological
activity of EGTA, SKF-96365, W-7 and KN-93, was determined by inhibition of CpG-
induced phosphorylation of CaMK-1I (Chapter 4 Fig 4.10B). In accordance, THP-1 cells
transfected with CaMK-I1 specific SSRNA prior to CpG stimulation, exhibited lack of c-1AP-
2 induction in response to CpG (Fig 5.12B) and displayed a marked decrease in protection
afforded by CpG against Vpr(52-96)-mediated loss of mitochondrial membrane potential as

compared to cells transfected with control non-silencing SSIRNA (Fig 5.12A).
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Fig 5.9: Inhibitors of calcium signaling reverse bacterial DNA-mediated resistance to
Vpr(52-96)-induced loss of mitochondrial cytochromec.

THP-1 cells (1.0x10%ml) were treated with 10 mM EGTA, 25 uM SKF, 20 pM KN-
93, and 20 uM W-7 and for 2 hr prior to stimulation with 5 uM CpG or 25 p g E.coli DNA
for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) for 5 hr and prepared for
microscopy by staining for the nuclear stain DAPI (blue), mitochondrial marker Tom20
(red) and cytochrome c (green) before being visualized by confocal microscopy with a 63X
lens at 4x magnification. Results are representative of three independent experiments. The
staining for cytochrome ¢ becomes undetectable in samples treated with Vpr alone or
pretreated with calcium inhibitors, as enhanced permeabilization of mitochondrial outer
membrane in these samples releases of concentrated cytochrome c into the cytosol, thereby
diluting the dye and reducing the immunoflorescent signal .
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Fig 5.10: Inhibitors of calcium signaling rever se bacterial DNA-mediated resistance to
Vpr(52-96)-induced loss of mitochondrial AlF.

THP-1 cells (1.0x10%ml) were treated with 10 mM EGTA, 25 pM SKF, 20 uM KN-
93, and 20 yM W-7 and for 2 hr prior to stimulation with 5 uM CpG or 25 ng E.coli DNA
for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) for 5 hr and prepared for
confocal microscopy by staining for the nuclear stain DAPI (blue), mitochondrial marker
Tom20 (red) and AIF (green) before being visualized using confocal microscope with a 63X
lens at 4x magnification. Results are representative of three independent experiments. The
staining for AIF becomes undetectable in samples treated with Vpr alone or pretreated
with calcium inhibitors, as enhanced permeabilization of mitochondrial outer membrane in
these samples releases of concentrated cytochrome c into the cytosol, thereby diluting the
dye and reducing the immunoflorescent signal .
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Fig 5.11: Treatment with inhibitors of calcium signaling alone does not cause loss of
mitochondrial AlF.

THP-1 cells (1.0x10%ml) were treated with 20 mM EGTA, 50 uM SKF, 50 pM KN-
93, and 50 yM W-7 and for 14 hr and prepared for microscopy by staining for AIF (red)
before being visualized using a confocal microscope with a 63X lens at 4x magnification.
Results are representative of three independent experiments.
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Fig 5.12: CaMK-II siRNA reverses CpG-mediated resistance to Vpr(52-96)-induced
loss of mitochondrial membrane potential.

A. THP-1 cells (0.25x10%0.5ml) were transfected with 1 pg of either CaMK-II
siRNA or non-silencing siRNA for 24 hr, followed by stimulation with 5 yM CpG for 12 hr.
Thereafter cells were treated with 1.5 yM of Vpr(52-96) for 5 hr followed by staining with
Rhodamine 123 for mitochondrial membrane potential evaluation by flow cytometry. B.
Cell lysates were analyzed for c-1AP-2 and CaMK-I1 expression by immunoblotting. Results
in B and top panel in A are representative of three independent experiments. The results in
lower panel in A are expressed as a mean + SD of three independent experiments. *(p
<0.05), ** (p <0.005).
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5.2.4 Vpr(52-96)-mediated down regulation of TRAF-1 and TRAF-2 provides a mechanism
for c-1AP-2-regulated protection against apoptosis and mitochondrial depolarization caused

by Vpr (52-96)

Severa reports have emphasized the importance of TRAF-1 and TRAF-2 in c-1AP-
2-mediated anti-apoptotic signaling as these proteins act as adaptors for physically
interacting with and recruiting c-IAP-2 to the membrane bound signaling complex (90).
Moreover, similar to c-IAP-2, TRAF-1 expression is significantly enhanced in severa
cancer cell types (428).

Given the importance of TRAF-1 and TRAF-2 for anti-apoptotic functions of c-1AP-
2, | wanted to determine the functiona relevance of TRAF-1 and TRAF-2 for c-1AP-2-
mediated protection against apoptosis and mitochondrial membrane permeabilization caused
by Vpr(52-96). Notably Vpr(52-96) induced rapid down regulation of both TRAF-1 and
TRAF-2 in THP-1 cells (Fig 5.13A) which could be rescued by pretreatment with CpG,
E.coli DNA or GpC (Fig 5.13B, C and D). However degradation of c-IAP-2 using SMC (Fig
5.5A) prior to stimulation with bacterial DNA abrogated the ability of CpG and E.coli DNA
to protect TRAF-1 and TRAF-2 from Vpr(52-96)-mediated down regulation (Fig 5.13D).
Note that the treatment with SMC aone did not alter TRAF-1 and TRAF-2 expression (Fig
5.13E). Furthermore, SSRNA mediated knockdown of TRAF-1 and TRAF-2 (Fig 5.14C)
induced significant loss of CpG-mediated protection against V pr(52-96)-triggered apoptosis
(Fig 5.14A) and mitochondrial depolarization (Fig 5.14B). These observations indicate that
bacterial DNA-induced c-IAP-2 prevents Vpr(52-96)-mediated down regulation of TRAF-1
and TRAF-2 which play a centra role in evading Vpr(52-96)-induced apoptosis and

mitochondrial damage in human monocytic cells.
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Fig 5.13: SMC pre-treatment protects against Vpr(52-96)-mediated down regulation of
TRAF-1and 2.

A. THP-1 cells (2x10%ml) were treated with 5 pM CpG for 12 hr followed by
treatment with 1.5 uM Vpr(52-96) for 1 hr. B. THP-1 cells (2.0x10%ml) were treated with
25 puM chloroquine (CQ) for 2 hr prior to stimulation with 5 uM CpG, 25 ug E.coli DNA or
5 uM GpC for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) or Vpr(1-45)
for 1 hr. C. THP-1 cells (2x10%ml) were treated with 5 pM CpG for 12 hr followed by
treatment with 1.5 pM Vpr(52-96) or Vpr(1-45) for 1-2 hr. D. THP-1 cells (2x10%ml) were
treated with 200 nM AEG-730 SMC and 5 uM CpG or 25 ug E.coli DNA for 12 hr followed
by treatment with 1.5 pM Vpr(52-96) for 2 hr. E. THP-1 cells (2x10%ml) were treated with
0-200 nM SMC for 24 hr. Subsequently cell lysates were analyzed for TRAF-1 and TRAF-2
expression by immunoblotting. Membranesin A, B, D and E were reprobed with antibodies
against GAPDH, where as membrane in C was probed with antibodies against Smac to
normalize loading.
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Fig 5.14: TRAF-1 and 2 siRNAs reverse the protective effect of CpG against Vpr(52-
96)-induced apoptosisand loss of mitochondrial membrane potential.

THP-1 cells (0.25x10%0.5ml)were transfected with 20 nM TRAF-1 and TRAF-2
specific SRNAs or non-silencing control siIRNA for 48 hr followed by stimulation with CpG
(5 uM) for 12 hr. Cells were then treated with 1.5 uM Vpr(52-96) (A) for 24 hr followed by
measurement of apoptosis by Annexin-V staining or (B) for 5 hr followed by staining with
Rhodamine 123 for mitochondrial membrane potential evaluation by flow cytometry. C.
Cdll lysates were analyzed for TRAF-1 and TRAF-2 expression by immunoblotting. Results
in left panel in A and B are expressed as a mean + SD of three independent experiments.
The results shown in C and in the right panel in A and B are representatives of three
independent experiments. * (p <0.05), ** (p <0.005).
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5.2.5 Vpr(52-96)-mediated apoptosis and mitochondrial membrane permeabilization is
regulated via activation of pro-apoptotic caspase8 in THP-1 cells and primary human

monocytes

In order to identify which aspect of Vpr(52-96)-instigated apoptotic pathway was
being interrupted by the c-IAP-2-TRAF-1-TRAF-2, it was first imperative to determine the
mechanism of Vpr(52-96)-mediated apoptosis in human monocytic cells. Consistent with
previously published data, Vpr(52-96) interacted physically with mitochondrial ANT in
THP-1 cells as early as 30 min after treatment (Fig 5.15). Even though a large body of
evidence implicates direct interaction with mitochondria as the primary mode of Vpr(52-
96)-induced apoptosis, Vpr has been shown to activate caspase 8 in human neuronal cells,
renal tubular epithelial cells and Jurkat cells (238, 252, 253). Therefore | wanted to explore
whether caspase 8 activation was involved in Vpr(52-96)-mediated apoptosis and
mitochondrial depolarization in monocytic cells. To this end it was first determined if
Vpr(52-96) treatment could induce caspase 8 activation and whether treatment with bacterial
DNA interfered in this process. Indeed it was observed that prior treatment with CpG, E.coli
DNA and GpC (Fig 5.16 and 5.17) inhibited Vpr(52-96)-mediated caspase 8 activation.
Consistent with these observations, treatment of primary monocytes with specific inhibitor
of caspase8 activation, ZVAD-IETD-FMK (429, 430), before addition of Vpr(52-96),
significantly reduced Vpr(52-96)-mediated apoptosis (Fig 5.18A) and loss of mitochondrial
membrane potential (Fig 5.18B). Cycloheximide and TNF-a have been widely shown to be
strong inducers of caspase 8 mediated apoptosis (90, 426). Hence, the biological activity of
caspase 8 specific ZVAD-IETD-FMK inhibitor was confirmed by its ability to inhibit

cycloheximide and TNF-a-mediated apoptosis in THP-1 cells (Fig 5.19). Note that
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prolonged treatment with ZVAD-IETD-FMK aone did not cause significant apoptosis or
loss of mitochondrial membrane potential (Fig 5.18 and 5.19). Further evidence for
functional importance of caspase 8 activation in Vpr(52-96)-induced cell death was obtained
by knocking down caspase 8 expression using SSRNA (Fig 5.20C). Cells transfected with
caspase 8 SIRNA exhibited significantly lower apoptosis (Fig 5.20A) and mitochondrial
depolarization (Fig 5.20B) as compared to cells transfected with non-silencing SSRNA, in
response to Vpr(52-96)-treatment. RIP-1 had previously been shown to be an integrd
component of c-1AP-2-mediated inhibition of caspase 8 activation and cell survival (74, 92).
However, contrary to previously published role of RIP-1, prior treatment with necrostatin,
an inhibitor of RIP-1's biological activity, did not significantly alter CpG-induced cell
surviva in Vpr(52-96) treated cells (Fig 5.21), indicating that in human monocytic cells

RIP-1 may not play a central role in bacterial DNA-mediated protection against V pr(52-96)-

induced apoptosis. Biological activity of Necrostatin was confirmed in the laboratory by
caspase-independent cell death induced by the combined treatment of TNF-o/cycloheximide
and ZVAD and identified by the lack of annexin V positivity in the presence of necrostatin.
Taken together, these results suggest that stimulation with bacterial DNA serves to protect
against Vpr(52-96)-induced apoptosis and mitochondrial depolarization by modulating

caspase 8 activation in a RIP-1 independent manner.
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Fig 5.15: Vpr(52-96) interacts physicaly with mitochondrial ANT.

THP-1 cells (3x10%ml) were treated with 1.5 pM HIV-Vpr(52-96) for 30 min to 8 hr.
Mitochondrial fractions were harvested and subjected to immunoprecipitation against anti-
ANT antibodies using A/G protein Agarose beads. Elutant was analyzed by immunoblotting

for ANT, Vpr and Bax expression.
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Fig 5.16: CpG and E.coli DNA pre-treatment prevents Vpr(52-96)-mediated caspase 8
activation.

THP-1 cells (A) (1.0x10%ml) and monocytes (B) (1.0x10%ml) were treated either
with 20 ng TNF-a and 25 pg/ml cyclohexamide (CHX) for 6 hr alone or with 5 yM CpG
and 25 pgE.coli DNA for 12 hr followed by treatment with 1.5 uM Vpr(52-96) for 5 hr
(in THP-1cells) and 2 hr (in monocytes). Cells were prepared for microscopy by
staining for thenuclear stain DAPI (blue) and activated caspase 8 (green) before
visualization using confocal microscope with a 63X lens at 1x magnification
(THP-1 cells) and 4x magnification (monocytes). C. THP-1 cells (1.0x106/ml) stimulated
with 5 uM CpG for 12 hr were treated with 1.5 uM  Vpr(52-96) for 5 hr.Subsequently
cells were treated with 1 ul FITC-IETD- ZFMK and analyzed by flow cytometry
for detection of activated caspase 8. The results shown are representatives of three
independent experiments.
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Fig 5.17: GpC pre-treatment prevents Vpr(52-96)-mediated caspase 8 activation.

A.THP-1 cells (1.0x10%ml) and monocytes (1.0x10%ml) were treated either with 5
UM GpC for 12 hr followed by treatment with 1.5 uM Vpr(52-96) for 5 hr (in THP-1 cells)
and 2 hr (in monocytes). Cells were prepared for microscopy by staining for the nuclear
stain DAPI (blue) and activated caspase 8 (green) before visualization using confocal
microscope with a 63X lens at 1x magnification (THP-1 cells) and 4x magnification
(monocytes).
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Fig 5.18: Specific inhibitor of caspase8 activation inhibits Vpr(52-96)-induced
apoptosis and mitochondrial membrane permeabilization in primary human
monocytes.

Monocytes (1x10%ml) were treated with 20 uM ZVAD-IETD-FMK for 2 hr before
treatment with 1.5 uM Vpr(52-96); (A) for 4 hr followed by measurement of apoptosis by
Annexin-V staining or (B) for 2 hr followed by staining with MitoTracker green for
mitochondrial membrane potentia evaluation by flow cytometry. Results in top panelsin A
and B are expressed as amean £ SD of three independent experiments. The results shown in
bottom panels in A and B are representatives of three independent experiments. * (p <0.05),
** (p <0.005).

122



A Monocytes

120 4

**

=
EES% 100

80
<o
> > 60 -
,%g
© 20
©

0 4

Vpr Z-FMK Z-FMK
+Vpr alone
Media Vpr ZVAD-FMK (10pM)
o o o +Vpr
@
c
g 2%, ¢ A%, g 28 ”
5 o o
=}
Pz
Se 10t 100 100 @ B T TE 2R 7 Sfe ot 10t 100

No. of events

Annexin V (log fluorescence)

B Monocytes

Ewvents

80 -

AT

-
e 60
[
20
b
g § 40
[o N o
08

20
BT =
N

0

Media

0% 10" 10

** *

MitoTracker staining (log fluorescence)

Figure 5.18

Media Vpr Z-FMK Z-FMK
+ Vpr aone
! Vpr JZVAD-FMK (10uM) |
& = +Vpr 3
55% 33% 65%
] E W *fe: 1 %
o i i
z o : e i : 3
LRI TR L R R LI T/ R (TR IR

ZVAD-FMK (10uM) -

51 alone

Ewvents

=}
10 o'

6%

—

SR VR i

Z\AD-FMK (10uM) - aone

55%
M1



Fig 5.19: ZVAD-IETD-FMK reversed TNF-a and cyclohexamide-induced apoptosis.
THP-1 cells (1x10%ml) were treated with 20 pM ZVAD-IETD-FMK for 2 hr before

treatment with 20 ng TNF-a and 25 pg/ml cylohexamide for 24 hr followed by measurement

of apoptosis by Annexin-V staining. The results shown are expressed as a mean = SD of

three independent experiments. * (p <0.05), ** (p <0.005).
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Fig 5.20: Vpr (52-96)-induced apoptosis and mitochondrial membrane per meabilization
are dependent upon caspase 8 activation in THP-1 cells.

THP-1 cells (0.25x10%0.5ml) were transfected with 10 nM caspase 8 specific
siRNA or non-silencing control SsRNA for 48 hr followed by treatment with 1.5 uM
Vpr(52-96) (A) for 24 hr followed by measurement of apoptosis by Annexin-V staining or
(B) for 5 hr followed by staining with Rhodamine 123 for mitochondrial membrane potential
evauation by flow cytometry. C Cell lysates were analyzed for caspase 8 expression
byimmunaoblotting. Results in left panelsin A and B are expressed as a mean + SD of
threeindependent experiments. The results shown in C and right panels in A and B
are arepresentative of three independent experiments. * (p <0.05), ** (p <0.005).
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Fig 5.21: Necrostatin pretreatment does not interrupt CpG-induced protection against
Vpr(52-96)-mediated apoptosisin human monocytic cells.

Monocytes (A) (1.0x10%ml) and THP-1s (B) (1.0x10%ml) were treated with 25-
50 M necrostatin prior to stimulation with 5 pM CpG-ODN for 12 hr followed by
treatment with 1.5 uM Vpr(52-96) for 4 hr (monocytes) and 24 hr (THP-1 cells) followed by
measurement of apoptosis by Annexin-V staining. The resultsin A are expressed as a mean
+ SD of three independent experiments. *(p <0.05), ** (p <0.005).
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5.2.6 Bacterial DNA-induced c-IAP-2 inhibits Vpr(52-96)-mediated caspase 8 activation in

THP-1 cells and primary monocytes

Taking into account: 1) The propensity of c-IAP-2 for inhibiting TNF-o-induced apoptosis
by hindering caspase 8 activation (91, 103, 426), 2) the importance of caspase 8 activation for
Vpr(52-96)-induced apoptotic affects in monocytic cells (Fig 5.16-5.18 and 5.20) and 3) the
reversal of Vpr(52-96)-induced caspase8 activation, mitochondrial depolarization and
apoptosis by bacterial DNA pre-treatment, lead me to hypothesize that direct inhibition of
Vpr(52-96)-mediated caspase 8 activation may be a key step in c-IAP-2 regulated anti-
apoptotic mechanisms. Indeed it was observed that protection afforded by CpG against
Vpr(52-96)-mediated caspase 8 activation was reversed if c-1AP-2 was degraded, using
SMC, as observed by employing, a) antibodies against activated caspase 8 and visualizing
caspase 8 activation with confocal microscopy (Fig 5.22A and 5.23A), b) by incubating
Vpr(52-96) treated cells with FITC-conjugated caspase 8 inhibitor that specifically binds to
cleaved caspase 8 and alows for analysis of caspase 8 activation by flow cytometry (Fig
5.23B), and c) by anayzing celular lysates from Vpr(52-96) treated cells by western
blotting using antibodies against full length and cleaved caspase 8 (Fig 5.22B). Cells treated
with cycloheximide and TNF-a were used as positive controls for caspase 8 activation (Fig
5.20C, 5.22B and 5.24). Notably treatment with SMC aone did not cause significant
caspase 8 activation in THP-1 cells or primary monocytes (Fig 5.24). Moreover siRNA-
mediated knockdown of TRAF-1 and TRAF-2 significantly abrogated the protection
afforded by CpG against Vpr(52-96)-mediated caspase 8 activation in THP-1 cells (Fig
5.25). These observations indicate that TRAF-1 and TRAF-2 help inhibit caspase 8

activation by Vpr(52-96), once their expression is stabilized by c-1AP-2.
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Fig 5.22: Pretreatment with SMC reverses CpG-mediated rescue of caspase8
activation induced by Vpr(52-96) in THP-1 cells.

A. THP-1 cells (1.0x10%ml) were treated with 200 nm AEG-730 SMC and 5 pM
CpG for 12 hr. Subsequently cells were treated with 1.5 pM Vpr(52-96) for 5 hr and
prepared for microscopy by staining for nuclear stain DAPI (blue) and activated caspase
8 (green) before visualization using confocal microscope with a 63X lens at 4x
magnification. Green fluorescence intensity from 50 randomly chosen cells from each
sample was tabulatedto obtain the bar graph. B. THP-1 cells (2.0x10%ml) were stimulated
with either 20 ng TNF-a and 25 pg/ml cylohexamide alone; or with 200 nM AEG-730
SMC and 5 uM CpG for 12hr followed by treatment with 1.5 uM Vpr(52-96) for 5 hr.
Cdl lysates were analyzed for full length and cleaved caspase8 expression by
immunoblotting. Results in bottom panel in A are expressed as a mean = SD of three
independent experiments. The results shown in Band top panel in A are representatives of
three independent experiments. *(p <0.05), ** (p<0.005).
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Fig 5.23. Pretreatment with SMC reverses CpG-mediated prevention of caspase8

activation induced by Vpr(52-96) in primary human monocytes.

A. Monocytes (1.0x10%ml) were treated with 200 nm AEG-730 SMC and 5 pM
CpG-ODN for 12 hr. Subsequently cells were treated with 1.5 uM Vpr(52-96) for 2 hr
and prepared for microscopy by staining for the nuclear stain DAPI (blue) and
activated caspase 8 (green) before visualization using confocal microscope with a 63X
lens at 9xmagnification. Green fluorescence intensity from 50 randomly chosen cells
from each sample was tabulated to obtain the bar graph. B. Monocytes (1.0x106/ml) were
treated with 200 nm AEG-730 SMC and 5 uM CpG-ODN for 12 hr followed by treatment
with 1.5 uM Vpr(52-96) for 2 hr. Subsequently the cells were treated with 1pl
FITC-IETD-ZFMK and analyzed by flow cytometry for detection of activated caspase
8. The results shown in top panels in A and B are representatives of three
independent experiments and the results bottom panels in A and B are expressed as a mean
+ SD of three independent experiments. *(p <0.05), ** (p <0.005).
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Fig 5.24: Treatment with SM C alone does not cause caspase 8 activation.
A. THP-1 cells (1.0x10%ml) were stimulated with 200 nM AEG-730 SMC or 20 ng

TNF-a and 25 pg/ml cyclohexamide for 12 hr. B. Monocytes (1.0x10%ml) were stimulated
with 50-200 nM AEG-730 SMC or 20 ng TNF-a and 25 pg/ml cycloheximide for 12 hr. Cell
lysates were analyzed for full length and cleaved caspase 8 expression by immunobl otting.
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Fig 5.25: CpG-induced protection from Vpr(52-96)-mediated caspase 8 activation is
dependent on TRAF-1 and TRAF-2.

THP-1 cells (0.25x10%0.5ml) were transfected with 20 nM TRAF-1 and TRAF-2
specific SRNAs or non-silencing control siIRNA for 48 hr followed by stimulation with CpG
(5 uM) for 12 hr. Cells were then treated with 1.5 pM Vpr(52-96) for 5 hr followed by
treatment with 1yl FITC-IETD-ZFMK and analyzed by flow cytometry for detection of
activated caspase 8. Results in top panel are representative of three independent
experiments. The results in the bottom panel are expressed as a mean £ SD of three
independent experiments. *(p <0.05), ** (p <0.005). For evidence of effective knock down
of TRAF-1 and TRAF-2 please see to Fig. 5.14.
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5.2.7 Pretreatment with bacterial DNA prevents Vpr(52-96)-mediated activation of pro-

apoptotic Bid and Bax.

Activated caspase 8 has been demonstrated to orchestrate apoptosis either by directly
activating caspases 3/7 thereby bypassing the mitochondria completely (28) or by activating
its downstream pro-apoptotic substrate Bid (431). Since mitochondrial depolarization was
identified as a key component of Vpr-induced cell death (Fig 5.2) it was reasonable to
hypothesi ze that V pr(52-96)-activated apoptotic signaling via caspase 8 may be mediated by
Bid activation. Inorder to investigate this hypothesis Bid, was knocked down using SRNAs
(Fig 5.26C). Samples transfected with Bid SsRNA were less sensitive to apoptosis (Fig
5.26A) and mitochondrial potential loss (Fig 5.26B) in response to Vpr(52-96) treatment as
compared to control SSRNA transfected samples. The biologica activity of Bid SRNA was
confirmed by it ability to inhibit cycloheximide and TNF-a-mediated apoptosis in THP-1
cells (Fig 5.26D).

Bid mediated apoptosis can be regulated in severa different ways (39). Upon
activation by cleavage, pro-apoptotic tBid, may either directly trandocate to the
mitochondrial surface and induce mitochondrial membrane permeabilization or, tBid may
activate another pro apoptotic Bcl-2 family member, Bax (30, 40). Activated Bax mediates
apoptosis by embedding and oligomerizing within the mitochondrial membrane, causing
loss of mitochondrial potential and apoptosis (58, 59, 65). SRNA and shRNA mediated
knock down of Bax, was recently shown to abrogate Vpr-mediated cell death in HelLa cells
and human epithelia cells (16, 252). Therefore | wanted to determine whether Vpr(52-96)-
mediated caspase 8-dependant apoptotic mechanism involved Bax activation in human

monocytic cells. Bax activation entails undergoing a conformational change revealing amino
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terminal epitope recognized by the monoclonal antibody 6A7 (58, 432, 433). To detect Bax
activation, in response to Vpr(52-96), cells were stained with 6A7 Bax antibody and
analyzed by confocal microscopy. Prior treatment with CpG (Fig 5.27A), E.coli DNA (Fig
5.27B) and GpC (Fig 5.28) inhibited Vpr(52-96)-mediated Bax activation in both THP-1
cells and monocytes. Furthermore, THP-1 cells transfected with Bax ssIRNA (Fig 5.29C)
exhibited significantly lower apoptosis (Fig 5.29A) and mitochondrial depolarization (Fig
5.29B) in response to Vpr(52-96) treatment as compared to cells transfected with non-
silencing SsIRNA, suggesting the significance of Bax in Vpr(52-96)-mediated cell death in

this cell type.
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Fig 5.26:Vpr(52-96)-induced apoptosis and mitochondrial membrane per meabilization
are dependent upon Bid activation in THP-1 cells.

THP-1 cells (0.25x10%0.5ml) were transfected with 40 nM Bid specific SRNA or non-
silencing control SiIRNA for 48 hr followed by treatment with 1.5 uM Vpr(52-96) (A) for 24
hr followed by measurement of apoptosis by Annexin-V staining or (B) for 5 hr followed by
staining with Rhodamine 123 for mitochondrial membrane potential evaluation by flow
cytometry. C. Cell lysates were analyzed for Bid expression by immunoblotting. D. THP-1
cells were transfected with Bid SsSRNA as mentioned above and then treated with 20 ng
TNF-a and 25 pg/ml cyloheximide for 24 hr followed by measurement of apoptosis by
Annexin-V staining. Results in left panel in A is expressed as a mean = SD of three
independent experiments. The results shown in C and right panels in A are a
representative of three independent experiments. * (p <0.05), ** (p <0.005).
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Fig 5.27: Bacterial DNA pre-treatment inhibits Vpr(52-96)-induced Bax activation.

A. THP-1 cells (1.0x10%ml) and monocytes (1.0x10%ml) were treated with 5 pM
CpG for 12 hr followed by treatment with 1.5 uM Vpr(52-96) for 5 hr (in THP-1 cells) and
2 hr (monocytes). B. Monocytes (1.0x10%ml) were treated with 5 pM CpG or 25 pg E.coli
DNA for 12 hr followed by treatment with 1.5 uM Vpr(52-96) for 2 hr. Subsequently cells
were prepared for microscopy by staining for the nuclear stain DAPI (blue) and activated
Bax (green) and visualization using confocal microscope with a 63X lens at 1x
magnification (THP-1 cells) and 4x magnification (monocytes). The results are
representative of three independent experiments. *(p <0.05), ** (p <0.005).
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Fig 5.28: GpC pre-treatment inhibits Vpr(52-96)-induced Bax activation.

THP-1 cells (1.0x10%ml) and monocytes (1.0x10%ml) were treated with 5 uM GpC
for 12 hr followed by treatment with 1.5 puM Vpr(52-96) for 5 hr (in THP-1 cells) and 2 hr
(monocytes). Subsequently cells were prepared for microscopy by staining for the nuclear
stain DAPI (blue) and activated Bax (green) and visualization using confocal microscope
with a 40X lens at 1x magnification (THP-1 cells) and 4x magnification (monocytes). The
results are representative of three Independent experiments.

135



THP-1

DAPI

Activated
Bax

M onocytes

DAPI

Activated
Bax

Media

Media

Vpr

Figure 5.28

Vpr

GpC + Vpr

GpC + Vpr




Fig 5.29: Vpr (52-96)-induced apoptosis and mitochondrial membrane per meabilization
are dependent upon Bax activation.

THP-1 cells (0.25x10%0.5ml) were transfected with 10 nM Bax specific SRNA or
non-silencing control SSRNA for 48 hr followed by treatment with 1.5 uM Vpr(52-96) for
(A) 24 hr followed by measurement of apoptosis by Annexin-V staining or (B) for 5 hr
followed by staining with Rhodamine 123 for mitochondrial membrane potential evaluation
by flow cytometry. C Subsequently cell lysates were analyzed for Bax expression by
immunoblotting. Results in left panel in A is expressed as a mean = SD of three
independent experiments. The results in C and right panelsin A are representative of three
independent experiments. *(p <0.05), ** (p <0.005).
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5.2.8 Anti-apoptotic Bcl-2 proteins, Mcl-1, Bcl-X. and Bcl-2 do not play a role in CpG-
induced protection against Vpr(52-96)-mediated apoptosisin THP-1 cells

Anti-apoptotic members of Bcl-2 family, Bcl-2, Bcl-X;. and Mcl-1 have been
demonstrated to mediate cell survival by protecting the mitochondria integrity through
neutralizing pro-apoptotic Bcl-2 proteins like Bax and Bid (31, 66, 67). Interestingly CpG
was shown to induce longetivity in murine DCs viainduction of Bcl-2 and Bcl-X | (10) Even
though CpG treatment did not enhance expression of any of the Bcl-2 proteins tested for in
human monocytic cells (Chapter 4 Fig 4.6A), | determined whether Mcl-1, Bcl-2 or Bcl-
X, may play arole in CpG-induced prevention of Vpr(52-96)-mediated apoptosis. To this
end, THP-1 cells were treated with HA14-1 prior to stimulation with CpG and V pr(52-96).
HA14-1isasmall synthetic compound that inhibits biological activities of Bcl-2 proteins, in
particular Bcl-2 and Bcl-X without altering their expression (434). Interestingly, HA14-1
pretreatment did not reduce the protection afforded by CpG against Vpr(52-96)-mediated
apoptosis (Fig 5.30). Induction of caspase-mediated apoptosis in NIH 3T3 cells was
performed to confirm biological activity of HA14-1 (107). Furthermore, athough siRNA-
mediated knockdown of Bcl-X. and Mcl-1 did inhibit Bcl-X, and Mcl-1 expression (Fig
5.31D), it did not significantly reduce CpG-induced protection against V pr(52-96)-mediated
apoptosis (Fig 5.31A) or mitochondrial depolarization (Fig 5.31B). Note that Bcl-2
knockdown using SsIRNA (Fig 5.31D) induced spontaneous loss of mitochondrial membrane
potential in THP-1 cells (Fig 5.31C), therefore this technique could not be used to determine
relevance of Bcl-2 in CpG-mediated protection.

Oveadl, these results suggest that Vpr(52-96) mediates apoptosis in human

monocytic cells by down regulating TRAF-1/TRAF-2 and activating caspse8, Bid and Bax,
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eventually leading to mitochondrial membrane permeabilization, release of cytochrome
c/AIF and apoptosis. However stimulation of the cells with bacterial DNA prior to Vpr(52-
96) treatment, protects TRAF-1 and TRAF-2 via induction of anti-apoptotic c-IAP-2,

thereby inhibiting instigation of caspase 8 mediated apoptotic pathway (Fig 5.32).
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Fig 30: Pre-treatment with HA14-1 does not affect CpG-induced protection against
Vpr(52-96)-mediated apoptosis.

THP-1 cells (1.0x106/ml) were treated with 5-20 u M HA14-1 prior to stimulation
with 5 uM CpG-ODN for 12 hr followed by treatment with 1.5 uM Vpr(52-96) for 24 hr.
Subsequently cells were stained with AnnexinV for measurement of apoptosis.
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Fig 5.31: sSRNA-mediated knockdown of Mcl-1 and Bcl-X, does not abrogate CpG-
induced protection against Vpr(52-96)-mediated apoptosis and mitochondrial injury in
THP-1 cells.

THP-1 cells (0.25x10%0.5ml) were transfected with 40 nM Bcl-X, or Mcl-1 specific
siRNAs or non-silencing control sSIRNA for 48 hr before by treatment with 1.5 uM Vpr(52-
96) for (A) 24 hr followed by measurement of apoptosis by Annexin-V staining or (B) for 5
hr followed by staining with Rhodamine 123 for mitochondrial membrane potential
evaluation by flow cytometry. C. THP-1 cells (0.25x10%0.5ml) were transfected with 40 nM
Bcl-2 specific SSRNA or non-silencing control SSIRNA for 24 hr followed by staining with
Rhodamine 123 for mitochondrial membrane potential evaluation by flow cytometry. D.
Subsequently cell lysates were analyzed for Bcl-X., Mcl-1 and Bcl-2 expression by
immunoblotting. Results in A and B are expressed as a mean = SD of three independent
experiments. The results in D are representative of three independent experiments. *(p
<0.05), ** (p <0.005).
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Fig 5.32: Schematic representation of bacterial DNA/CpG-mediated resistance against
HIV-Vpr-induced apoptosisin human monocytic cells.

Stimulation with bacterial DNA or CpG ODN induces c-IAP-2 expression via
CaMK-Il mediated JNK activation. Induced c-IAP-2 stabilizes TRAF-1 and TRAF-2 thus
inhibiting Vpr-mediated activation of pro-apoptotic caspase 8, Bid and Bax, thereby
protecting against mitochondrial injury and apoptosis.
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5.3 Chapter 5: Discussion

| have previously shown a central role of bacterial DNA-induced c-IAP-2 in mediating
resistance against HIV-Vpr-induced apoptosis in human monocytic cells (108). Herein, |

provide evidence that Vpr-induced mitochondrial depolarization and cell death in human
monocytic cells is mediated via sequential activation/cleavage of pro-apoptotic caspase 8,
Bid and Bax culminating in release of mitochondrial apoptogenic factors AlIF and

cytochrome c. Furthermore V pr-induced caspase 8 activation and apoptosis were found to be
dependent upon rapid down regulation/degradation of signaling molecules TRAF-1 and
TRAF-2. Bacterial DNA-induced c-IAP-2 endowed protection through CaMK-11 activation
against Vpr-induced mitochondrial depolarization by inhibiting TRAF-1/2 degradation, and
caspase 8, Bid and Bax activation. With the exception of mitochondrial survivin (435), no
other member of IAP family has been shown to exert anti-apoptotic effects by directly
protecting mitochondria from depolarization and release of mitochondrial apoptotic factors.

My results suggest a novel and key role played by c-IAP-2 in protection against Vpr-

mediated mitochondrial depolarization.

Vpr has been shown to induce apoptosis by physicaly interacting with a component
of mitochondrial permeability transition pore complex, ANT, and causing release of
mitochondrial apoptogenic proteins like cytochrome-c, AIF and SMAC (133, 240-243).
However, recently the role of Vpr-ANT interaction in apoptosis has been challenged as
SIRNA mediated knockdown of ANT was shown to not affect Vpr’s ability to permeabilize
mitochondria or cause apoptosis. Instead activation of pro-apoptotic Bax was suggested to
be critical for Vpr’s apoptotic functions (16). Vpr-induced release of cytochrome c into the

cytosol facilitates aggregation of apoptosome, consisting of cytochrome-c, pro-caspase 9 and
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Apaf-1, eventualy leading to activation of caspase 9 followed by activation of caspase 3
which ultimately leads to apoptosis (19, 27). Interestingly there is a lack of consensus
regarding the importance of caspase8 activation for Vpr-mediated apoptotic effects.
Caspase 8 has been shown to be dispensable (245, 248-251) as well as critical for Vpr-
mediated mitochondrial depolarization and apoptosis (238, 252, 253). In this study, | have
confirmed that Vpr induced gross impairment to mitochondrial morphology and caused
mitochondrial membrane depolarization that was mediated via caspase 8 activation.

My results show that Vpr-induced mitochondrial damage, both structural and
functional, can be restored by pretreating cells with TLR-9 ligand, CpG (344) or bacterid
DNA. Role of TLR-9 in responsiveness to bacterial DNA in human monocytic cells has
recently been questioned, as these cells express very little TLR-9 (359, 411). In fact,
induction of cytokines by human monocytes in response to bacterial DNA or CpG has been
attributed to contaminating plamacytoid dendritic cells (359). Moreover, experiments
performed with TLR knock out mice or with non-TLR-9 stimulating ODNSs, have challenged
the overal TLR-9 dependence for bacterial DNA mediated signaling (360-363). | have
shown that human monocytic cells express TLR-9 however; immunomodulatory effects of
bacterial DNA were of TLR-9 independent nature (108). This study further supports the
TLR-9 independent effects of bacterial DNA in protecting human monocytic cells against
V pr-mediated mitochondrial damage and apoptosis.

Differentiated macrophages exhibit enhanced resistance to apoptotic stimuli. Indeed
MDMs and THP-1 macrophages were shown to become resistant to V pr-mediated apoptosis
via over-expression of c-IAP-1 and c-1AP-2 (107). The results of this study confirm the role

of c-1AP-2 in rendering differentiated macrophages refractory to Vpr-mediated apoptosis by
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showing that down regulation of c-IAP-2 made MDMs and differentiated macrophages
sensitive to Vpr-mediated loss of mitochondrial membrane potential and release of
cytochrome ¢ and AIF. These results strengthen the notion that protection from
mitochondrial injury is a key mechanism for c-IAP-2-mediated cell survival in both
differentiated and undifferentiated macrophages.

| have previousy shown that LPS and CpG/bacterial DNA-induced c-IAP-2
expression is regulated by the calcium signaling via CaMK-Il (Chapter4) (108). Since c-
IAP-2 was shown to prevent mitochondrial depolarization, inhibit Vpr-induced apoptosis
and mediate resistance to apoptosis in differentiated macrophages, | reasoned that
agents/signaling pathways involved in c-1AP-2 synthesis may also mediate such processes.
In the current study, | provide evidence that similar to induction of resistance against
apoptosis (108), c-IAP-2-mediated protection against mitochondrial damage and release of
apoptogenic factors is regulated via activation of CaM/CaMK-11-mediated calcium signaling
pathway in monocytic cells.

|APs regulate apoptosis by binding and ubiquitinating various cellular proteins via
their highly conserved BIR domains through their RING and UBA domains (75-77).
Traditionaly c-IAP-2 has been described to induce protection against TNF-a-induced
apoptosis primarily by; @) modulating caspase 8 activation by controlling the ubiquitination
state of RIP-1 viainteraction with TRAF-1/2 and b) inducing canonical NFKB pathway (90,
91). Additionaly, c-1AP-2 has been reported to prevent apoptosis by directly binding with
and neutralizing caspases3, 7 and 9 in some cell types, however contradicting studies
suggest that c-IAP-2 binds but does not inhibit caspase activity (89). My results suggest that

Vpr-mediated down regulation of endogenously expressed TRAF-1/2 is essentia for
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caspase 8 activation and mitochondrial depolarization. Vpr has been reported to take
advantage of the cells’s proteasomal degradation mechanisms by enlisting E3 ubiquitin
ligase cullin 4A via DCAF-1, to target various cellular substrates for degradation in order to
induce cell cycle arrest or apoptosis (230, 231). Additionally TRAF-2 is an E3 ligase and
contains a RING domain facilitating protein-protein interaction (436, 437). Hence given the
rapid down regulation of TRAF-1/2 by Vpr, it is reasonable to hypothesize that exploitation
of the host ubiquitin proteasome system may be involved in this process.

Since my results suggest a role for TRAF-1/2 down regulation in Vpr-mediated
caspase 8 activation and because of the ability of TRAF-1/2 to bind c-IAP-2 and mediate cell
survival, | hypothesized that c-IAP-2 may serve to inhibit Vpr-induced caspase 8 activation
by preventing loss of TRAF-1/2. Indeed, SRNA mediated knockdown of TRAF-1/2
rendered the cells sensitive to Vpr-mediated caspase8 activation, mitochondrial
depolarization and apoptosis despite the induction of c-IAP-2. These observations clearly
suggest that TRAF-1/2 and c-1AP-2 are required for optimal protection from V pr-induced
caspase 8 activation and subsequent apoptosis. Interestingly, individual knock down of
TRAF-1/2 did not completely abrogate c-IAP-2-mediated protection suggesting redundancy
in the functions of TRAF-1/2. It is possible that TRAF-1/2 exist as a complex with pro-
caspase 8, serving to maintain caspase 8 in an inactivated form in monocytic cells. When the
cells are treated with Vpr, TRAF-1/2 get targeted for ubiquitination and proteasomal
degradation, leaving caspase 8 free for cleavage/activation. However, pre-exposure of cells
to bacterial DNA causes induction of c-IAP-2 which binds with TRAF-1/2, making them

refractory to Vpr-mediated degradation and thereby inhibiting caspase 8 activation and
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apoptosis. However, further investigation is required to confirm the precise mechanism
involved.

It is noteworthy that contrary to previously published mechanisms of c-IAP-2-
mediated protection, pretreatment of human monocytic cells with RIP-1 inhibitor,
necrostatin (438), did not inhibit the protective effect of c-IAP-2 against Vpr-mediated
apoptosis. It is possible that in monocytic cells c-IAP-2-mediated protection may be
modulated independently of RIP-1 via other yet unknown protein/s. Conversely necrostatin
is a non-specific inhibitor of RIP-1 and has been described to only inhibit partia RIP-1
functions (439). However, due to inconsistent expression of RIP-1 in THP-1 cells and
monocytes, sIRNA-mediated knock down of RIP-1 could not be performed. Therefore, the
precise role of RIP-1 in c-IAP-2-mediated cell survival in human monocytic cells needs to
be investigated.

As no increase was observed in the expression of any AP family member besides c-
|AP-2 in response to CpG-ODN treatment, the remaining members of this family were not
investigated for their role in protecting cells against Vpr-mediated cell death. My results
showed that both SMC-induced c-IAP-2 degradation and siRNA-mediated c-IAP-2 knock
down rendered both bacterial DNA treated monocytes and differentiated macrophages
sensitive to Vpr-mediated cell death. However, since SMC degrades c-IAP-1 and X-1AP
along with c-IAP-2, the role of c-IAP-1 and X-IAP in protecting monocytic cells against HIV-
Vpr-mediated apoptosis cannot be ruled out. Further studies targeting c-1AP1, c-1AP-2 and X-
AP together and individualy will help delineate the functional and biochemical aspects of

interplay between these proteins.
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Anti-apoptotic Bcl-2 family of proteins such as Bcl-2, Bcl-XI and Mcl-1 exert their
protective effects by inhibiting mitochondrial permeabilization via neutralization of pro-
apoptotic proteins like Bid and Bax (107, 440). Considering that protection of mitochondrial
viability is critical for inhibiting Vpr-mediated apoptosis and taking into account the
significance of Bid and Bax in causing Vpr-induced mitochondrial depolarization, it is
possible that along with c-1AP-2; Bcl-2, Bcl-X. and Mcl-1 may also play a role in bacterial
DNA endowed protection against apoptosis caused by Vpr. However, neither SIRNA-
mediated knock down of these proteins nor the pharmacological inhibition of their
biological activity was observed to cast significant difference in bacterial DNA-mediated
protection against V pr-induced apoptosis.

In summary, this is the first report, describing a role for bacterial DNA-induced c-
IAP-2 in protecting against apoptosis by acting upstream of mitochondrial membrane
permeabilization; through inhibition of HIV-Vpr-mediated caspase 8 activation and
mitochondrial injury, with the help of TRAF-1 and TRAF-2. Furthermore, this study for the
first time shows the involvement of TRAF-1/2 in Vpr-mediated cell death through the
activation of caspase 8, Bid and Bax. Additionally, considering the significance of c-1AP-2,
calcium signaling and TRAF-1/2 in establishing resistance to cell death, drugs like SMC,
aimed at destroying this resistance by targeting c-1AP-2, CaM/CaMK-I1 or TRAF-1/2, may

serveto prevent HIV reservoir formation in human monocytic cells.
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Concluding remarks and future studies

The primary purpose of this study was to determine what aspects of HIV infection
induced resistance to apoptosis in human monocytes alowing these cells to become viral
reservoirs. For this 96 aa HIV accessory protein, Vpr, was used to facilitate examination of

apoptotic mechanismsin monocytic cellsin an HIV context.

The first order of this project was to ascertain if treating human monocytes and pro-
monocytic THP-1 cells with various microbial products would make these cells resistant to
Vpr-induced cell death. Components from both gram positive and gram negative bacteria
were found to be potent inducers of protection from Vpr-induced cell death. However,
CpG/bacterial DNA pretreatment endowed maximal protection. Furthermore, using knock
down studies it was determined that CpG/bacterial DNA-induced protection was regulated
through induction of anti apoptotic protein, c-IAP-2 via CaM/CaMK-Il mediated calcium
signaling and MAPK JNK signaling as summarized in Fig 4.19. Given the evidence
presented in this study advocating the role of c-IAP-2 in inducing survival against Vpr-
induced apoptosis, it would be interesting to determine if direct or bystander apoptosis
induced by other HIV related factors like Tat and gpl20 (441) could also be similarly
countered by c-IAP-2 over expression. Furthermore, investigating whether stimulation with
bacterial DNA bestows enhanced resistance to apoptosis in macrophages, in addition to the
resistance imparted by the differentiation process, would provide meaningful insights into
the pro-surviva nature of these cells. A primary source of HIV reservoirs during all stages
of the disease is memory T cells (259). It would be interesting to investigate if the
mechanism of bacterial DNA-induced survival is applicable in memory T cells and other

cellular reservoirs of HIV.
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Interestingly, although CpG/bacterial DNA is recognized as aclassical TLR-9 ligand
(344), protection against Vpr-mediated apoptosis was found to be independent of TLR-9
stimulation. The precise mechanism of TLR-9 independent signaling by bacterial DNA in
these cells remains to be elucidated and raises interesting possibilities for future research.
These include questions regarding the mode of bacterial DNA entry in the cell and
occurrence of a yet undiscovered receptor for this ligand in monocytes. Furthermore, unlike
monocytes (411) dendritic cells (352, 421) and B cells (356, 372, 442), express TLR-9 and
are potent responders of bacterial DNA stimulation. It would be interesting to investigate if
bacterial DNA induces protection in these cells against apoptotic stimuli and whether this
protection is dependent upon TLR-9 signaling. Moreover, given the observations that LPS
and LTA stimulation also induced expression of c-IAP-2 and protection against apoptosis in
monocytes it can be hypothesized that bacterial DNA may bypass TLR-9 and signal directly
through a downstream modulator of TLR cascade, like MyD88, to activate NFKB and induce

c-IAP-2 expression.

The second part of the study was dedicated to determining the mechanism of
protection induced by CpG/bacterial DNA-induced c-IAP-2, against Vpr-mediated
apoptosis. For this atwo pronged approach was adopted which entailed identifying the exact
mechanism of Vpr-induced cell death in monocytes and simultaneously investigating
determinants of bacterial DNA-induced protection. In the present study Vpr-mediated
mitochondrial depolarization and apoptosis were found to be mediated via sequential
activation of pro-apoptotic caspase 8, Bid and Bax. Interestingly prior treatment with CpG
significantly inhibited instigation of this Vpr-induced apoptotic cascade. Since activation of

caspase 8 has historically been shown to be regulated by the TNFR signaling (38), future

149



studies exploring the possibilities that Vpr may be a) interacting with the TNFR complex or
b) engaging the TNFR while entering the cell, will provide further insights into regulation of
apoptosis by HIV. Bid and Bax were found to play important roles in Vpr-mediated cell
death. However, role of other pro-apoptotic Bcl-2 proteins in this context was not
determined. Therefore a comprehensive study investigating the role of each pro-apoptotic

Bcl-2 family protein is warranted to define the precise mechanism of Vpr-induced apoptosis.

Having determined the mode of Vpr-mediated apoptosis | explored whether CpG-
induced c-1AP-2 could counter these apoptotic mechanisms. Indeed, inhibition of c-IAP-2
expression by siRNAs or by use of SMC successfully reversed CpG-induced protection
against Vpr-induced caspase8 and Bax activation. Moreover, knocking down c-1AP-2
expression in c-IAP-2 overexpressing cells, MDMs and THP-1 derived macrophages (107),
rendered these cells sensitive to Vpr-mediated loss of mitochondrial potential and release of

cytochrome c/AlF.

TRAF-1/2 are recognized as crucial components of c-IAP-2-mediated protection
against TNF-o-induced cell death as these adaptor proteins physically interact with c-1AP-2
(443). Vpr was shown to induce rapid down regulation of TRAF-1/2 which could be
rescued by induction of c-IAP-2. Additionally, sSRNA-mediated knockdown of TRAF-1/2
caused a significant decline in CpG-induced protection against Vpr-mediated loss of
mitochondrial potential and apoptosis. These observations indicate that c-IAP-2 may

primarily serve to prevent down regulation of TRAF-1/2 by Vpr.

The exact nature of Vpr-caspase 8-TRAF1/2-c-IAP-2 interaction remains to be

delineated. It is possible that other Vpr-binding proteins may be crucial in this process.
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Furthermore mechanism of Vpr-mediated down regulation of TRAF-1/2 remains to be
determined. An interesting observation in this study was the RIP-1 independent nature of c-
IAP-2-mediated survival. The exact contribution of RIP-1 to bacteria DNA-induced
protection in human monocytes and macrophages will be instrumental in designing drug
targets for controlling cell longitivity. Taken together these observations, as summarized in
Fig 5.32, indicate a novel role for bacterial DNA induced c-1AP-2 in protecting against
mitochondrial damage and apoptosis. Future studies exploring different functions of c-1AP-2
may bring to light novel and noteworthy roles for this protein in varied aspects of host

immunity like regulation inflammatory responses.

The conclusions drawn from this project shed light on the functional importance of
co-infections and microbial translocation in the process of HIV reservoir formation. It is
reasonabl e to speculate that monocytic cells from HIV-infected patients may have a reduced
propensity to undergo apoptosis at least in part due to the presence of microbia products
including LPS and DNA present in chronically-infected HIV patients (11) via induction of
c-IAP-2. Moreover reservoir forming capabilities of CpG/bacterial DNA-induced c-1AP-2
advocate caution for the use of CpG as an adjuvant for vaccines against infectious pathogens
(444-446). Keeping in view my results implicating c-1AP-2 in bacterial DNA-induced
survival against Vpr-mediated apoptosis, strategies based on suppression of c-1AP-2 (447,
448) by agents known to inhibit CaM/CaMK-I1/INK signaling pathways may prove helpful
in controlling HIV reservoir formation and broadly prevent infection with intracellular

pathogens and associated inflammatory responses

151



REFERENCES

1. Erokhin, V. V. and M. P. El'shanskaia. 1987. Acquired immunodeficiency syndrome (its clinico-
morphological aspects). Probl. Tuberk. (5): 63-70.

2. Folks, T. M., S. Benn, and A. B. Rabson. 1987. Biologic and molecular variations in AIDS retrovirus
isolates. Contrib. Microbiol. Immunol. 8: 90-102.

3. Kulkosky, J. and S. Bray. 2006. HAART-persistent HIV-1 latent reservoirs: their origin, mechanisms of
stability and potential strategies for eradication. Curr. HIV. Res. 4: 199-208.

4. Saksena, N. K. and D. N. Haddad. 2003. Vira reservoirs an impediment to HAART: new strategies to
eliminate HIV-1. Curr. Drug Targets Infect. Disord. 3: 179-206.

5. Ellery, P. J., E. Tippett, Y. L. Chiu, G. Paukovics, P. U. Cameron, A. Solomon, S. R. Lewin, P. R. Gorry, A.
Jaworowski, W. C. Greene, S. Sonza, and S. M. Crowe. 2007. The CD16+ monocyte subset is more permissive
to infection and preferentially harbors HIV-1 in vivo. J. Immunol. 178: 6581-6589.

6. Almodovar, S, C. C. Del, I. M. Maldonado, R. Villafane, S. Abreu, I. Melendez, C. Dominguez, W. Cuevas,
T. M. Cadllins, and E. Lorenzo. 2007. HIV-1 infection of monocytes is directly related to the success of
HAART. Virology 369: 35-46.

7. Delobel, P., K. Sandres-Saune, M. Cazabat, F. E. L'Fagihi, C. Aquilina, M. Obadia, C. Pasquier, B.
Marchou, P. Massip, and J. 1zopet. 2005. Persistence of distinct HIV-1 populations in blood monocytes and
naive and memory CD4 T cells during prolonged suppressive HAART. AIDS 19: 1739-1750.

8. Belmonte, L., P. Bare, M. M. de Bracco, and B. H. Ruibal-Ares. 2003. Reservoirs of HIV replication after
successful combined antiretroviral treatment. Curr. Med. Chem. 10: 303-312.

9. Lombardo, E., A. Alvarez-Barrientos, B. Maroto, L. Bosca, and U. G. Knaus. 2007. TLR4-mediated survival
of macrophages is MyD88 dependent and requires TNF-alpha autocrine signalling. J. Immunol. 178: 3731-
3730.

10. Park, Y., S. W. Lee, and Y. C. Sung. 2002. Cutting Edge: CpG DNA inhibits dendritic cell apoptosis by
up-regulating cellular inhibitor of apoptosis proteins through the phosphatidylinositide-3'-OH kinase pathway.
J. Immunol. 168: 5-8.

11. Brenchley, J. M., D. A. Price, T. W. Schacker, T. E. Asher, G. Silvestri, S. Rao, Z. Kazzaz, E. Bornstein,
O. Lambotte, D. Altmann, B. R. Blazar, B. Rodriguez, L. Teixeira-Johnson, A. Landay, J. N. Martin, F. M.
Hecht, L. J. Picker, M. M. Lederman, S. G. Deeks, and D. C. Douek. 2006. Microbial trandocation is a cause
of systemic immune activation in chronic HIV infection. Nat. Med. 12; 1365-1371.

12. Brenchley, J. M. and D. C. Douek. 2008. HIV infection and the gastrointestinal immune system. Mucosal
Immunol. 1: 23-30.

13. Zhao, R. Y., G. Li, and M. I. Bukrinsky. 2011. Vpr-host interactions during HIV-1 vira life cycle. J.
Neuroimmune Pharmacol. 6: 216-229.

14. Andersen, J. L., E. Le Rouzic, and V. Planelles. 2008. HIV-1 Vpr: mechanisms of G2 arrest and apoptosis.
Exp. Mol. Pathol. 85: 2-10.

152



15. Jones, G. J,, N. L. Barshy, E. A. Cohen, J. Holden, K. Harris, P. Dickie, J. Jnamandas, and C. Power. 2007.
HIV-1 Vpr causes neuronal apoptosis and in vivo neurodegeneration. J. Neurosci. 27: 3703-3711.

16. Andersen, J. L., J. L. DeHart, E. S. Zimmerman, O. Ardon, B. Kim, G. Jacquot, S. Benichou, and V.
Planelles. 2006. HIV-1 Vpr-induced apoptosis is cell cycle dependent and requires Bax but not ANT. PLoS
Pathog. 2: €127.

17. Kerr, J. F., A. H. Wyllie, and A. R. Currie. 1972. Apoptosis: a basic biological phenomenon with wide-
ranging implicationsin tissue kinetics. Br. J. Cancer 26: 239-257.

18. Prindull, G. 1995. Apoptosisin the embryo and tumorigenesis. Eur. J. Cancer 31A: 116-123.

19. Jin, Z. and W. S. El-Deiry. 2005. Overview of cell death signaling pathways. Cancer. Biol. Ther. 4: 139-
163.

20. Chowdhury, I., B. Tharakan, and G. K. Bhat. 2006. Current concepts in apoptosis: the physiological suicide
program revisited. Cell. Mol. Biol. Lett. 11: 506-525.

21. Thompson, C. B. 1995. Apoptosis in the pathogenesis and treatment of disease. Science 267: 1456-1462.
22. Savill, J. and V. Fadok. 2000. Corpse clearance defines the meaning of cell death. Nature 407: 784-788.

23. Henson, P. M., D. L. Bratton, and V. A. Fadok. 2001. The phosphatidylserine receptor: a crucial molecular
switch? Nat. Rev. Mol. Cell Biol. 2: 627-633.

24. Leist, M. and M. Jaattela. 2001. Four deaths and a funeral: from caspases to alternative mechanisms. Nat.
Rev. Mol. Cell Bial. 2: 589-598.

25. Thornberry, N. A. and Y. Lazebnik. 1998. Caspases. enemies within. Science 281: 1312-1316.

26. Donepudi, M. and M. G. Grutter. 2002. Structure and zymogen activation of caspases. Biophys. Chem.
101-102: 145-153.

27. Adrain, C. and S. J. Martin. 2001. The mitochondrial apoptosome: a killer unleashed by the cytochrome
seas. Trends Biochem. Sci. 26: 390-397.

28. Philchenkov, A. 2004. Caspases: potential targets for regulating cell death. J. Cell. Mol. Med. 8: 432-444.

29. Chowdhury, |., B. Tharakan, and G. K. Bhat. 2008. Caspases - an update. Comp. Biochem. Physiol. B.
Biochem. Mol. Biol. 151: 10-27.

30. Luo, X., I. Budihardjo, H. Zou, C. Slaughter, and X. Wang. 1998. Bid, a Bcl2 interacting protein, mediates
cytochrome c release from mitochondria in response to activation of cell surface death receptors. Cell 94: 481-
490.

31. Wang, K., X. M. Yin, D. T. Chao, C. L. Milliman, and S. J. Korsmeyer. 1996. BID: a hovel BH3 domain-
only death agonist. Genes Dev. 10: 2859-2869.

32.Ku, N. O,, J. Liao, and M. B. Omary. 1997. Apoptosis generates stable fragments of human type | keratins.
J. Biol. Chem. 272: 33197-33203.

153



33. Rao, L., D. Perez, and E. White. 1996. Lamin proteolysis facilitates nuclear events during apoptosis. J. Cell
Biol. 135; 1441-1455.

34. Duriez, P. J. and G. M. Shah. 1997. Cleavage of poly(ADP-ribose) polymerase: a sensitive parameter to
study cell death. Biochem. Cell Biol. 75: 337-349.

35. Levkau, B., H. Koyama, E. W. Raines, B. E. Clurman, B. Herren, K. Orth, J. M. Roberts, and R. Ross.
1998. Cleavage of p21Cipl/Wafl and p27Kipl mediates apoptosis in endothelia cells through activation of
Cdk2: role of a caspase cascade. Mol. Cell 1: 553-563.

36. Papenfuss, K., S. M. Cordier, and H. Walczak. 2008. Death receptors as targets for anti-cancer therapy. J.
Cell. Mol. Med. 12: 2566-2585.

37. Ashkenazi, A. and V. M. Dixit. 1998. Death receptors: signaling and modulation. Science 281: 1305-1308.

38. Kischkel, F. C., S. Hellbardt, |. Behrmann, M. Germer, M. Pawlita, P. H. Krammer, and M. E. Peter. 1995,
Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing signaling complex
(DISC) with the receptor. EMBO J. 14: 5579-5588.

39. Peter, M. E. and P. H. Krammer. 2003. The CD95(APO-1/Fas) DISC and beyond. Cell Death Differ. 10:
26-35.

40. Burlacu, A. 2003. Regulation of apoptosis by Bcl-2 family proteins. J. Cell. Mol. Med. 7: 249-257.

41. Liu, X., C. N. Kim, J. Yang, R. Jemmerson, and X. Wang. 1996. Induction of apoptotic program in cell-
free extracts: requirement for dJATP and cytochrome c. Cell 86: 147-157.

42. Du, C, M. Fang, Y. Li, L. Li, and X. Wang. 2000. Smac, a mitochondrial protein that promotes
cytochrome c-dependent caspase activation by eliminating | AP inhibition. Cell 102: 33-42.

43. Verhagen, A. M., P. G. Ekert, M. Pakusch, J. Silke, L. M. Connally, G. E. Reid, R. L. Moritz, R. J.
Simpson, and D. L. Vaux. 2000. Identification of DIABLO, a mammalian protein that promotes apoptosis by
binding to and antagonizing |AP proteins. Cell 102: 43-53.

44. Susin, S. A., H. K. Lorenzo, N. Zamzami, |. Marzo, B. E. Snow, G. M. Brothers, J. Mangion, E. Jacotot, P.
Costantini, M. Loeffler, N. Larochette, D. R. Goodlett, R. Aebersold, D. P. Siderovski, J. M. Penninger, and G.
Kroemer. 1999. Molecular characterization of mitochondrial apoptosis-inducing factor. Nature 397: 441-446.

45. Li, L. Y., X. Luo, and X. Wang. 2001. Endonuclease G is an apoptotic DNase when released from
mitochondria. Nature 412: 95-99.

46. van, L. G., P. Schotte, G. M. van, H. Demol, B. Hoorelbeke, K. Gevaert, |I. Rodriguez, A. Ruiz-Carrillo, J.
Vandekerckhove, W. Declercg, R. Beyaert, and P. Vandenabeele. 2001. Endonuclease G: a mitochondrial
protein released in apoptosis and involved in caspase-independent DNA degradation. Cell Death Differ. 8:
1136-1142.

47. van Gurp, M., N. Festjens, G. van Loo, X. Saelens, and P. Vandenabeele. 2003. Mitochondrial
intermembrane proteinsin cell death. Biochem. Biophys. Res. Commun. 304: 487-497.

48. Deveraux, Q. L., N. Roy, H. R. Stennicke, A. T. Van, Q. Zhou, S. M. Srinivasula, E. S. Alnemri, G. S.
Salvesen, and J. C. Reed. 1998. IAPs block apoptotic events induced by caspase-8 and cytochrome ¢ by direct
inhibition of distinct caspases. EMBO J. 17: 2215-2223.

154



49. Hengartner, M. O. and H. R. Horvitz. 1994. Activation of C. elegans cell death protein CED-9 by an
amino-acid substitution in a domain conserved in Bcl-2. Nature 369: 318-320.

50. Tsujimoto, Y., J. Cossman, E. Jaffe, and C. M. Croce. 1985. Involvement of the bcl-2 gene in human
follicular lymphoma. Science 228: 1440-1443.

51. Yang, E., J. Zha, J. Jockel, L. H. Boise, C. B. Thompson, and S. J. Korsmeyer. 1995. Bad, a heterodimeric
partner for Bel-XL and Bcl-2, displaces Bax and promotes cell death. Cell 80: 285-291.

52. Boise, L. H., M. Gonzalez-Garcia, C. E. Postema, L. Ding, T. Lindsten, L. A. Turka, X. Mao, G. Nunez,
and C. B. Thompson. 1993. Bcl-X, a Bcl-2-Related Gene that Functions as a Dominant Regulator of Apoptotic
Cell Death. Cell 74: 597-608.

53. Chittenden, T., E. A. Harrington, R. O'Connor, C. Flemington, R. J. Lutz, G. I. Evan, and B. C. Guild.
1995. Induction of apoptosis by the Bcl-2 homologue Bak. Nature 374: 733-736.

54. Kozopas, K. M., T. Yang, H. L. Buchan, P. Zhou, and R. W. Craig. 1993. MCL1, a gene expressed in
programmed myeloid cell differentiation, has sequence similarity to BCL2. Proc. Natl. Acad. ci. U. S A. 90:
3516-3520.

55. Zong, W. X., L. C. Edelstein, C. Chen, J. Bash, and C. Gelinas. 1999. The prosurvival Bcl-2 homolog Bfl-
1/Al isadirect transcriptional target of NF-kappaB that blocks TNFalpha-induced apoptosis. Genes Dev. 13:
382-387.

56. O'Connor, L., A. Strasser, L. A. O'Reilly, G. Hausmann, J. M. Adams, S. Cory, and D. C. Huang. 1998.
Bim: anovel member of the Bcl-2 family that promotes apoptosis. EMBO J. 17: 384-395.

57. Oltvai, Z. N., C. L. Milliman, and S. J. Korsmeyer. 1993. Bcl-2 heterodimerizes in vivo with a conserved
homolog, Bax, that accelerates programmed cell death. Cell 74: 609-619.

58. Sharpe, J. C., D. Arnoult, and R. J. Youle. 2004. Control of mitochondrial permeability by Bcl-2 family
members. Biochim. Biophys. Acta 1644: 107-113.

59. Danial, N. N. 2007. BCL-2 family proteins: critical checkpoints of apoptotic cell death. Clin. Cancer Res.
13: 7254-7263.

60. Marsden, V. S. and A. Strasser. 2003. Control of apoptosis in the immune system: Bcl-2, BH3-only
proteins and more. Annu. Rev. Immunol. 21: 71-105.

61. Huang, D. C. and A. Strasser. 2000. BH3-Only proteins-essential initiators of apoptotic cell death. Cell
103: 839-842.

62. Oda, E., R. Ohki, H. Murasawa, J. Nemoto, T. Shibue, T. Yamashita, T. Tokino, T. Taniguchi, and N.
Tanaka. 2000. Noxa, a BH3-only member of the Bcl-2 family and candidate mediator of p53-induced
apoptosis. Science 288: 1053-1058.

63. Lindsten, T., A. J. Ross, A. King, W. X. Zong, J. C. Rathmell, H. A. Shiels, E. Ulrich, K. G. Waymire, P.
Mahar, K. Frauwirth, Y. Chen, M. Wei, V. M. Eng, D. M. Adelman, M. C. Simon, A. Ma, J. A. Golden, G.
Evan, S. J. Korsmeyer, G. R. MacGregor, and C. B. Thompson. 2000. The combined functions of proapoptotic
Bcl-2 family members bak and bax are essential for normal development of multiple tissues. Mol. Cell 6: 1389-
1399.

155



64. Wei, M. C., W. X. Zong, E. H. Cheng, T. Lindsten, V. Panoutsakopoulou, A. J. Ross, K. A. Roth, G. R.
MacGregor, C. B. Thompson, and S. J. Korsmeyer. 2001. Proapoptotic BAX and BAK: a requisite gateway to
mitochondrial dysfunction and death. Science 292; 727-730.

65. Er, E., L. Oliver, P. F. Cartron, P. Juin, S. Manon, and F. M. Vallette. 2006. Mitochondria as the target of
the pro-apoptotic protein Bax. Biochim. Biophys. Acta 1757: 1301-1311.

66. Letai, A., M. C. Bassik, L. D. Walensky, M. D. Sorcinelli, S. Weiler, and S. J. Korsmeyer. 2002. Distinct
BH3 domains either sensitize or activate mitochondrial apoptosis, serving as prototype cancer therapeutics.
Cancer. Cell. 2: 183-192.

67. Willis, S. N., J. I. Fletcher, T. Kaufmann, M. F. van Delft, L. Chen, P. E. Czabotar, H. lerino, E. F. Lee, W.
D. Fairlie, P. Bouillet, A. Strasser, R. M. Kluck, J. M. Adams, and D. C. Huang. 2007. Apoptosis initiated
when BH3 ligands engage multiple Bcl-2 homologs, not Bax or Bak. Science 315: 856-859.

68. Deveraux, Q. L. and J. C. Reed. 1999. IAP family proteins--suppressors of apoptosis. Genes Dev. 13: 239-
252.

69. Crook, N. E., R. J. Clem, and L. K. Miller. 1993. An apoptosis-inhibiting baculovirus gene with a zinc
finger-like motif. J. Virol. 67: 2168-2174.

70. Rothe, M., M. G. Pan, W. J. Henzel, T. M. Ayres, and D. V. Goeddel. 1995. The TNFR2-TRAF signaling
complex contains two novel proteins related to baculoviral inhibitor of apoptosis proteins. Cell 83: 1243-1252.

71. LaCasse, E. C., D. J. Mahoney, H. H. Cheung, S. Plenchette, S. Baird, and R. G. Korneluk. 2008. |AP-
targeted therapies for cancer. Oncogene 27: 6252-6275.

72. Clem, R. J. and L. K. Miller. 1994. Control of programmed cell death by the baculovirus genes p35 and
iap. Mol. Cell. Biol. 14: 5212-5222.

73. Hinds, M. G., R. S. Norton, D. L. Vaux, and C. L. Day. 1999. Solution structure of a baculoviral inhibitor
of apoptosis (IAP) repeat. Nat. Sruct. Biol. 6: 648-651.

74. Gyrd-Hansen, M. and P. Meier. 2010. |IAPs. from caspase inhibitors to modulators of NF-kappaB,
inflammation and cancer. Nat. Rev. Cancer. 10: 561-574.

75. Gyrd-Hansen, M., M. Darding, M. Miasari, M. M. Santoro, L. Zender, W. Xue, T. Tenev, P. C. daFonseca,
M. Zvelebil, J. M. Bujnicki, S. Lowe, J. Silke, and P. Meier. 2008. |APs contain an evolutionarily conserved
ubiquitin-binding domain that regulates NF-kappaB as well as cell survival and oncogenesis. Nat. Cell Biol.
10: 1309-1317.

76. Blankenship, J. W., E. Varfolomeev, T. Goncharov, A. V. Fedorova, D. S. Kirkpatrick, A. |zrael-
Tomasevic, L. Phu, D. Arnott, M. Aghgjan, K. Zabel, J. F. Bazan, W. J. Fairbrother, K. Deshayes, and D.
Vucic. 2009. Ubiquitin binding modulates | AP antagonist-stimulated proteasomal degradation of c-IAP1 and
c-1AP2(1). Biochem. J. 417: 149-160.

77.Vaux, D. L. and J. Silke. 2005. |APs, RINGs and ubiquitylation. Nat. Rev. Mol. Cell Biol. 6: 287-297.

78. Yang, Y. L. and X. M. Li. 2000. The IAP family: endogenous caspase inhibitors with multiple biological
activities. Cell Res. 10: 169-177.

79. Mace, P. D., S. Shirley, and C. L. Day. 2010. Assembling the building blocks: structure and function of
inhibitor of apoptosis proteins. Cell Death Differ. 17: 46-53.

156



80. O'Riordan, M. X., L. D. Bauler, F. L. Scott, and C. S. Duckett. 2008. Inhibitor of apoptosis proteins in
eukaryotic evolution and development: a model of thematic conservation. Dev. Cell. 15: 497-508.

81. Huang, Y., Y. C. Park, R. L. Rich, D. Segal, D. G. Myszka, and H. Wu. 2001. Structural basis of caspase
inhibition by XIAP: differential roles of the linker versus the BIR domain. Cell 104: 781-790.

82. Sun, C., M. Cai, R. P. Meadows, N. Xu, A. H. Gunasekera, J. Herrmann, J. C. Wu, and S. W. Fesik. 2000.
NMR structure and mutagenesis of the third Bir domain of the inhibitor of apoptosis protein XIAP. J. Biol.
Chem. 275: 33777-33781.

83. Riedl, S. J., M. Renatus, R. Schwarzenbacher, Q. Zhou, C. Sun, S. W. Fesik, R. C. Liddington, and G. S.
Salvesen. 2001. Structural basis for the inhibition of caspase-3 by XIAP. Cell 104: 791-800.

84. Chai, J., E. Shiozaki, S. M. Srinivasula, Q. Wu, P. Datta, E. S. Alnemri, and Y. Shi. 2001. Structural basis
of caspase-7 inhibition by XIAP. Cell 104: 769-780.

85. Srinivasula, S. M., R. Hegde, A. Saleh, P. Datta, E. Shiozaki, J. Chai, R. A. Lee, P. D. Robbins, T.
Fernandes-Alnemri, Y. Shi, and E. S. Alnemri. 2001. A conserved XIAP-interaction motif in caspase-9 and
Smac/DIABLO regulates caspase activity and apoptosis. Nature 410: 112-116.

86. Shiozaki, E. N., J. Chai, D. J. Rigotti, S. J. Riedl, P. Li, S. M. Srinivasula, E. S. Alnemri, R. Fairman, and
Y. Shi. 2003. Mechanism of XIAP-mediated inhibition of caspase-9. Mol. Cell 11: 519-527.

87. Huang, H., C. A. Joazeiro, E. Bonfoco, S. Kamada, J. D. Leverson, and T. Hunter. 2000. The inhibitor of
apoptosis, clAP2, functions as a ubiquitin-protein ligase and promotes in vitro monoubiquitination of caspases
3and 7. J. Biol. Chem. 275: 26661-26664.

88. Roy, N., Q. L. Deveraux, R. Takahashi, G. S. Salvesen, and J. C. Reed. 1997. The c-IAP-1 and c-1AP-2
proteins are direct inhibitors of specific caspases. EMBO J. 16: 6914-6925.

89. Eckelman, B. P. and G. S. Salvesen. 2006. The human anti-apoptotic proteins clAP1 and clAP2 bhind but
do not inhibit caspases. J. Biol. Chem. 281: 3254-3260.

90. Wang, C. Y., M. W. Mayo, R. G. Korneluk, D. V. Goeddel, and A. S. Baldwin Jr. 1998. NF-kappaB
antiapoptosis: induction of TRAFL and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8 activation.
Science 281: 1680-1683.

91. Weber, A., Z. Kirgjczyk, R. Besch, S. Potthoff, M. Leverkus, and G. Hacker. 2010. Proapoptotic signalling
through Toll-like receptor-3 involves TRIF-dependent activation of caspase-8 and is under the control of
inhibitor of apoptosis proteinsin melanoma cells. Cell Death Differ. 17; 942-951.

92. Varfolomeev, E., T. Goncharov, A. V. Fedorova, J. N. Dynek, K. Zobel, K. Deshayes, W. J. Fairbrother,
and D. Vucic. 2008. c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor apha (TNFalpha)-
induced NF-kappaB activation. J. Biol. Chem. 283: 24295-24299.

93. Cabal-Hierro, L. and P. S. Lazo. 2012. Signal transduction by tumor necrosis factor receptors. Cell. Sgnal.
24: 1297-1305.

94. Varfolomeev, E., J. W. Blankenship, S. M. Wayson, A. V. Fedorova, N. Kayagaki, P. Garg, K. Zobel, J. N.
Dynek, L. O. Elliott, H. J. Wallweber, J. A. Flygare, W. J. Fairbrother, K. Deshayes, V. M. Dixit, and D.
Vucic. 2007. AP antagonists induce autoubiquitination of c-lAPs, NF-kappaB activation, and TNFalpha-
dependent apoptosis. Cell 131: 669-681.

157



95, Kaiser, W. J,, D. Vucic, and L. K. Miller. 1998. The Drosophila inhibitor of apoptosis D-1AP1 suppresses
cell death induced by the caspase drlCE. FEBS Lett. 440: 243-248.

96. Wang, S. L., C. J. Hawkins, S. J. Yoo, H. A. Muller, and B. A. Hay. 1999. The Drosophila caspase
inhibitor DIAPL is essential for cell survival and is negatively regulated by HID. Cell 98; 453-463.

97. Shiozaki, E. N. and Y. Shi. 2004. Caspases, |IAPs and Smac/DIABLO: mechanisms from structural
biology. Trends Biochem. Sci. 29: 486-494.

98. Shi, Y. 2002. A conserved tetrapeptide motif: potentiating apoptosis through 1AP-binding. Cell Death
Differ. 9: 93-95.

99. Fulda, S., W. Wick, M. Weller, and K. M. Debatin. 2002. Smac agonists sensitize for Apo2L/TRAIL- or
anticancer drug-induced apoptosis and induce regression of malignant gliomain vivo. Nat. Med. 8: 808-815.

100. Vucic, D., K. Deshayes, H. Ackerly, M. T. Pisabarro, S. Kadkhodayan, W. J. Fairbrother, and V. M.
Dixit. 2002. SMAC negatively regulates the anti-apoptotic activity of melanoma inhibitor of apoptosis (ML-
IAP). J. Biol. Chem. 277: 12275-12279.

101. Kipp, R. A., M. A. Case, A. D. Wigt, C. M. Cresson, M. Carrell, E. Griner, A. Wiita, P. A. Albiniak, J.
Chai, Y. Shi, M. F. Semmelhack, and G. L. McLendon. 2002. Molecular targeting of inhibitor of apoptosis
proteins based on small molecule mimics of natural binding partners. Biochemistry 41: 7344-7349.

102. Petersen, S. L., M. Peyton, J. D. Minna, and X. Wang. 2010. Overcoming cancer cell resistance to Smac
mimetic induced apoptosis by modulating clAP-2 expression. Proc. Natl. Acad. ci. U. S A. 107: 11936-
11941.

103. Petersen, S. L., L. Wang, A. Yalcin-Chin, L. Li, M. Peyton, J. Minna, P. Harran, and X. Wang. 2007.
Autocrine TNFalpha signaling renders human cancer cells susceptible to Smac-mimetic-induced apoptosis.
Cancer. Cell. 12: 445-456.

104. Vince, J. E., W. W. Wong, N. Khan, R. Feltham, D. Chau, A. U. Ahmed, C. A. Benetatos, S. K.
Chunduru, S. M. Condon, M. McKinlay, R. Brink, M. Leverkus, V. Tergaonkar, P. Schneider, B. A. Callus, F.
Koentgen, D. L. Vaux, and J. Silke. 2007. IAP antagonists target clAP1 to induce TNFalpha-dependent
apoptosis. Cell 131: 682-693.

105. Dueber, E. C., A. J. Schoeffler, A. Lingel, J. M. Elliott, A. V. Fedorova, A. M. Giannetti, K. Zobel, B.
Maurer, E. Varfolomeev, P. Wu, H. J. Wallweber, S. G. Hymowitz, K. Deshayes, D. Vucic, and W. J.
Fairbrother. 2011. Antagonists induce a conformational change in clAP1 that promotes autoubiquitination.
Science 334: 376-380.

106. Wu, H., J. Tschopp, and S. C. Lin. 2007. Smac mimetics and TNFalpha: a dangerous liaison? Cell 131:
655-658.

107. Busca, A., M. Saxena, and A. Kumar. 2012. A critical role for antiapoptotic Bcl-xL and Mcl-1 in human
macrophage survival and clAP1/2 in resistance to HIV-Vpr induced apoptosis. J. Biol. Chem.

108. Saxena, M., A. Busca, S. Pandey, M. Kryworuchko, and A. Kumar. 2011. CpG protects human monocytic
cells against HIV-Vpr-induced apoptosis by cellular inhibitor of apoptosis-2 through the calcium-activated
JINK pathway in a TLR9-independent manner. J. Immunol. 187: 5865-5878.

109. Ahr, B., V. Robert-Hebmann, C. Devaux, and M. Biard-Piechaczyk. 2004. Apoptosis of uninfected cells
induced by HIV envelope glycoproteins. Retrovirology 1: 12.

158



110. Gougeon, M. L. and L. Montagnier. 1993. Apoptosisin AIDS. Science 260: 1269-1270.

111. Roux, K. H. and K. A. Taylor. 2007. AIDS virus envelope spike structure. Curr. Opin. Sruct. Biol. 17:
244-252.

112. Caffrey, M. 2011. HIV envelope: challenges and opportunities for development of entry inhibitors. Trends
Microbiol. 19: 191-197.

113. Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 2011. Pillars article: HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science. 1996. 272: 872-877.
J. Immunol. 186: 6076-6081.

114. Douglas, N. W., G. H. Munro, and R. S. Daniels. 1997. HIV/SIV glycoproteins: structure-function
relationships. J. Mol. Biol. 273: 122-149.

115. Samson, M., A. L. Edinger, P. Stordeur, J. Rucker, V. Verhasselt, M. Sharron, C. Govaerts, C. Mollereau,
G. Vassart, R. W. Doms, and M. Parmentier. 1998. ChemR23, a putative chemoattractant receptor, is
expressed in monocyte-derived dendritic cells and macrophages and is a coreceptor for SIV and some primary
HIV-1 strains. Eur. J. Immunol. 28: 1689-1700.

116. Deng, H. K., D. Unutmaz, V. N. KewalRamani, and D. R. Littman. 1997. Expression cloning of new
receptors used by simian and human immunodeficiency viruses. Nature 388: 296-300.

117. Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. D. Ponath, L. Wu, C. R. Mackay, G. LaRosa, W.
Newman, N. Gerard, C. Gerard, and J. Sodroski. 1996. The beta-chemokine receptors CCR3 and CCR5
facilitate infection by primary HIV-1 isolates. Cell 85: 1135-1148.

118. Doranz, B. J., J. Rucker, Y. Yi, R. J. Smyth, M. Samson, S. C. Peiper, M. Parmentier, R. G. Collman, and
R. W. Doms. 1996. A dual-tropic primary HIV-1 isolate that uses fusin and the beta-chemokine receptors
CKR-5, CKR-3, and CKR-2b as fusion cofactors. Cell 85: 1149-1158.

119. Rana, S., G. Besson, D. G. Cook, J. Rucker, R. J. Smyth, Y. Yi, J. D. Turner, H. H. Guo, J. G. Dy, S. C.
Peiper, E. Lavi, M. Samson, F. Libert, C. Liesnard, G. Vassart, R. W. Doms, M. Parmentier, and R. G.
Collman. 1997. Role of CCR5 in infection of primary macrophages and lymphocytes by macrophage-tropic
strains of human immunodeficiency virus: resistance to patient-derived and prototype isolates resulting from
the delta ccrb mutation. J. Virol. 71: 3219-3227.

120. Horuk, R., J. Hesselgesser, Y. Zhou, D. Faulds, M. Halks-Miller, S. Harvey, D. Taub, M. Samson, M.
Parmentier, J. Rucker, B. J. Doranz, and R. W. Doms. 1998. The CC chemokine 1-309 inhibits CCR8-
dependent infection by diverse HIV-1 strains. J. Biol. Chem. 273; 386-391.

121. Owen, S. M., D. Ellenberger, M. Rayfield, S. Wiktor, P. Michel, M. H. Grieco, F. Gao, B. H. Hahn, and
R. B. Lal. 1998. Genetically divergent strains of human immunodeficiency virus type 2 use multiple
coreceptors for viral entry. J. Virol. 72: 5425-5432.

122. Tokizawa, S., N. Shimizu, L. Hui-Yu, F. Deyu, Y. Haraguchi, T. Oite, and H. Hoshino. 2000. Infection of
mesangial cellswith HIV and SIV: identification of GPR1 as a coreceptor. Kidney Int. 58: 607-617.

123. Popovic, M., M. G. Sarngadharan, E. Read, and R. C. Gallo. 1984. Detection, isolation, and continuous
production of cytopathic retroviruses (HTLV-III) from patients with AIDS and pre-AIDS. Science 224: 497-
500.

159



124, Lifson, J. D., G. R. Reyes, M. S. McGrath, B. S. Stein, and E. G. Engleman. 1986. AIDS retrovirus
induced cytopathology: giant cell formation and involvement of CD4 antigen. Science 232: 1123-1127.

125, Terai, C., R. S. Kornbluth, C. D. Pauza, D. D. Richman, and D. A. Carson. 1991. Apoptosis as a
mechanism of cell death in cultured T lymphoblasts acutely infected with HIV-1. J. Clin. Invest. 87: 1710-
1715.

126. Maas, J. J., S. J. Gange, H. Schuitemaker, R. A. Coutinho, R. van Leeuwen, and J. B. Margolick. 2000.
Strong association between failure of T cell homeostasis and the syncytium-inducing phenotype among HIV-1-
infected men in the Amsterdam Cohort Study. AIDS 14: 1155-1161.

127. Schuitemaker, H., M. Koot, N. A. Kootstra, M. W. Dercksen, R. E. de Goede, R. P. van Steenwijk, J. M.
Lange, J. K. Schattenkerk, F. Miedema, and M. Tersmette. 1992. Biologica phenotype of human
immunodeficiency virus type 1 clones at different stages of infection: progression of disease is associated with
a shift from monocytotropic to T-cell-tropic virus population. J. Virol. 66: 1354-1360.

128. Blaak, H., A. B. van't Wout, M. Brouwer, B. Hooibrink, E. Hovenkamp, and H. Schuitemaker. 2000. In
vivo HIV-1 infection of CD45RA(+)CD4(+) T cells is established primarily by syncytium-inducing variants
and correlates with the rate of CD4(+) T cell decline. Proc. Natl. Acad. ci. U. S, A, 97: 1269-1274.

129. Sylwester, A., S. Murphy, D. Shutt, and D. R. Soll. 1997. HIV-induced T cell syncytia are self-
perpetuating and the primary cause of T cell death in culture. J. Immunol. 158: 3996-4007.

130. Karlsson, G. B., M. Halloran, D. Schenten, J. Lee, P. Racz, K. Tenner-Racz, J. Manola, R. Gelman, B.
Etemad-Moghadam, E. Degardins, R. Wyatt, N. P. Gerard, L. Marcon, D. Margolin, J. Fanton, M. K.
Axthelm, N. L. Letvin, and J. Sodroski. 1998. The envel ope glycoprotein ectodomains determine the efficiency
of CD4+ T lymphocyte depletion in simian-human immunodeficiency virus-infected macaques. J. Exp. Med.
188: 1159-1171.

131. Etemad-Moghadam, B., Y. Sun, E. K. Nicholson, M. Fernandes, K. Liou, R. Gomila, J. Lee, and J.
Sodroski. 2000. Envelope glycoprotein determinants of increased fusogenicity in a pathogenic simian-human
immunodeficiency virus (SHIV-KB9) passaged in vivo. J. Virol. 74: 4433-4440.

132. Camerini, D., H. P. Su, G. Gamez-Torre, M. L. Johnson, J. A. Zack, and |. S. Chen. 2000. Human
immunodeficiency virus type 1 pathogenesis in SCID-hu mice correlates with syncytium-inducing phenotype
and vira replication. J. Virol. 74: 3196-3204.

133. Ferri, K. F., E. Jacotot, J. Blanco, J. A. Este, N. Zamzami, S. A. Susin, Z. Xie, G. Brothers, J. C. Reed, J.
M. Penninger, and G. Kroemer. 2000. Apoptosis control in syncytia induced by the HIV type 1-envelope
glycoprotein complex: role of mitochondria and caspases. J. Exp. Med. 192: 1081-1092.

134. Castedo, M., T. Roumier, J. Blanco, K. F. Ferri, J. Barreting, L. A. Tintignac, K. Andreau, J. L. Perfettini,
A. Amendola, R. Nardacci, P. Leduc, D. E. Ingber, S. Druillennec, B. Roques, S. A. Leibovitch, M. Vildla-
Bach, J. Chen, J. A. Este, N. Modjtahedi, M. Piacentini, and G. Kroemer. 2002. Sequential involvement of
Cdk1, mTOR and p53 in apoptosis induced by the HIV -1 envelope. EMBO J. 21: 4070-4080.

135. Castedo, M., K. F. Ferri, J. Blanco, T. Roumier, N. Larochette, J. Barretina, A. Amendola, R. Nardacci,
D. Metivier, J. A. Este, M. Piacentini, and G. Kroemer. 2001. Human immunodeficiency virus 1 envelope
glycoprotein complex-induced apoptosis involves mammalian target of rapamycin/FKBP12-rapamycin-
associated protein-mediated p53 phosphorylation. J. Exp. Med. 194: 1097-1110.

160



136. Adachi, Y., N. Oyaizu, S. Than, T. W. McCloskey, and S. Pahwa. 1996. IL-2 rescues in vitro lymphocyte
apoptosis in patients with HIV infection: correlation with its ability to block culture-induced down-modulation
of Bcl-2. J. Immunol. 157: 4184-4193.

137. Boudet, F., H. Lecoeur, and M. L. Gougeon. 1996. Apoptosis associated with ex vivo down-regulation of
Bcl-2 and up-regulation of Fasin potential cytotoxic CD8+ T lymphocytes during HIV infection. J. Immunol.
156: 2282-2293.

138. Sunila, I., M. Vaccarezza, G. Pantaleo, A. S. Fauci, and J. M. Orenstein. 1997. Activated cytotoxic
lymphocytes in lymph nodes from human immunodeficiency virus (HIV) 1-infected patients. a light and
electronmicroscopic study. Histopathology 30: 31-40.

139. Muro-Cacho, C. A., G. Pantaleo, and A. S. Fauci. 1995. Analysis of apoptosis in lymph nodes of HIV-
infected persons. Intensity of apoptosis correlates with the general state of activation of the lymphoid tissue
and not with stage of disease or viral burden. J. Immunol. 154: 5555-5566.

140. Gougeon, M. L., S. Garcia, J. Heeney, R. Tschopp, H. Lecoeur, D. Guetard, V. Rame, C. Dauguet, and L.
Montagnier. 1993. Programmed cell death in AIDS-related HIV and SIV infections. AIDS Res. Hum.
Retroviruses 9: 553-563.

141. Gougeon, M. L., H. Lecoeur, F. Boudet, E. Ledru, S. Marzabal, S. Boullier, R. Roue, S. Nagata, and J.
Heeney. 1997. Lack of chronic immune activation in HIV-infected chimpanzees correlates with the resistance
of T cells to Fas/Apo-1 (CD95)-induced apoptosis and preservation of a T helper 1 phenotype. J. Immunol.
158: 2964-2976.

142. Gougeon, M. L., H. Lecoeur, J. Heeney, and F. Boudet. 1996. Comparative analysis of apoptosisin HIV-
infected humans and chimpanzees: relation with lymphocyte activation. Immunol. Lett. 51: 75-81.

143. Ledru, E., H. Lecoeur, S. Garcia, T. Debord, and M. L. Gougeon. 1998. Differential susceptibility to
activation-induced apoptosis among peripheral Thl subsets: correlation with Bcl-2 expression and
conseguences for AIDS pathogenesis. J. Immunol. 160: 3194-3206.

144. Groux, H., G. Torpier, D. Monte, Y. Mouton, A. Capron, and J. C. Ameisen. 1992. Activation-induced
death by apoptosisin CD4+ T cells from human immunodeficiency virus-infected asymptomatic individuals. J.
Exp. Med. 175: 331-340.

145. Meyaard, L., S. A. Otto, R. R. Jonker, M. J. Mijnster, R. P. Keet, and F. Miedema. 1992. Programmed
death of T cellsin HIV-1 infection. Science 257: 217-219.

146. Miura, Y. and Y. Koyanagi. 2005. Death ligand-mediated apoptosisin HIV infection. Rev. Med. Viral. 15:
169-178.

147. Gougeon, M. L. 2003. Apoptosis as an HIV strategy to escape immune attack. Nat. Rev. Immunol. 3; 392-
404.

148. Garcia, S., M. Fevrier, G. Dadaglio, H. Lecoeur, Y. Riviere, and M. L. Gougeon. 1997. Potential
deleterious effect of anti-viral cytotoxic lymphocyte through the CD95 (FAS/APO-1)-mediated pathway
during chronic HIV infection. Immunol. Lett. 57: 53-58.

149. Kattilil, S., J. O. Jackson, K. N. Reitano, M. A. O'Shea, G. Roby, M. Lloyd, J. Yang, C. W. Hallahan, C.
A. Rehm, J. Arthos, R. Lempicki, and A. S. Fauci. 2007. Innate immunity in HIV infection: enhanced
susceptibility to CD95-mediated natural killer cell death and turnover induced by HIV viremia. J. Acquir.
Immune Defic. Syndr. 46: 151-159.

161



150. Sloand, E. M., N. S. Young, P. Kumar, F. F. Weichold, T. Sato, and J. P. Macigjewski. 1997. Role of Fas
ligand and receptor in the mechanism of T-cell depletion in acquired immunodeficiency syndrome: effect on
CDA4+ lymphocyte depletion and human immunodeficiency virus replication. Blood 89: 1357-1363.

151. Katsikis, P. D., E. S. Wunderlich, C. A. Smith, L. A. Herzenberg, and L. A. Herzenberg. 1995. Fas
antigen stimulation induces marked apoptosis of T lymphocytes in human immunodeficiency virus-infected
individuals. J. Exp. Med. 181: 2029-2036.

152. Katsikis, P. D., M. E. Garcia-Ojeda, J. F. Torres-Roca, |. M. Tijoe, C. A. Smith, L. A. Herzenberg, and L.
A. Herzenberg. 1997. Interleukin-1 beta converting enzyme-like protease involvement in Fas-induced and
activation-induced peripheral blood T cell apoptosisin HIV infection. TNF-related apoptosis-inducing ligand
can mediate activation-induced T cell death in HIV infection. J. Exp. Med. 186: 1365-1372.

153. Mueller, Y. M., S. C. De Rosa, J. A. Hutton, J. Witek, M. Roederer, J. D. Altman, and P. D. Katsikis.
2001. Increased CD95/Fas-induced apoptosis of HIV-specific CD8(+) T cells. Immunity 15: 871-882.

154. Petrovas, C., Y. M. Mueller, and P. D. Katsikis. 2004. HIV-specific CD8+ T cells: seria killers
condemned to die? Curr. HIV. Res. 2: 153-162.

155. Oyaizu, N., Y. Adachi, F. Hashimoto, T. W. McCloskey, N. Hosaka, N. Kayagaki, H. Yagita, and S.
Pahwa. 1997. Monocytes express Fas ligand upon CD4 cross-linking and induce CD4+ T cells apoptosis: a
possible mechanism of bystander cell death in HIV infection. J. Immunol. 158: 2456-2463.

156. Petrovas, C., Y. M. Muéeller, I. D. Dimitriou, P. M. Bojczuk, K. C. Mounzer, J. Witek, J. D. Altman, and
P. D. Katsikis. 2004. HIV-specific CD8+ T cells exhibit markedly reduced levels of Bcl-2 and Bcel-xL. J.
Immunol. 172: 4444-4453.

157. Silvestris, F., P. Cafforio, G. Camarda, M. Tucci, M. A. Frassanito, and F. Dammacco. 1998. Functional
Fas-ligand expression on T cells from HIV-1-infected patients is unrelated to CD4+ lymphopenia. Int. J. Clin.
Lab. Res. 28: 215-225.

158. Katsikis, P. D., M. E. Garcia-Ojeda, E. S. Wunderlich, C. A. Smith, H. Yagita, K. Okumura, N. Kayagaki,
M. Alderson, L. A. Herzenberg, and L. A. Herzenberg. 1996. Activation-induced peripheral blood T cell
apoptosisis Fas independent in HIV-infected individuals. Int. Immunol. 8: 1311-1317.

159. de Oliveira Pinto, L. M., S. Garcia, H. Lecoeur, C. Rapp, and M. L. Gougeon. 2002. Increased sensitivity
of T lymphocytes to tumor necrosis factor receptor 1 (TNFR1)- and TNFR2-mediated apoptosis in HIV
infection: relation to expression of Bcl-2 and active caspase-8 and caspase-3. Blood 99: 1666-1675.

160. Babu, C. K., K. Suwansrinon, G. D. Bren, A. D. Badley, and S. A. Rizza. 2009. HIV induces TRAIL
sengitivity in hepatocytes. PLoS One 4: e4623.

161. Huang, Y., N. Erdmann, H. Peng, S. Herek, J. S. Davis, X. Luo, T. Ikezu, and J. Zheng. 2006. TRAIL -
mediated apoptosisin HIV-1-infected macrophages is dependent on the inhibition of Akt-1 phosphorylation. J.
Immunol. 177: 2304-2313.

162. Herbeuval, J. P., J. C. Grivel, A. Boasso, A. W. Hardy, C. Chougnet, M. J. Dolan, H. Yagita, J. D. Lifson,
and G. M. Shearer. 2005. CD4+ T-cell death induced by infectious and noninfectious HIV-1: role of type 1
interferon-dependent, TRAIL/DR5-mediated apoptosis. Blood 106: 3524-3531.

163. Yang, Y., I. Tikhonov, T. J. Ruckwardt, M. Djavani, J. C. Zapata, C. D. Pauza, and M. S. Salvato. 2003.
Monocytes treated with human immunodeficiency virus Tat kill uninfected CD4(+) cells by a tumor necrosis
factor-related apoptosis-induced ligand-mediated mechanism. J. Virol. 77: 6700-6708.

162



164. Miura, Y., N. Misawa, N. Maeda, Y. Inagaki, Y. Tanaka, M. Ito, N. Kayagaki, N. Yamamoto, H. Y agita,
H. Mizusawa, and Y. Koyanagi. 2001. Critical contribution of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) to apoptosis of human CD4+ T cells in HIV-1-infected hu-PBL-NOD-SCID mice. J. Exp.
Med. 193: 651-660.

165. Zangerle, R., H. Gallati, M. Sarcletti, H. Wachter, and D. Fuchs. 1994. Tumor necrosis factor alpha and
soluble tumor necrosis factor receptors in individuals with human immunodeficiency virus infection. Immunal.
Lett. 41: 229-234.

166. Zangerle, R., H. Gallati, M. Sarcletti, G. Weiss, H. Denz, H. Wachter, and D. Fuchs. 1994. Increased
serum concentrations of soluble tumor necrosis factor receptorsin HIV -infected individuals are associated with
immune activation. J. Acquir. Immune Defic. Syndr. 7; 79-85.

167. Finkel, T. H., G. Tudor-Williams, N. K. Banda, M. F. Cotton, T. Curiel, C. Monks, T. W. Baba, R. M.
Ruprecht, and A. Kupfer. 1995. Apoptosis occurs predominantly in bystander cells and not in productively
infected cells of HIV- and SIV-infected lymph nodes. Nat. Med. 1: 129-134.

168. Dockrell, D. H., A. D. Badley, J. S. Villacian, C. J. Heppelmann, A. Algeciras, S. Ziesmer, H. Yagita, D.
H. Lynch, P. C. Roche, P. J. Leibson, and C. V. Paya. 1998. The expression of Fas Ligand by macrophages and
its upregulation by human immunodeficiency virusinfection. J. Clin. Invest. 101: 2394-2405.

169. Badley, A. D., D. Dockrell, M. Simpson, R. Schut, D. H. Lynch, P. Leibson, and C. V. Paya. 1997.
Macrophage-dependent apoptosis of CD4+ T lymphocytes from HIV-infected individuals is mediated by FasL
and tumor necrosis factor. J. Exp. Med. 185: 55-64.

170. Badley, A. D., J. A. McElhinny, P. J. Leibson, D. H. Lynch, M. R. Alderson, and C. V. Paya. 1996.
Upregulation of Fas ligand expression by human immunodeficiency virus in human macrophages mediates
apoptosis of uninfected T lymphocytes. J. Virol. 70: 199-206.

171. Perfettini, J. L., M. Castedo, T. Roumier, K. Andreau, R. Nardacci, M. Piacentini, and G. Kroemer. 2005.
Mechanisms of apoptosisinduction by the HIV-1 envelope. Cell Death Differ. 12 Suppl 1: 916-923.

172. Freed, E. O. 2001. HIV-1 replication. Somat. Cell Mol. Genet. 26: 13-33.

173. Miller, R. J.,, J. S. Cairns, S. Bridges, and N. Sarver. 2000. Human immunodeficiency virus and AIDS:;
insights from animal lentiviruses. J. Virol. 74: 7187-7195.

174. Trono, D. 1995. HIV accessory proteins. leading roles for the supporting cast. Cell 82: 189-192.

175. Tungaturthi, P. K., B. E. Sawaya, S. P. Singh, B. Tomkowicz, V. Ayyavoo, K. Khalili, R. G. Collman, S.
Amini, and A. Srinivasan. 2003. Role of HIV-1 Vpr in AIDS pathogenesis: relevance and implications of
intravirion, intracellular and free Vpr. Biomed. Pharmacother. 57; 20-24.

176. Schwartz, S., B. K. Felber, and G. N. Pavlakis. 1991. Expression of human immunodeficiency virus type
1 vif and vpr mRNASs is Rev-dependent and regulated by splicing. Virology 183: 677-686.

177. Ogawa, K., R. Shibata, T. Kiyomasu, |. Higuchi, Y. Kishida, A. Ishimoto, and A. Adachi. 1989.
Mutational analysis of the human immunodeficiency virus vpr open reading frame. J. Virol. 63: 4110-4114.

178. Hattori, N., F. Michadls, K. Fargnoli, L. Marcon, R. C. Gallo, and G. Franchini. 1990. The human
immunodeficiency virus type 2 vpr gene is essential for productive infection of human macrophages. Proc.
Natl. Acad. Sci. U. S A. 87: 8080-8084.

163



179. Goh, W. C., M. E. Rogel, C. M. Kinsey, S. F. Michael, P. N. Fultz, M. A. Nowak, B. H. Hahn, and M.
Emerman. 1998. HIV-1 Vpr increases viral expression by manipulation of the cell cycle: a mechanism for
selection of Vpr invivo. Nat. Med. 4: 65-71.

180. Levy, D. N., Y. Refaeli, and D. B. Weiner. 1995. Extracellular Vpr protein increases cellular
permissiveness to human immunodeficiency virus replication and reactivates virus from latency. J. Virol. 69;
1243-1252.

181. Levy, D. N., Y. Refadli, R. R. MacGregor, and D. B. Weiner. 1994. Serum Vpr regulates productive
infection and latency of human immunodeficiency virus type 1. Proc. Natl. Acad. Sci. U. S A, 91: 10873-
10877.

182. Tristem, M., A. Purvis, and D. L. Quicke. 1998. Complex evolutionary history of primate lentiviral vpr
genes. Virology 240: 232-237.

183. Le Rouzic, E. and S. Benichou. 2005. The Vpr protein from HIV-1: distinct roles along the vira life
cycle. Retrovirology 2: 11.

184. Henklein, P., K. Bruns, M. P. Sherman, U. Tessmer, K. Licha, J. Kopp, C. M. de Noronha, W. C. Greene,
V. Wray, and U. Schubert. 2000. Functional and structural characterization of synthetic HIV-1 Vpr that
transduces cells, localizes to the nucleus, and induces G2 cell cycle arrest. J. Biol. Chem. 275: 32016-32026.

185. Schuler, W., K. Wecker, R. H. de, Y. Baudat, J. Sire, and B. P. Roques. 1999. NMR structure of the (52-
96) C-terminal domain of the HIV-1 regulatory protein Vpr: molecular insights into its biological functions. J.
Mol. Bial. 285: 2105-2117.

186. Wecker, K., N. Morellet, S. Bouaziz, and B. P. Roques. 2002. NMR structure of the HIV-1 regulatory
protein Vpr in H2O/trifluoroethanol. Comparison with the Vpr N-terminal (1-51) and C-terminal (52-96)
domains. Eur. J. Biochem. 269: 3779-3788.

187. Yao, X. J, A. J. Mouland, R. A. Subbramanian, J. Forget, N. Rougeau, D. Bergeron, and E. A. Cohen.
1998. Vpr stimulates viral expression and induces cell killing in human immunodeficiency virus type 1-
infected dividing Jurkat T cells. J. Virol. 72: 4686-4693.

188. Cohen, E. A., E. F. Terwilliger, Y. Jdinoos, J. Proulx, J. G. Sodroski, and W. A. Haseltine. 1990.
Identification of HIV-1 vpr product and function. J. Acquir. Immune Defic. Syndr. 3: 11-18.

189. Heinzinger, N. K., M. I. Bukinsky, S. A. Haggerty, A. M. Ragland, V. Kewalramani, M. A. Lee, H. E.
Gendelman, L. Ratner, M. Stevenson, and M. Emerman. 1994. The Vpr protein of human immunodeficiency
virus type 1 influences nuclear localization of viral nucleic acids in nondividing host cells. Proc. Natl. Acad.
Sci. U. S A 91: 7311-7315.

190. Stewart, S. A., B. Poon, J. B. Jowett, and I. S. Chen. 1997. Human immunodeficiency virus type 1 Vpr
induces apoptosis following cell cycle arrest. J. Virol. 71: 5579-5592.

191. Piller, S. C., P. Jans, P. W. Gage, and D. A. Jans. 1998. Extracellular HIV-1 virus protein R causes alarge
inward current and cell death in cultured hippocampal neurons. implications for AIDS pathology. Proc. Natl.
Acad. i U. S, A. 95: 4595-4600.

192. Subbramanian, R. A., A. Kessous-Elbaz, R. Lodge, J. Forget, X. J. Yao, D. Bergeron, and E. A. Cohen.
1998. Human immunodeficiency virus type 1 Vpr is a positive regulator of viral transcription and infectivity in
primary human macrophages. J. Exp. Med. 187: 1103-1111.

164



193. Chen, R., H. Wang, and L. M. Mansky. 2002. Roles of uracil-DNA glycosylase and dUTPase in virus
replication. J. Gen. Virol. 83: 2339-2345.

194. Mansky, L. M., S. Preverd, L. Selig, R. Benarous, and S. Benichou. 2000. The interaction of vpr with
uracil DNA glycosylase modulates the human immunodeficiency virus type 1 In vivo mutation rate. J. Viral.
74: 7039-7047.

195. Temin, H. M. 1993. Retrovirus variation and reverse transcription: abnormal strand transfers result in
retrovirus genetic variation. Proc. Natl. Acad. <ci. U. S. A. 90: 6900-6903.

196. Klarmann, G. J., X. Chen, T. W. North, and B. D. Preston. 2003. Incorporation of uracil into minus strand
DNA affects the specificity of plus strand synthesis initiation during lentiviral reverse transcription. J. Biol.
Chem. 278: 7902-79009.

197. Chen, R, E. Le Rouzic, J. A. Kearney, L. M. Mansky, and S. Benichou. 2004. Vpr-mediated
incorporation of UNG2 into HIV-1 particles is required to modulate the virus mutation rate and for replication
in macrophages. J. Biol. Chem. 279: 28419-28425.

198. Mansky, L. M., E. Le Rouzic, S. Benichou, and L. C. Gajary. 2003. Influence of reverse transcriptase
variants, drugs, and V pr on human immunodeficiency virus type 1 mutant frequencies. J. Virol. 77: 2071-2080.

199. Mansky, L. M. 1996. The mutation rate of human immunodeficiency virus type 1 is influenced by the vpr
gene. Virology 222: 391-400.

200. Bouhamdan, M., S. Benichou, F. Rey, J. M. Navarro, |. Agostini, B. Spire, J. Camonis, G. Slupphaug, R.
Vigne, R. Benarous, and J. Sire. 1996. Human immunodeficiency virus type 1 Vpr protein binds to the uracil
DNA glycosylase DNA repair enzyme. J. Virol. 70: 697-704.

201. Guenzel, C. A., C. Herate, E. Le Rouzic, P. Maidou-Peindara, H. A. Sadler, M. C. Rouyez, L. M. Mansky,
and S. Benichou. 2012. Recruitment of the nuclear form of uracil DNA glycosylase into virus particles
participatesin the full infectivity of HIV-1. J. Virol. 86: 2533-2544.

202. Schrofelbauer, B., Y. Hakata, and N. R. Landau. 2007. HIV-1 Vpr function is mediated by interaction
with the damage-specific DNA-binding protein DDB1. Proc. Natl. Acad. Sci. U. S, A. 104: 4130-4135.

203. Schrofelbauer, B., Q. Yu, S. G. Zeitlin, and N. R. Landau. 2005. Human immunodeficiency virus type 1
Vpr induces the degradation of the UNG and SMUG uracil-DNA glycosylases. J. Virol. 79: 10978-10987.

204. Kogan, M. and J. Rappaport. 2011. HIV-1 accessory protein Vpr: relevance in the pathogenesis of HIV
and potential for therapeutic intervention. Retrovirology 8: 25.

205. Nitahara-Kasahara, Y., M. Kamata, T. Yamamoto, X. Zhang, Y. Miyamoto, K. Muneta, S. lijima, Y.
Yoneda, Y. Tsunetsugu-Y okota, and Y. Aida. 2007. Novel nuclear import of Vpr promoted by importin apha
iscrucia for human immunodeficiency virus type 1 replication in macrophages. J. Virol. 81: 5284-5293.

206. Mahalingam, S., V. Ayyavoo, M. Patel, T. Kieber-Emmons, and D. B. Weiner. 1997. Nuclear import,
virion incorporation, and cell cycle arrest/differentiation are mediated by distinct functional domains of human
immunodeficiency virustype 1 Vpr. J. Virol. 71: 6339-6347.

207. lijima, S., Y. Nitahara-Kasahara, K. Kimata, W. Zhong Zhuang, M. Kamata, M. Isogai, M. Miwa, Y.
Tsunetsugu-Y okota, and Y. Aida. 2004. Nuclear localization of Vpr is crucia for the efficient replication of
HIV-1in primary CD4+ T cells. Virology 327: 249-261.

165



208. Connor, R. I., B. K. Chen, S. Choe, and N. R. Landau. 1995. Vpr is required for efficient replication of
human immunodeficiency virus type-1 in mononuclear phagocytes. Virology 206: 935-944.

209. Mahalingam, S., R. G. Collman, M. Patel, C. E. Monken, and A. Srinivasan. 1995. Functional analysis of
HIV-1 Vpr: identification of determinants essential for subcellular localization. Virology 212; 331-339.

210. Jenkins, Y., M. McEntee, K. Weis, and W. C. Greene. 1998. Characterization of HIV-1 vpr nuclear
import: analysis of signals and pathways. J. Cell Biol. 143: 875-885.

211. Popov, S., M. Rexach, L. Ratner, G. Blobel, and M. Bukrinsky. 1998. Viral protein R regulates docking of
the HIV-1 preintegration complex to the nuclear pore complex. J. Biol. Chem. 273: 13347-13352.

212. Popov, S., M. Rexach, G. Zybarth, N. Reiling, M. A. Lege, L. Ratner, C. M. Lane, M. S. Moore, G. Blabel,
and M. Bukrinsky. 1998. Viral protein R regulates nuclear import of the HIV-1 pre-integration complex.
EMBO J. 17: 909-917.

213. Jans, D. A., P. Jans, T. Julich, L. J. Briggs, C. Y. Xiao, and S. C. Piller. 2000. Intranuclear binding by the
HIV-1 regulatory protein VPR is dependent on cytosolic factors. Biochem. Biophys. Res. Commun. 270: 1055-
1062.

214. Kamata, M., Y. Nitahara-Kasahara, Y. Miyamoto, Y. Yoneda, and Y. Aida. 2005. Importin-apha
promotes passage through the nuclear pore complex of human immunodeficiency virus type 1 Vpr. J. Virol.
79: 3557-3564.

215. Sherman, M. P., C. M. De Noronha, S. A. Williams, and W. C. Greene. 2002. Insights into the biology of
HIV-1viral protein R. DNA Cell Biol. 21: 679-688.

216. Harrison, J. C. and J. E. Haber. 2006. Surviving the breakup: the DNA damage checkpoint. Annu. Rev.
Genet. 40: 209-235.

217. Planelles, V., J. B. Jowett, Q. X. Li, Y. Xie, B. Hahn, and I. S. Chen. 1996. Vpr-induced cell cycle arrest
is conserved among primate lentiviruses. J. Virol. 70: 2516-2524.

218. Zimmerman, E. S., M. P. Sherman, J. L. Blackett, J. A. Neidleman, C. Kreis, P. Mundt, S. A. Williams,
M. Warmerdam, J. Kahn, F. M. Hecht, R. M. Grant, C. M. de Noronha, A. S. Weyrich, W. C. Greene, and V.
Planelles. 2006. Human immunodeficiency virus type 1 Vpr induces DNA replication stress in vitro and in
vivo. J. Virol. 80: 10407-10418.

219. Planelles, V. and S. Benichou. 2009. Vpr and its interactions with cellular proteins. Curr. Top. Microbiol.
Immunol. 339: 177-200.

220. Planelles, V., F. Bachelerie, J. B. Jowett, A. Haidlip, Y. Xie, P. Banooni, T. Masuda, and I. S. Chen. 1995.
Fate of the human immunodeficiency virus type 1 provirus in infected cells: arole for vpr. J. Virol. 69: 5883-
5889.

221. Maudet, C., M. Bertrand, E. Le Rouzic, H. Lahouassa, D. Ayinde, S. Nisole, C. Goujon, A. Cimarelli, F.
Margottin-Goguet, and C. Transy. 2011. Molecular insight into how HIV-1 Vpr protein impairs cell growth
through two genetically distinct pathways. J. Biol. Chem. 286: 23742-23752.

222. Jowett, J. B., V. Plandlles, B. Poon, N. P. Shah, M. L. Chen, and |I. S. Chen. 1995. The human
immunodeficiency virus type 1 vpr gene arrests infected T cellsin the G2 + M phase of the cell cycle. J. Virol.
69: 6304-6313.

166



223. Bartz, S. R., M. E. Rogel, and M. Emerman. 1996. Human immunodeficiency virus type 1 cell cycle
control: Vpr is cytostatic and mediates G2 accumulation by a mechanism which differs from DNA damage
checkpoint contral. J. Viral. 70: 2324-2331.

224. He, J., S. Choe, R. Walker, M. P. Di, D. O. Morgan, and N. R. Landau. 1995. Human immunodeficiency
virus type 1 vira protein R (Vpr) arrests cells in the G2 phase of the cell cycle by inhibiting p34cdc2 activity.
J. Virol. 69: 6705-6711.

225. Goh, W. C., N. Manel, and M. Emerman. 2004. The human immunodeficiency virus Vpr protein binds
Cdc25C: implications for G2 arrest. Virology 318: 337-349.

226. Lundgren, K., N. Walworth, R. Booher, M. Dembski, M. Kirschner, and D. Beach. 1991. mik1 and weel
cooperate in the inhibitory tyrosine phosphorylation of cdc2. Cell 64: 1111-1122.

227. Terada, Y. and Y. Yasuda. 2006. Human immunodeficiency virus type 1 Vpr induces G2 checkpoint
activation by interacting with the splicing factor SAP145. Mol. Cell. Biol. 26: 8149-8158.

228. Yuan, H., M. Kamata, Y. M. Xie, and I. S. Chen. 2004. Increased levels of Wee-1 kinase in G(2) are
necessary for Vpr- and gammairradiation-induced G(2) arrest. J. Virol. 78: 8183-8190.

229. Yoshizuka, N., Y. Yoshizuka-Chadani, V. Krishnan, and S. L. Zeichner. 2005. Human immunodeficiency
virus type 1 Vpr-dependent cell cycle arrest through a mitogen-activated protein kinase signal transduction
pathway. J. Virol. 79: 11366-11381.

230. Le Rouzic, E., N. Belaidouni, E. Estrabaud, M. Morel, J. C. Rain, C. Transy, and F. Margottin-Goguet.
2007. HIV1 Vpr arrests the cell cycle by recruiting DCAFL/VprBP, a receptor of the Cul4-DDB1 ubiquitin
ligase. Cell. Cycle 6: 182-188.

231. Belzile, J. P., J. Richard, N. Rougeau, Y. Xiao, and E. A. Cohen. 2010. HIV-1 Vpr induces the K48-
linked polyubiquitination and proteasomal degradation of target cellular proteins to activate ATR and promote
G2 arrest. J. Viral. 84: 3320-3330.

232. Macreadie, |. G., D. R. Thorburn, D. M. Kirby, L. A. Castelli, N. L. de Rozario, and A. A. Azad. 1997.
HIV-1 protein Vpr causes gross mitochondrial dysfunction in the yeast Saccharomyces cerevisiae. FEBS Lett.
410: 145-149.

233. Macreadie, I. G., C. K. Arunagiri, D. R. Hewish, J. F. White, and A. A. Azad. 1996. Extracellular addition
of a domain of HIV-1 Vpr containing the amino acid sequence motif H(S/F)RIG causes cell membrane
permeabilization and death. Mol. Microbiol. 19; 1185-1192.

234. Macreadie, |. G., L. A. Castelli, D. R. Hewish, A. Kirkpatrick, A. C. Ward, and A. A. Azad. 1995. A
domain of human immunodeficiency virus type 1 Vpr containing repeated H(S/F)RIG amino acid motifs
causes cell growth arrest and structural defects. Proc. Natl. Acad. Sci. U. S, A. 92: 2770-2774.

235. Arunagiri, C., |. Macreadie, D. Hewish, and A. Azad. 1997. A C-terminal domain of HIV-1 accessory
protein Vpr isinvolved in penetration, mitochondria dysfunction and apoptosis of human CD4+ lymphocytes.
Apoptosis 2: 69-76.

236. Ayyavoo, V., S. Mahalingam, Y. Rafaeli, S. Kudchodkar, D. Chang, T. Nagashunmugam, W. V.
Williams, and D. B. Weiner. 1997. HIV-1 viral protein R (Vpr) regulates vira replication and cellular
proliferationin T cells and monocytoid cellsin vitro. J. Leukoc. Biol. 62: 93-99.

167



237. Ayyavoo, V., A. Mahboubi, S. Mahalingam, R. Ramalingam, S. Kudchodkar, W. V. Williams, D. R.
Green, and D. B. Weiner. 1997. HIV-1 Vpr suppresses immune activation and apoptosis through regulation of
nuclear factor kappa B. Nat. Med. 3: 1117-1123.

238. Lum, J. J,, O. J. Cohen, Z. Nig, J. G. Weaver, T. S. Gomez, X. J. Yao, D. Lynch, A. A. Pilon, N. Hawley,
J. E. Kim, Z. Chen, M. Montpetit, J. Sanchez-Dardon, E. A. Cohen, and A. D. Badley. 2003. Vpr R77Q is
associated with long-term nonprogressive HIV infection and impaired induction of apoptosis. J. Clin. Invest.
111: 1547-1554.

239. Sawaya, B. E., K. Khadlili, J. Gordon, A. Srinivasan, M. Richardson, J. Rappaport, and S. Amini. 2000.
Transdominant activity of human immunodeficiency virus type 1 Vpr with a mutation at residue R73. J. Virol.
74: 4877-4881.

240. Jacotot, E., K. F. Ferri, C. El Hamel, C. Brenner, S. Druillennec, J. Hoebeke, P. Rustin, D. Metivier, C.
Lenoir, M. Geuskens, H. L. Vieira, M. Loeffler, A. S. Belzacq, J. P. Briand, N. Zamzami, L. Edelman, Z. H.
Xie, J. C. Reed, B. P. Roques, and G. Kroemer. 2001. Control of mitochondrial membrane permeabilization by
adenine nucleotide translocator interacting with HIV-1 viral protein rR and Bcl-2. J. Exp. Med. 193: 509-519.

241. Borgne-Sanchez, A., S. Dupont, A. Langonne, L. Baux, H. Lecoeur, D. Chauvier, M. Lassdle, O. Deas, J.
J. Briere, M. Brabant, P. Roux, C. Pechoux, J. P. Briand, J. Hoebeke, A. Deniaud, C. Brenner, P. Rustin, L.
Edelman, D. Rebouillat, and E. Jacotot. 2006. Targeted Vpr-derived peptides reach mitochondria to induce
apoptosis of apha(V)beta(3)-expressing endothelial cells. Cell Death Differ.

242. Jacotot, E., L. Ravagnan, M. Loeffler, K. F. Ferri, H. L. Vieira, N. Zamzami, P. Costantini, S.
Druillennec, J. Hoebeke, J. P. Briand, T. Irinopoulou, E. Daugas, S. A. Susin, D. Cointe, Z. H. Xie, J. C. Reed,
B. P. Roques, and G. Kroemer. 2000. The HIV-1 viral protein R induces apoptosis via a direct effect on the
mitochondrial permeability transition pore. J. Exp. Med. 191: 33-46.

243. Vieira, H. L., D. Haouzi, H. C. El, E. Jacotot, A. S. Belzacq, C. Brenner, and G. Kroemer. 2000.
Permeabilization of the mitochondrial inner membrane during apoptosis. impact of the adenine nuclectide
translocator. Cell Death Differ. 7: 1146-1154.

244. Roumier, T., H. L. Vieira, M. Castedo, K. F. Ferri, P. Boya, K. Andreau, S. Druillennec, N. Joza, J. M.
Penninger, B. Roques, and G. Kroemer. 2002. The C-terminal moiety of HIV-1 Vpr induces cell death viaa
caspase-independent mitochondrial pathway. Cell Death Differ. 9: 1212-1219.

245. Muthumani, K., D. Zhang, D. S. Hwang, S. Kudchodkar, N. S. Dayes, B. M. Desai, A. S. Mdik, J. S.
Yang, M. A. Chattergoon, H. C. Maguire Jr., and D. B. Weiner. 2002. Adenovirus encoding HIV-1 Vpr
activates caspase 9 and induces apoptotic cell death in both p53 positive and negative human tumor cell lines.
Oncogene 21 4613-4625.

246. Yedavdli, V. S., H. M. Shih, Y. P. Chiang, C. Y. Lu, L. Y. Chang, M. Y. Chen, C. Y. Chuang, A. I.
Dayton, K. T. Jeang, and L. M. Huang. 2005. Human immunodeficiency virus type 1 Vpr interacts with
antiapoptotic mitochondrial protein HAX-1. J. Virol. 79; 13735-13746.

247. Huang, C. Y., S. F. Chiang, T. Y. Lin, S. H. Chiou, and K. C. Chow. 2012. HIV-1 Vpr triggers
mitochondrial destruction by impairing Mfn2-mediated ER-mitochondria interaction. PLoS One 7: €33657.

248. Muthumani, K., A. Y. Choo, D. S. Hwang, K. E. Ugen, and D. B. Weiner. 2004. HIV-1 Vpr: enhancing
sensitivity of tumorsto apoptosis. Curr. Drug Deliv. 1: 335-344.

168



249. Muthumani, K., A. Y. Choo, D. S. Hwang, M. A. Chattergoon, N. N. Dayes, D. Zhang, M. D. Lee, U.
Duvvuri, and D. B. Weiner. 2003. Mechanism of HIV-1 viral protein R-induced apoptosis. Biochem. Biophys.
Res. Commun. 304: 583-592.

250. Muthumani, K., D. S. Hwang, B. M. Desai, D. Zhang, N. Dayes, D. R. Green, and D. B. Weiner. 2002.
HIV-1 Vpr induces apoptosis through caspase 9 in T cells and peripheral blood mononuclear cells. J. Biol.
Chem. 277: 37820-37831.

251. Stewart, S. A., B. Poon, J. Y. Song, and I. S. Chen. 2000. Human immunodeficiency virus type 1 vpr
induces apoptosis through caspase activation. J. Virol. 74: 3105-3111.

252. Snyder, A., Z. C. Alsauskas, J. S. Leventhal, P. E. Rosenstiel, P. Gong, J. J. Chan, K. Barley, J. C. He, M.
E. Klotman, M. J. Ross, and P. E. Klotman. 2010. HIV-1 viral protein r induces ERK and caspase-8-dependent
apoptosisin renal tubular epithelia cells. AIDS24: 1107-1119.

253. Patel, C. A., M. Mukhtar, and R. J. Pomerantz. 2000. Human immunodeficiency virus type 1 Vpr induces
apoptosisin human neuronal cells. J. Virol. 74: 9717-9726.

254. Andersen, J. L., E. S. Zimmerman, J. L. DeHart, S. Murala, O. Ardon, J. Blackett, J. Chen, and V.
Planelles. 2005. ATR and GADD45al pha mediate HIV-1 Vpr-induced apoptosis. Cell Death Differ. 12: 326-
334.

255. Refaeli, Y., D. N. Levy, and D. B. Weiner. 1995. The glucocorticoid receptor type Il complex is a target
of the HIV-1 vpr gene product. Proc. Natl. Acad. Sci. U. S A. 92: 3621-3625.

256. Muthumani, K., A. Y. Choo, W. X. Zong, M. Madesh, D. S. Hwang, A. Premkumar, K. P. Thieu, J.
Emmanuel, S. Kumar, C. B. Thompson, and D. B. Weiner. 2006. The HIV-1 Vpr and glucocorticoid receptor
complex is a gain-of-function interaction that prevents the nuclear localization of PARP-1. Nat. Cell Biol. 8:
170-179.

257. Hapgood, J. P. and M. Tomasicchio. 2010. Modulation of HIV-1 virulence via the host glucocorticoid
receptor: towards further understanding the molecular mechanisms of HIV-1 pathogenesis. Arch. Virol. 155:
1009-1019.

258. Muthumani, K., A. Y. Choo, A. Premkumar, D. S. Hwang, K. P. Thieu, B. M. Desai, and D. B. Weiner.
2005. Human immunodeficiency virus type 1 (HIV-1) Vpr-regulated cell death: insights into mechanism. Cell
Death Differ. 12 Suppl 1:962-70.: 962-970.

259. Chun, T. W. and A. S. Fauci. 2012. HIV Reservoirs: Pathogenesis and Obstacles to Viral Eradicationand
Cure. AIDS

260. Saksena, N. K., B. Wang, L. Zhou, M. Soedjono, Y. S. Ho, and V. Conceicao. 2010. HIV reservoirs in
vivo and new strategies for possible eradication of HIV from the reservair sites. HIV. AIDS. (Auckl) 2: 103-
122.

261. Saksena, N. K. and S. J. Potter. 2003. Reservoirs of HIV-1in vivo: implications for antiretroviral therapy.
AIDS Rev. 5: 3-18.

262. Montaner, L. J., S. M. Crowe, S. Aquaro, C. F. Perno, M. Stevenson, and R. G. Collman. 2006. Advances
in macrophage and dendritic cell biology in HIV-1 infection stress key understudied areas in infection,
pathogenesis, and analysis of viral reservaoirs. J. Leukoc. Biol. 80: 961-964.

169



263. Haggerty, C. M., E. Pitt, and R. F. Siliciano. 2006. The latent reservoir for HIV-1in resting CD4+ T cells
and other viral reservoirs during chronic infection: insights from treatment and treatment-interruption trials.
Curr. Opin. HIV. AIDS. 1: 62-68.

264. Horiike, M., S. Iwami, M. Kodama, A. Sato, Y. Watanabe, M. Yasui, Y. Ishida, T. Kobayashi, T. Miura,
and T. lgarashi. 2012. Lymph nodes harbor viral reservoirs that cause rebound of plasma viremia in SIV-
infected macaques upon cessation of combined antiretroviral therapy. Virology 423: 107-118.

265. Lafeuillade, A. 2012. Eliminating the HIV Reservoir. Curr. HIV/AIDS Rep.

266. Bukrinsky, M. 1., N. Sharova, M. P. Dempsey, T. L. Stanwick, A. G. Bukrinskaya, S. Haggerty, and M.
Stevenson. 1992. Active nuclear import of human immunodeficiency virus type 1 preintegration complexes.
Proc. Natl. Acad. Sci. U. S A. 89: 6580-6584.

267. Bukrinsky, M. I., T. L. Stanwick, M. P. Dempsey, and M. Stevenson. 1991. Quiescent T lymphocytes as
an inducible virus reservoir in HIV-1 infection. Science 254: 423-427.

268. Chun, T. W., D. Finzi, J. Margolick, K. Chadwick, D. Schwartz, and R. F. Siliciano. 1995. In vivo fate of
HIV-1-infected T cells: quantitative analysis of the transition to stable latency. Nat. Med. 1: 1284-1290.

269. Chun, T. W., L. Carruth, D. Finzi, X. Shen, J. A. DiGiuseppe, H. Taylor, M. Hermankova, K. Chadwick,
J. Margolick, T. C. Quinn, Y. H. Kuo, R. Brookmeyer, M. A. Zeiger, P. Barditch-Crovo, and R. F. Siliciano.
1997. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature 387: 183-
188.

270. Finzi, D., M. Hermankova, T. Pierson, L. M. Carruth, C. Buck, R. E. Chaisson, T. C. Quinn, K.
Chadwick, J. Margolick, R. Brookmeyer, J. Gallant, M. Markowitz, D. D. Ho, D. D. Richman, and R. F.
Siliciano. 1997. ldentification of a reservoir for HIV-1 in patients on highly active antiretrovira therapy.
Science 278: 1295-1300.

271. Wong, J. K., M. Hezareh, H. F. Gunthard, D. V. Havlir, C. C. Ignacio, C. A. Spina, and D. D. Richman.
1997. Recovery of replication-competent HIV despite prolonged suppression of plasma viremia. Science 278:
1291-1295.

272. Gunthard, H. F., S. D. Frogt, A. J. Leigh-Brown, C. C. Ignacio, K. Kee, A. S. Perelson, C. A. Spina, D. V.
Havlir, M. Hezareh, D. J. Looney, D. D. Richman, and J. K. Wong. 1999. Evolution of envelope sequences of
human immunodeficiency virus type 1 in cellular reservoirs in the setting of potent antiviral therapy. J. Virol.
73: 9404-9412.

273. Michige, C. A., A. McLean, C. Alcock, and P. C. Beverley. 1992. Lifespan of human lymphocyte subsets
defined by CD45 isoforms. Nature 360: 264-265.

274. Schnittman, S. M., M. C. Psallidopoulos, H. C. Lane, L. Thompson, M. Baseler, F. Massari, C. H. Fox, N.
P. Sazman, and A. S. Fauci. 1989. The reservoir for HIV-1 in human periphera blood is a T cell that
maintai ns expression of CD4. Science 245: 305-308.

275. Collman, R. G., C. F. Perno, S. M. Crowe, M. Stevenson, and L. J. Montaner. 2003. HIV and cells of
macrophage/dendritic lineage and other non-T cell reservoirs: new answers yield new questions. J. Leukoc.
Biol. 74: 631-634.

276. Gartner, S., P. Markovits, D. M. Markovitz, M. H. Kaplan, R. C. Gallo, and M. Popovic. 1986. The role
of mononuclear phagocytesin HTLV-III/LAV infection. Science 233; 215-219.

170



277. Wu, L. 2011. The role of monocyte-lineage cells in human immunodeficiency virus persistence:
mechanisms and progress. Wei Sheng Wu Yu Gan Ran 6; 129-132.

278. Shi, C. and E. G. Pamer. 2011. Monocyte recruitment during infection and inflammation. Nat. Rev.
Immunol. 11: 762-774.

279. Cassal, E., M. Alfano, P. Biswas, and G. Poli. 2006. Monocyte-derived macrophages and myeloid cell
lines as targets of HIV-1 replication and persistence. J. Leukoc. Biol. 80: 1018-1030.

280. Sonza, S., A. Maerz, N. Deacon, J. Meanger, J. Mills, and S. Crowe. 1996. Human immunodeficiency
virus type 1 replication is blocked prior to reverse transcription and integration in freshly isolated peripheral
blood monocytes. J. Virol. 70: 3863-3869.

281. Sonza, S., A. Maerz, S. Uren, A. Violo, S. Hunter, W. Boyle, and S. Crowe. 1995. Susceptibility of
human monocytes to HIV type 1 infection in vitro is not dependent on their level of CD4 expression. AIDS
Res. Hum. Retroviruses 11: 769-776.

282. Lambotte, O., Y. Taoufik, M. G. de Goer, C. Wallon, C. Goujard, and J. F. Delfraissy. 2000. Detection of
infectious HIV in circulating monocytes from patients on prolonged highly active antiretroviral therapy. J.
Acquir. Immune Defic. Syndr. 23: 114-119.

283. Sonza, S., H. P. Mutimer, R. Odlrichs, D. Jardine, K. Harvey, A. Dunne, D. F. Purcell, C. Birch, and S. M.
Crowe. 2001. Monocytes harbour replication-competent, non-latent HIV-1 in patients on highly active
antiretroviral therapy. AIDS15: 17-22.

284. Crowe, S. M. and S. Sonza. 2000. HIV-1 can be recovered from a variety of cells including peripheral
blood monocytes of patients receiving highly active antiretroviral therapy: a further obstacle to eradication. J.
Leukoc. Biol. 68: 345-350.

285. Jaworowski, A., D. D. Kamwendo, P. Ellery, S. Sonza, V. Mwapasa, E. Tadesse, M. E. Molyneux, S. J.
Rogerson, S. R. Meshnick, and S. M. Crowe. 2007. CD16+ monocyte subset preferentially harbors HIV-1 and
is expanded in pregnant Malawian women with Plasmodium falciparum malaria and HIV-1 infection. J. Infect.
Dis. 196: 38-42.

286. Zhu, T. 2002. HIV-1 in periphera blood monocytes. an underrated viral source. J. Antimicrob.
Chemother. 50: 309-311.

287. Pasdlick, B., D. Flieger, and H. W. Ziegler-Heitbrock. 1989. Identification and characterization of a novel
monocyte subpopulation in human peripheral blood. Blood 74: 2527-2534.

288. Jaworowski, A., P. Ellery, C. L. Maslin, E. Naim, A. C. Heinlein, C. E. Ryan, G. Paukovics, J. Hocking,
S. Sonza, and S. M. Crowe. 2006. Normal CD16 expression and phagocytosis of Mycobacterium avium
complex by monocytes from a current cohort of HIV-1-infected patients. J. Infect. Dis. 193: 693-697.

289. Pulliam, L., R. Gascon, M. Stubblebine, D. McGuire, and M. S. McGrath. 1997. Unique monocyte subset
in patients with AIDS dementia. Lancet 349: 692-695.

290. Crowe, S, T. Zhu, and W. A. Muller. 2003. The contribution of monocyte infection and trafficking to
viral persistence, and maintenance of the viral reservoir in HIV infection. J. Leukoc. Biol. 74: 635-641.

291. Weber, C., K. U. Belge, P. von Hundelshausen, G. Draude, B. Steppich, M. Mack, M. Frankenberger, K.
S. Weber, and H. W. Ziegler-Heitbrock. 2000. Differential chemokine receptor expression and function in
human monocyte subpopulations. J. Leukoc. Biol. 67: 699-704.

171



292. Fulcher, J. A., Y. Hwangbo, R. Zioni, D. Nickle, X. Lin, L. Heath, J. I. Mullins, L. Corey, and T. Zhu.
2004. Compartmentalization of human immunodeficiency virus type 1 between blood monocytes and CD4+ T
cellsduring infection. J. Virol. 78; 7883-7893.

293. Aquaro, S., C. F. Perno, E. Balestra, J. Balzarini, A. Cenci, M. Francesconi, S. Panti, F. Serra, N. Villani,
and R. Calio. 1997. Inhibition of replication of HIV in primary monocyte/macrophages by different antiviral
drugs and comparative efficacy in lymphocytes. J. Leukoc. Biol. 62: 138-143.

294. Llewellyn, N., R. Zioni, H. Zhu, T. Andrus, Y. Xu, L. Corey, and T. Zhu. 2006. Continued evolution of
HIV-1 circulating in blood monocytes with antiretroviral therapy: genetic analysis of HIV-1 in monocytes and
CD4+ T cells of patients with discontinued therapy. J. Leukoc. Biol. 80: 1118-1126.

295. Verani, A., G. Gras, and G. Pancino. 2005. Macrophages and HIV-1: dangerous liaisons. Mol. Immunoal.
42: 195-212.

296. Shiramizu, B., J. Ananworanich, T. Chalermchai, U. Siangphoe, D. Troelstrup, C. Shikuma, V. De
Grutolla, P. Sithinamsuwan, P. Praihirunkit, S. Rattanamanee, V. Valcour, and on behalf of the SEARCH
001.1 Study Group. 2012. Failure to clear intra-monocyte HIV infection linked to persistent
neuropsychological testing impairment after first-line combined antiretroviral therapy. J. Neurovirol. 18: 69-
73.

297. Kaul, M., J. Zheng, S. Okamoto, H. E. Gendelman, and S. A. Lipton. 2005. HIV-1 infection and AIDS:
conseguences for the central nervous system. Cell Death Differ. 12 Suppl 1: 878-892.

298. Lum, J. J. and A. D. Badley. 2003. Resistance to apoptosis: mechanism for the development of HIV
reservoirs. Curr. HIV. Res. 1: 261-274.

299. Busca, A., M. Saxena, M. Kryworuchko, and A. Kumar. 2009. Anti-apoptotic genes in the survival of
monocytic cells during infection. Curr. Genomics 10: 306-317.

300. Mahlknecht, U. and G. Herbein. 2001. Macrophages and T-cell apoptosisin HIV infection: aleading role
for accessory cells? Trends Immunol. 22: 256-260.

301. Guillemard, E., C. Jacquemot, F. Aillet, N. Schmitt, F. Barre-Sinoussi, and N. Israel. 2004. Human
immunodeficiency virus 1 favors the persistence of infection by activating macrophages through TNF.
Virology 329: 371-380.

302. Pinti, M., P. Biswas, L. Troiano, M. Nasi, R. Ferraresi, C. Mussini, J. Vecchiet, R. Esposito, R. Paganelli,
and A. Cossarizza. 2003. Different sensitivity to apoptosis in cells of monocytic or lymphocytic origin
chronically infected with human immunodeficiency virustype-1. Exp. Biol. Med. (Maywood) 228: 1346-1354.

303. Pinti, M., J. Pedrazzi, F. Benatti, V. Sorrentino, C. Nuzzo, V. Cavazzuti, P. Biswas, D. N. Petrusca, C.
Mussini, B. De Rienzo, and A. Cossarizza. 1999. Differential down-regulation of CD95 or CD95L in
chronically HIV-infected cells of monocytic or lymphocytic origin: cellular studies and molecular analysis by
guantitative competitive RT-PCR. FEBS Lett. 458: 209-214.

304. Okamoto, M., M. Makino, I. Kitgjima, |. Maruyama, and M. Baba. 1997. HIV -1-infected myelomonocytic
cells are resistant to Fas-mediated apoptosis. effect of tumor necrosis factor-alpha on their Fas expression and
apoptosis. Med. Microbiol. Immunol. 186; 11-17.

305. Fernandez Larrosa, P. N., D. O. Croci, D. A. Riva, M. Bibini, R. Luzzi, M. Saracco, S. E. Mersich, G. A.
Rabinovich, and L. M. Peralta. 2008. Apoptosis resistance in HIV-1 persistently-infected cells is independent

172



of active viral replication and involves modulation of the apoptotic mitochondrial pathway. Retrovirology 5:
19.

306. Zheng, L., Y. Yang, L. Guocai, C. D. Pauza, and M. S. Salvato. 2007. HIV Tat protein increases Bcl-2
expression in monocytes which inhibits monocyte apoptosis induced by tumor necrosis factor-alpha-related
apoptosis-induced ligand. Intervirology 50: 224-228.

307. Giri, M. S., M. Nebozyhn, A. Raymond, B. Gekonge, A. Hancock, S. Creer, C. Nicols, M. Yousef, A. S.
Foulkes, K. Mounzer, J. Shull, G. Silvestri, J. Kostman, R. G. Collman, L. Showe, and L. J. Montaner. 2009.
Circulating monocytes in HIV-1-infected viremic subjects exhibit an antiapoptosis gene signature and virus-
and host-mediated apoptosis resistance. J. Immunol. 182: 4459-4470.

308. Kawai, T. and S. Akira. 2008. Toll-like receptor and RIG-I-like receptor signaling. Ann. N. Y. Acad. <ci.
1143: 1-20.

309. Kawai, T. and S. Akira. 2009. The roles of TLRs, RLRs and NLRsin pathogen recognition. Int. Immunol.
21: 317-337.

310. Ip, Y. T. and M. Levine. 1994. Molecular genetics of Drosophila immunity. Curr. Opin. Genet. Dev. 4:
672-677.

311. Lemaitre, B., E. Nicolas, L. Michaut, J. M. Reichhart, and J. A. Hoffmann. 1996. The dorsoventral
regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. Cell
86: 973-983.

312. Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway Jr. 1997. A human homologue of the Drosophila
Toll protein signals activation of adaptive immunity. Nature 388: 394-397.

313. Salaun, B., P. Romero, and S. Lebecque. 2007. Toll-like receptors two-edged sword: when immunity
meets apoptosis. Eur. J. Immunol. 37: 3311-3318.

314. Huang, B., J. Zhao, J. C. Unkeless, Z. H. Feng, and H. Xiong. 2008. TLR signaling by tumor and immune
cells: a double-edged sword. Oncogene 27: 218-224.

315. Kang, J. Y. and J. O. Lee. 2011. Structural biology of the Toll-like receptor family. Annu. Rev. Biochem.
80: 917-941.

316. Hedayat, M., M. G. Netea, and N. Rezaei. 2011. Targeting of Toll-like receptors: a decade of progressin
combating infectious diseases. Lancet Infect. Dis. 11: 702-712.

317. O'Neill, L. A. and A. G. Bowie. 2007. The family of five: TIR-domain-containing adaptors in Toll-like
receptor signalling. Nat. Rev. Immunol. 7: 353-364.

318. Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K. Takeda, and S. Akira. 1999.
Differentia roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive bacterial cell wall
components. Immunity 11: 443-451.

319. Takeuchi, O., K. Takeda, K. Hoshino, O. Adachi, T. Ogawa, and S. Akira. 2000. Cellular responses to
bacterial cell wall components are mediated through MyD88-dependent signaling cascades. Int. Immunol. 12:
113-117.

320. Kawai, T. and S. Akira. 2011. Toll-like receptors and their crosstalk with other innate receptors in
infection and immunity. Immunity 34: 637-650.

173



321. Berridge, M. J., P. Lipp, and M. D. Bootman. 2000. The versatility and universality of calcium signalling.
Nat. Rev. Mol. Cell Biol. 1: 11-21.

322. Berridge, M. J., M. D. Bootman, and H. L. Roderick. 2003. Calcium signalling: dynamics, homeostasis
and remodelling. Nat. Rev. Mol. Cell Biol. 4: 517-529.

323. Huang, C. and R. T. Miller. 2007. The calcium-sensing receptor and its interacting proteins. J. Cell. Mol.
Med. 11: 923-934.

324. Kasri, N. N., A. M. Holmes, G. Bultynck, J. B. Parys, M. D. Bootman, K. Rietdorf, L. Missiaen, F.
McDonald, S. H. De, S. J. Conway, A. B. Holmes, M. J. Berridge, and H. L. Roderick. 2004. Regulation of
InsP3 receptor activity by neuronal Ca2+-binding proteins. EMBO J. 23: 312-321.

325. Peppiatt, C. M., T. J. Collins, L. Mackenzie, S. J. Conway, A. B. Holmes, M. D. Bootman, M. J. Berridge,
J. T. Seo, and H. L. Roderick. 2003. 2-Aminoethoxydiphenyl borate (2-APB) antagonises inositol 1,4,5-
trisphosphate-induced calcium release, inhibits calcium pumps and has a use-dependent and slowly reversible
action on store-operated calcium entry channels. Cell Calcium 34: 97-108.

326. Sun, X., C. Shin, and A. J. Windebank. 1997. Calmodulin in ischemic neurotoxicity of rat hippocampusin
vitro. Neuroreport 8: 415-418.

327. Lo, C. J, |. Garcia, H. G. Cryer, and R. V. Maier. 1996. Cacium and camodulin regulate
lipopolysaccharide-induced alveolar macrophage production of tumor necrosis factor and procoagulant
activity. Arch. Surg. 131: 44-50.

328. Faas, G. C., S. Raghavachari, J. E. Lisman, and |. Mody. 2011. Camodulin as a direct detector of Ca2+
signals. Nat. Neurosci. 14: 301-304.

329. Wayman, G. A., H. Tokumitsu, M. A. Davare, and T. R. Soderling. 2011. Analysis of CaM-kinase
signaling in cells. Cell Calcium 50: 1-8.

330. Ito, J., R. Kaneko, and M. Hirabayashi. 2006. The regulation of calcium/calmodulin-dependent protein
kinase Il during oocyte activation in therat. J. Reprod. Dev. 52; 439-447.

331. Hughes, K., S. Edin, A. Antonsson, and T. Grundstrom. 2001. Calmodulin-dependent kinase || mediates
T cell receptor/CD3- and phorbol ester-induced activation of lkappaB kinase. J. Biol. Chem. 276: 36008-
36013.

332. Ma, W., S. Mishra, K. Gee, J. P. Mishra, D. Nandan, N. E. Reiner, J. B. Angel, and A. Kumar. 2007.
Cyclosporin A and FK506 inhibit IL-12p40 production through the calmodulin/calmodulin-dependent protein
kinase-activated phosphoinositide 3-kinase in lipopolysaccharide-stimulated human monocytic cells. J. Bial.
Chem. 282: 13351-13362.

333. Kyriakis, J. M. and J. Avruch. 2001. Mammalian mitogen-activated protein kinase signal transduction
pathways activated by stress and inflammation. Physiol. Rev. 81: 807-8609.

334. Cui, J.,, M. Zhang, Y. Q. Zhang, and Z. H. Xu. 2007. INK pathway: diseases and therapeutic potential.
Acta Pharmacol. Sin. 28: 601-608.

335. Cheng, Y., F. Qiu, S. Tashiro, S. Onodera, and T. lkejima. 2008. ERK and JNK mediate TNFalpha-
induced p53 activation in apoptotic and autophagic L929 cell death. Biochem. Biophys. Res. Commun. 376:
483-488.

174



336. Antosiewicz, J., W. Ziolkowski, J. J. Kaczor, and A. Herman-Antosiewicz. 2007. Tumor necrosis factor-
alpharinduced reactive oxygen species formation is mediated by JNK1-dependent ferritin degradation and
elevation of labileiron pool. Free Radic. Biol. Med. 43: 265-270.

337. Himes, S. R., D. P. Sester, T. Ravasi, S. L. Cronau, T. Sasmono, and D. A. Hume. 2006. The JNK are
important for development and survival of macrophages. J. Immunol. 176: 2219-2228.

338. Kim, B. J.,, S. W. Ryu, and B. J. Song. 2006. JNK - and p38 kinase-mediated phosphorylation of Bax leads
to its activation and mitochondrial translocation and to apoptosis of human hepatoma HepG2 cells. J. Bial.
Chem. 281: 21256-21265.

339. Liu, J. and A. Lin. 2005. Role of INK activation in apoptosis. a double-edged sword. Cell Res. 15: 36-42.

340. Huang, G., L. Z. Shi, and H. Chi. 2009. Regulation of JNK and p38 MAPK in the immune system: signal
integration, propagation and termination. Cytokine 48: 161-169.

341. Davies, C. and C. Tournier. 2012. Exploring the function of the INK (c-Jun N-terminal kinase) signalling
pathway in physiological and pathological processes to design novel therapeutic strategies. Biochem. Soc.
Trans. 40: 85-89.

342. Lawler, S., Y. Fleming, M. Goedert, and P. Cohen. 1998. Synergistic activation of SAPK1/INK1 by two
MAP kinase kinases in vitro. Curr. Biol. 8: 1387-1390.

343. Tournier, C., C. Dong, T. K. Turner, S. N. Jones, R. A. Flavell, and R. J. Davis. 2001. MKK7 is an
essential component of the JINK signal transduction pathway activated by proinflammatory cytokines. Genes
Dev. 15: 1419-1426.

344. Krieg, A. M., A. K. Yi, S. Matson, T. J. Waldschmidt, G. A. Bishop, R. Teasdae, G. A. Koretzky, and D.
M. Klinman. 1995. CpG motifsin bacterial DNA trigger direct B-cell activation. Nature 374: 546-549.

345. Bauer, M., K. Heeg, H. Wagner, and G. B. Lipford. 1999. DNA activates human immune cells through a
CpG sequence-dependent manner. Immunology 97: 699-705.

346. Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. Matsumoto, K. Hoshino, H. Wagner,
K. Takeda, and S. Akira. 2000. A Toll-like receptor recognizes bacterial DNA. Nature 408: 740-745.

347. Takeshita, F., C. A. Leifer, I. Gursdl, K. J. Ishii, S. Takeshita, M. Gursdl, and D. M. Klinman. 2001.
Cutting edge: Role of Toll-like receptor 9 in CpG DNA-induced activation of human cells. J. Immunol. 167:
3555-3558.

348. Chockalingam, A., J. C. Brooks, J. L. Cameron, L. K. Blum, and C. A. Leifer. 2009. TLR9 traffics
through the Golgi complex to localize to endolysosomes and respond to CpG DNA. Immunol. Cell Biol. 87:
209-217.

349. Latz, E., A. Schoenemeyer, A. Visintin, K. A. Fitzgerald, B. G. Monks, C. F. Knetter, E. Lien, N. J.
Nilsen, T. Espevik, and D. T. Golenbock. 2004. TLR9 signals after translocating from the ER to CpG DNA in
the lysosome. Nat. Immunol. 5: 190-198.

350. Kuznik, A., M. Bencina, U. Svajger, M. Jeras, B. Rozman, and R. Jerala. 2011. Mechanism of endosomal
TLR inhibition by antimalarial drugs and imidazoquinolines. J. Immunol. 186: 4794-4804.

351. Barton, G. M., J. C. Kagan, and R. Medzhitov. 2006. Intracellular localization of Toll-like receptor 9
prevents recognition of self DNA but facilitates accessto viral DNA. Nat. Immunol. 7: 49-56.

175



352. Yasuda, K., P. Yu, C. J. Kirschning, B. Schlatter, F. Schmitz, A. Heit, S. Bauer, H. Hochrein, and H.
Wagner. 2005. Endosomal translocation of vertebrate DNA activates dendritic cells via TLR9-dependent and -
independent pathways. J. Immunol. 174: 6129-6136.

353. Blasius, A. L. and B. Beutler. 2010. Intracellular toll-like receptors. Immunity 32: 305-315.

354. Zhou, Y., H. Zhen, Y. Medi, Y. Wang, J. Feng, S. Xu, and X. Fu. 2009. PI3K/AKT mediated p53 down-
regulation participates in CpG DNA inhibition of spontaneous B cell apoptosis. Cell. Mol. Immunol. 6: 175-
180.

355. Honda, K., H. Yanai, A. Takaoka, and T. Taniguchi. 2005. Regulation of the type | IFN induction: a
current view. Int. Immunol. 17: 1367-1378.

356. Peng, S. L. 2005. Signaling in B cellsvia Toll-like receptors. Curr. Opin. Immunol. 17: 230-236.

357. Vollmer, J., R. Weeratna, P. Payette, M. Jurk, C. Schetter, M. Laucht, T. Wader, S. Tluk, M. Liu, H. L.
Davis, and A. M. Krieg. 2004. Characterization of three CpG oligodeoxynucleotide classes with distinct
immunostimulatory activities. Eur. J. Immunol. 34: 251-262.

358. Vollmer, J. and A. M. Krieg. 2009. Immunotherapeutic applications of CpG oligodeoxynuclectide TLR9
agonists. Adv. Drug Deliv. Rev. 61: 195-204.

359. Krug, A., S. Rothenfusser, V. Hornung, B. Jahrsdorfer, S. Blackwell, Z. K. Ballas, S. Endres, A. M.
Krieg, and G. Hartmann. 2001. Identification of CpG oligonucleotide sequences with high induction of 1FN-
alpha/betain plasmacytoid dendritic cells. Eur. J. Immunol. 31: 2154-2163.

360. Ishii, K. J., C. Coban, H. Kato, K. Takahashi, Y. Torii, F. Takeshita, H. Ludwig, G. Sutter, K. Suzuki, H.
Hemmi, S. Sato, M. Yamamoto, S. Uematsu, T. Kawai, O. Takeuchi, and S. Akira. 2006. A Toll-like receptor-
independent antiviral response induced by double-stranded B-form DNA. Nat. Immunol. 7: 40-48.

361. Trevani, A. S., A. Chorny, G. Salamone, M. Vermeulen, R. Gamberale, J. Schettini, S. Raiden, and J.
Geffner. 2003. Bacterial DNA activates human neutrophils by a CpG-independent pathway. Eur. J. Immunol.
33: 3164-3174.

362. Dragoi, A. M., X. Fu, S. lvanov, P. Zhang, L. Sheng, D. Wu, G. C. Li, and W. M. Chu. 2005. DNA-PKcs,
but not TLR9, isrequired for activation of Akt by CpG-DNA. EMBO J. 24; 779-7809.

363. Norgaard, N. N., T. Holien, S. Jonsson, H. Hella, T. Espevik, A. Sundan, and T. Standal. 2010. CpG-
oligodeoxynucleotide inhibits Smad-dependent bone morphogenetic protein signaling: effects on myeloma cell
apoptosis and in vitro osteoblastogenesis. J. Immunol. 185:; 3131-3139.

364. Hagele, H., R. Allam, R. D. Pawar, C. A. Reichel, F. Krombach, and H. J. Anders. 2009. Double-stranded
DNA activates glomerular endothelial cells and enhances abumin permeability via a toll-like receptor-
independent cytosolic DNA recognition pathway. Am. J. Pathol. 175: 1896-1904.

365. Equils, O., M. L. Schito, H. Karahashi, Z. Madak, A. Yarali, K. S. Michelsen, A. Sher, and M. Arditi.
2003. Toll-like receptor 2 (TLR2) and TLR9 signaling results in HIV-long terminal repeat trans-activation and
HIV replication in HIV-1 transgenic mouse spleen cells: implications of simultaneous activation of TLRs on
HIV replication. J. Immunol. 170: 5159-5164.

366. Equils, O., K. K. Salehi, R. Cornataeanu, D. Lu, S. Singh, K. Whittaker, and G. C. Baldwin. 2006.
Repeated lipopolysaccharide (LPS) exposure inhibits HIV replication in primary human macrophages.
Microbes Infect. 8: 2469-2476.

176



367. Hernandez, J. C., M. Stevenson, E. Latz, and S. Urcuqui-Inchima. 2012. HIV Type 1 Infection Up-
Regulates TLR2 and TLR4 Expression and Function in Vivo and in Vitro. AIDS Res. Hum. Retroviruses

368. Nian, H., W. Q. Geng, H. L. Cui, M. J. Bao, Z. N. Zhang, M. Zhang, Y. Pan, Q. H. Hu, and H. Shang.
2012. R-848 triggers the expression of TLR7/8 and suppresses HIV replication in monocytes. BMC Infect. Dis.
12: 5.

369. Chang, J. J, A. Lacas, R. J. Lindsay, E. H. Doyle, K. L. Axten, F. Pereyra, E. S. Rosenberg, B. D.
Walker, T. M. Allen, and M. Altfeld. 2012. Differential regulation of toll-like receptor pathways in acute and
chronic HIV-1 infection. AIDS 26: 533-541.

370. Lester, R. T., X. D. Yao, T. B. Bdl, L. R. McKinnon, R. Kaul, C. Wachihi, W. Jaoko, F. A. Plummer, and
K. L. Rosenthal. 2008. Toll-like receptor expression and responsiveness are increased in viraemic HIV-1
infection. AIDS 22: 685-694.

371. Pathak, S., G. A. De Souza, T. Sdlte, H. G. Wiker, and B. Ago. 2009. HIV induces both a down-
regulation of IRAK-4 that impairs TLR signalling and an up-regulation of the antibiotic peptide dermcidin in
monocytic cells. Scand. J. Immunol. 70:; 264-276.

372. Jiang, W., M. M. Lederman, R. J. Mohner, B. Rodriguez, T. M. Nedrich, C. V. Harding, and S. F. Sieg.
2008. Impaired naive and memory B cell responsivenessto TLR9 stimulation in HIV-infection. J. Virol.

373. Funderburg, N., A. A. Luciano, W. Jiang, B. Rodriguez, S. F. Sieg, and M. M. Lederman. 2008. Toll-like
receptor ligands induce human T cell activation and death, a model for HIV pathogenesis. PLoS. ONE. 3:
€1915.

374. Jiang, W., M. M. Lederman, J. R. Salkowitz, B. Rodriguez, C. V. Harding, and S. F. Sieg. 2005. Impaired
monocyte maturation in response to CpG oligodeoxynucleotide is related to virah RNA levels in human
immunodeficiency virus disease and is at least partialy mediated by deficiencies in apha/beta interferon
responsiveness and production. J. Virol. 79: 4109-4119.

375. Béfica, A., C. A. Scanga, O. Equils, and A. Sher. 2004. The induction of Toll-like receptor tolerance
enhances rather than suppresses HIV-1 gene expression in transgenic mice. J. Leukoc. Biol. 75: 460-466.

376. Bdfica, A., C. A. Scanga, M. Schito, D. Chaussabel, and A. Sher. 2004. Influence of coinfecting
pathogens on HIV expression: evidence for arole of Toll-like receptors. J. Immunol. 172: 7229-7234.

377. Nordone, S. K., G. A. Ignacio, L. Su, G. D. Sempowski, D. T. Golenbock, L. Li, and G. A. Dean. 2007.
Failure of TLR4-driven NF-kappa B activation to stimulate virus replication in models of HIV type 1
activation. AIDS Res. Hum. Retroviruses 23: 1387-1395.

378. Mares, D., J. A. Simoes, R. M. Novak, and G. T. Spear. 2008. TLR2-mediated cell stimulation in bacterial
vaginosis. J. Reprod. Immunol. 77: 91-99.

379. Rivieccio, M. A., H. S. Suh, Y. Zhao, M. L. Zhao, K. C. Chin, S. C. Lee, and C. F. Brosnan. 2006. TLR3
ligation activates an antiviral response in human fetal astrocytes: a role for viperin/cigs. J. Immunol. 177:
4735-4741.

380. Durand, C. M., G. Ghiaur, J. D. Siliciano, S. A. Rabi, E. E. Eisdle, M. Salgado, L. Shan, J. F. Lai, H.
Zhang, J. Margolick, R. J. Jones, J. E. Gallant, R. F. Ambinder, and R. F. Siliciano. 2012. HIV-1 DNA is
detected in bone marrow populations containing CD4+ T cells but is not found in purified CD34+
hematopoietic progenitor cellsin most patients on antiretroviral therapy. J. Infect. Dis. 205: 1014-1018.

177



381. Wan, Z. T. and X. L. Chen. 2010. Mechanisms of HIV envelope-induced T lymphocyte apoptosis. Virol.
Sn. 25: 307-315.

382. Koppensteiner, H., C. Banning, C. Schneider, H. Hohenberg, and M. Schindler. 2012. Macrophage
internal HIV-1 is protected from neutralizing antibodies. J. Virol. 86: 2826-2836.

383. Greiner, V. J, V. Shvadchak, J. Fritz, Y. Arntz, P. Didier, B. Frisch, C. Boudier, Y. Mely, and H. de
Rocquigny. 2011. Characterization of the mechanisms of HIV-1 Vpr(52-96) internalization in cells. Biochimie
93: 1647-1658.

384. Said, E. A., F. P. Dupuy, L. Trautmann, Y. Zhang, Y. Shi, M. El-Far, B. J. Hill, A. Noto, P. Ancuta, Y.
Peretz, S. G. Fonseca, J. Van Grevenynghe, M. R. Boulassel, J. Bruneau, N. H. Shoukry, J. P. Routy, D. C.
Douek, E. K. Haddad, and R. P. Sekaly. 2010. Programmed death-1-induced interleukin-10 production by
monocytesimpairs CD4+ T cell activation during HIV infection. Nat. Med. 16: 452-459.

385. Ancuta, P., A. Kamat, K. J. Kunstman, E. Y. Kim, P. Autissier, A. Wurcel, T. Zaman, D. Stone, M.
Mefford, S. Morgello, E. J. Singer, S. M. Wolinsky, and D. Gabuzda. 2008. Microbia translocation is
associated with increased monocyte activation and dementiain AIDS patients. PLoS. ONE. 3: €2516.

386. Tsuchiya, S., M. Yamabe, Y. Yamaguchi, Y. Kobayashi, T. Konno, and K. Tada. 1980. Establishment and
characterization of a human acute monocytic leukemia cell line (THP-1). Int. J. Cancer 26: 171-176.

387. Kawamura, A. and M. S. Su. 1995. Interaction of FKBP12-FK506 with calcineurin A at the B subunit-
binding domain. J. Biol. Chem. 270: 15463-15466.

388. Merritt, J. E., W. P. Armstrong, C. D. Benham, T. J. Hallam, R. Jacob, A. Jaxa-Chamiec, B. K. Leigh, S.
A. McCarthy, K. E. Moores, and T. J. Rink. 1990. SK&F 96365, a novel inhibitor of receptor-mediated
calcium entry. Biochem. J. 271: 515-522.

389. Waterhouse, N. J,, J. C. Goldstein, O. von Ahsen, M. Schuler, D. D. Newmeyer, and D. R. Green. 2001.
Cytochrome ¢ maintains mitochondrial transmembrane potential and ATP generation after outer mitochondrial
membrane permeabilization during the apoptotic process. J. Cell Biol. 153: 319-328.

390. Waterhouse, N. J,, K. A. Sedelies, V. R. Sutton, M. J. Pinkoski, K. Y. Thia, R. Johnstone, P. |. Bird, D. R.
Green, and J. A. Trapani. 2006. Functional dissociation of DeltaPsim and cytochrome c release defines the
contribution of mitochondria upstream of caspase activation during granzyme B-induced apoptosis. Cell Death
Differ. 13: 607-618.

391. Hong, S. Y., W. H. Yoon, J. H. Park, S. G. Kang, J. H. Ahn, and T. H. Lee. 2000. Involvement of two NF-
kappa B binding elements in tumor necrosis factor apha -, CD40-, and epstein-barr virus latent membrane
protein 1-mediated induction of the cellular inhibitor of apoptosis protein 2 gene. J. Biol. Chem. 275: 18022-
18028.

392. Keij, J. F., C. Bdll-Prince, and J. A. Steinkamp. 2000. Staining of mitochondrial membranes with 10-
nonyl acridine orange, MitoFluor Green, and MitoTracker Green is affected by mitochondria membrane
potential altering drugs. Cytometry 39: 203-210.

393. Buckman, J. F., H. Hernandez, G. J. Kress, T. V. Votyakova, S. Pal, and I. J. Reynolds. 2001.
MitoTracker labeling in primary neuronal and astrocytic cultures: influence of mitochondrial membrane
potential and oxidants. J. Neurosci. Methods 104: 165-176.

178



394. Ullman, E., J. A. Pan, and W. X. Zong. 2011. Squamous cell carcinoma antigen 1 promotes caspase-8-
mediated apoptosis in response to endoplasmic reticulum stress while inhibiting necrosis induced by lysosomal
injury. Mol. Cell. Bial. 31: 2902-2919.

395. Cui, M., Y. Huang, Y. Zhao, and J. Zheng. 2008. Transcription factor FOXO3a mediates apoptosis in
HIV-1-infected macrophages. J. Immunol. 180: 898-906.

396. Garaci, E., M. C. Caroleo, L. Aloe, S. Aquaro, M. Piacentini, N. Costa, A. Amendola, A. Micera, R.
Cdlio, C. F. Perno, and R. Levi-Montalcini. 1999. Nerve growth factor is an autocrine factor essentia for the
survival of macrophages infected with HIV. Proc. Natl. Acad. Sci. U. S, A. 96: 14013-14018.

397. Papasawvas, E., J. Sun, Q. Luo, E. C. Moore, B. Thiel, R. R. MacGregor, A. Minty, K. Mounzer, J. R.
Kostman, and L. J. Montaner. 2005. I1L-13 acutely augments HIV-specific and recall responses from HIV-1-
infected subjectsin vitro by modulating monocytes. J. Immunol. 175: 5532-5540.

398. Coeytaux, E., D. Coulaud, C. E. Le, O. Danos, and A. Kichler. 2003. The cationic amphipathic alpha-
helix of HIV-1 viral protein R (Vpr) binds to nucleic acids, permeabilizes membranes, and efficiently
transfects cells. J. Biol. Chem. 278: 18110-18116.

399. Moon, H. S. and J. S. Yang. 2006. Role of HIV Vpr as a regulator of apoptosis and an effector on
bystander cells. Mol. Cells 21: 7-20.

400. Lawn, S. D. 2004. AIDS in Africa: the impact of coinfections on the pathogenesis of HIV -1 infection. J.
Infect. 48: 1-12.

401. Conti, L., P. Matarrese, B. Varano, M. C. Gauzzi, A. Sato, W. Mdorni, F. Belardelli, and S. Gessani.
2000. Dual role of the HIV-1 vpr protein in the modulation of the apoptotic response of T cells. J. Immunol.
165: 3293-3300.

402. Fukumori, T., H. Akari, S. lida, S. Hata, S. Kagawa, Y. Aida, A. H. Koyama, and A. Adachi. 1998. The
HIV-1 Vpr displays strong anti-apoptotic activity. FEBS Lett. 432: 17-20.

403. Nishihara, H., M. Hwang, S. Kizaka-Kondoh, L. Eckmann, and P. A. Insel. 2004. Cyclic AMP promotes
cAMP-responsive element-binding protein-dependent induction of cellular inhibitor of apoptosis protein-2 and
suppresses apoptosis of colon cancer cells through ERK1/2 and p38 MAPK. J. Biol. Chem. 279: 26176-26183.

404. Nishihara, H., S. Kizaka-Kondoh, P. A. Insel, and L. Eckmann. 2003. Inhibition of apoptosis in normal
and transformed intestinal epithelial cells by cAMP through induction of inhibitor of apoptosis protein (I1AP)-2.
Proc. Natl. Acad. Sci. U. S. A. 100: 8921-8926.

405. Webster, J. C., R. M. Huber, R. L. Hanson, P. M. Collier, T. F. Haws, J. K. Mills, T. C. Burn, and E. A.
Allegretto. 2002. Dexamethasone and tumor necrosis factor-alpha act together to induce the cellular inhibitor
of apoptosis-2 gene and prevent apoptosisin avariety of cell types. Endocrinology 143: 3866-3874.

406. Mishra, J. P., S. Mishra, K. Gee, and A. Kumar. 2005. Differential involvement of calmodulin-dependent
protein kinase |l-activated AP-1 and c-Jun N-terminal kinase-activated EGR-1 signaling pathways in tumor
necrosis factor-alpha and lipopolysaccharide-induced CD44 expression in human monocytic cells. J. Biol.
Chem. 280: 26825-26837.

407. Liu, X., M. Yao, N. Li, C. Wang, Y. Zheng, and X. Cao. 2008. CaMKII promotes TLR-triggered
proinflammatory cytokine and type | interferon production by directly binding and activating TAK1 and IRF3
in macrophages. Blood 112: 4961-4970.

179



408. Stull, J. T. 2001. Ca2+-dependent cell signaling through calmodulin-activated protein phosphatase and
protein kinases minireview series. J. Biol. Chem. 276: 2311-2312.

409. Kim, Y., J. S. Moon, K. S. Lee, S. Y. Park, J. Cheong, H. S. Kang, H. Y. Lee, and H. D. Kim. 2004.
Ca2+/camodulin-dependent protein phosphatase calcineurin mediates the expression of iINOS through IKK
and NF-kappaB activity in LPS-stimulated mouse peritoneal macrophages and RAW 264.7 cells. Biochem.
Biophys. Res. Commun. 314: 695-703.

410. Hu, P, Z. Han, A. D. Couvillon, and J. H. Exton. 2004. Critical role of endogenous Akt/|APs and
MEK1/ERK pathways in counteracting endoplasmic reticulum stress-induced cell death. J. Biol. Chem. 279:
49420-49429.

411. Hornung, V., S. Rothenfusser, S. Britsch, A. Krug, B. Jahrsdorfer, T. Giese, S. Endres, and G. Hartmann.
2002. Quantitative expression of toll-like receptor 1-10 mRNA in cellular subsets of human peripheral blood
mononuclear cells and sensitivity to CpG oligodeoxynucleotides. J. Immunol. 168: 4531-4537.

412. Sanjuan, M. A., N. Rao, K. T. Lai, Y. Gu, S. Sun, A. Fuchs, W. P. Fung-Leung, M. Colonna, and L.
Karlsson. 2006. CpG-induced tyrosine phosphorylation occurs via a TLR9-independent mechanism and is
required for cytokine secretion. J. Cell Biol. 172: 1057-1068.

413. Kuo, C. C., S. M. Liang, and C. M. Liang. 2006. CpG-B oligodeoxynucleotide promotes cell survival via
up-regulation of Hsp70 to increase Bel-xL and to decrease apoptosis-inducing factor translocation. J. Biol.
Chem. 281: 38200-38207.

414. Suzuki, K., A. Mori, K. J. Ishii, J. Saito, D. S. Singer, D. M. Klinman, P. R. Krause, and L. D. Kohn.
1999. Activation of target-tissue immune-recognition molecules by double-stranded polynucleotides. Proc.
Natl. Acad. Sci. U. S A. 96: 2285-2290.

415. Ishii, K. J.,, K. Suzuki, C. Coban, F. Takeshita, Y. Itoh, H. Matoba, L. D. Kohn, and D. M. Klinman. 2001.
Genomic DNA released by dying cells induces the maturation of APCs. J. Immunol. 167: 2602-2607.

416. Gee, K., J. B. Angel, S. Mishra, M. A. Blahoianu, and A. Kumar. 2007. IL-10 regulation by HIV-Tat in
primary human monocytic cells: involvement of calmodulin/calmodulin-dependent protein kinase-activated
p38 MAPK and Sp-1 and CREB-1 transcription factors. J. Immunol. 178: 798-807.

417. Letari, O., S. Nicosia, C. Chiavaroli, P. Vacher, and W. Schlegel. 1991. Activation by bacterial
lipopolysaccharide causes changes in the cytosolic free calcium concentration in single peritonea
macrophages. J. Immunol. 147: 980-983.

418. Nishina, H., K. D. Fischer, L. Radvanyi, A. Shahinian, R. Hakem, E. A. Rubie, A. Bernstein, T. W. Mak,
J. R. Woodgett, and J. M. Penninger. 1997. Stress-signalling kinase Sek1 protects thymocytes from apoptosis
mediated by CD95 and CD3. Nature 385: 350-353.

419. Tournier, C., P. Hess, D. D. Yang, J. Xu, T. K. Turner, A. Nimnual, D. Bar-Sagi, S. N. Jones, R. A.
Flavell, and R. J. Davis. 2000. Requirement of JNK for stress-induced activation of the cytochrome c-mediated
death pathway. Science 288: 870-874.

420. Ow, Y. P., D. R. Green, Z. Hao, and T. W. Mak. 2008. Cytochrome c: functions beyond respiration. Nat.
Rev. Mol. Cell Biol. 9: 532-542.

421. Fiola, S., D. Gosselin, K. Takada, and J. Gosselin. 2010. TLR9 contributes to the recognition of EBV by
primary monocytes and plasmacytoid dendritic cells. J. Immunol. 185: 3620-3631.

180



422. Klinman, D. M., F. Takeshita, |. Gursel, C. Leifer, K. J. Ishii, D. Verthelyi, and M. Gursel. 2002. CpG
DNA: recognition by and activation of monocytes. Microbes Infect. 4: 897-901.

423. Verthelyi, D., K. J. Ishii, M. Gursel, F. Takeshita, and D. M. Klinman. 2001. Human periphera blood
cells differentially recognize and respond to two distinct CPG motifs. J. Immunol. 166: 2372-2377.

424. Sahingur, S. E., X. J. Xia, S. Alamgir, K. Honma, A. Sharma, and H. A. Schenkein. 2010. DNA from
Porphyromonas gingivalis and Tannerella forsythia induce cytokine production in human monocytic cell lines.
Mol. Oral Microbiol. 25: 123-135.

425. Saikh, K. U., T. L. Kissner, A. Sultana, G. Ruthel, and R. G. Ulrich. 2004. Human monocytes infected
with Yersinia pestis express cell surface TLR9 and differentiate into dendritic cells. J. Immunol. 173: 7426-
7434,

426. Wang, L., F. Du, and X. Wang. 2008. TNF-alpha induces two distinct caspase-8 activation pathways. Cell
133: 693-703.

427. Messmer, U. K., C. Pereda-Fernandez, M. Manderscheid, and J. Pfeilschifter. 2001. Dexamethasone
inhibits TNF-alpha-induced apoptosis and |AP protein downregulation in MCF-7 cells. Br. J. Pharmacol. 133:
467-476.

428. Zapata, J. M., M. Krajewska, S. Krajewski, S. Kitada, K. Welsh, A. Monks, N. McCloskey, J. Gordon, T.
J. Kipps, R. D. Gascoyne, A. Shabaik, and J. C. Reed. 2000. TNFR-associated factor family protein expression
in normal tissues and lymphoid malignancies. J. Immunol. 165: 5084-5096.

429.Yang, J. S, C.C.Wu, C. L. Kuo, Y. H. Lan,C.C. Yeh, C. C. Yu, J. C. Lien, Y. M. Hsu, W. W. Kuo, W.
G. Wood, M. Tsuzuki, and J. G. Chung. 2012. Solanum lyratum Extracts Induce Extrinsic and Intrinsic
Pathways of Apoptosis in WEHI-3 Murine Leukemia Cells and Inhibit Allograft Tumor. Evid Based.
Complement. Alternat Med. 2012: 254960.

430. Ogura, K., K. Yahiro, H. Tsutsuki, S. Nagasawa, S. Yamasaki, J. Moss, and M. Noda. 2011.
Characterization of Cholix toxin-induced apoptosisin HeLa cells. J. Biol. Chem. 286: 37207-37215.

431. Wei, M. C, T. Lindsten, V. K. Mootha, S. Weiler, A. Gross, M. Ashiya, C. B. Thompson, and S. J.
Korsmeyer. 2000. tBID, a membrane-targeted death ligand, oligomerizes BAK to release cytochrome c. Genes
Dev. 14: 2060-2071.

432. Nechushtan, A., C. L. Smith, Y. T. Hsu, and R. J. Youle. 1999. Conformation of the Bax C-terminus
regulates subcellular location and cell death. EMBO J. 18: 2330-2341.

433. Hsu, Y. T. and R. J. Youle. 1997. Nonionic detergents induce dimerization among members of the Bcl-2
family. J. Biol. Chem. 272: 13829-13834.

434. Wang, J. L., D. Liu, Z. J. Zhang, S. Shan, X. Han, S. M. Srinivasula, C. M. Croce, E. S. Alnemri, and Z.
Huang. 2000. Structure-based discovery of an organic compound that binds Bcl-2 protein and induces
apoptosis of tumor cells. Proc. Natl. Acad. Sci. U. S A. 97: 7124-7129.

435. Conway, E. M., S. Pollefeyt, M. Steiner-Mosonyi, W. Luo, A. Devriese, F. Lupu, F. Bono, N. Leducq, F.
Doal, P. Schaeffer, D. Collen, and J. M. Herbert. 2002. Deficiency of survivin in transgenic mice exacerbates
Fas-induced apoptosis via mitochondrial pathways. Gastroenterology 123: 619-631.

436. Bradley, J. R. and J. S. Pober. 2001. Tumor necrosis factor receptor-associated factors (TRAFS).
Oncogene 20: 6482-6491.

181



437. Lee, N. K. and S. Y. Lee. 2002. Modulation of life and death by the tumor necrosis factor receptor-
associated factors (TRAFS). J. Biochem. Mol. Biol. 35: 61-66.

438. Degterev, A., J. Hitomi, M. Germscheid, I. L. Ch'en, O. Korkina, X. Teng, D. Abbott, G. D. Cuny, C.
Yuan, G. Wagner, S. M. Hedrick, S. A. Gerber, A. Lugovskoy, and J. Yuan. 2008. Identification of RIP1
kinase as a specific cellular target of necrostatins. Nat. Chem. Biol. 4: 313-321.

439. Cho, Y., T. McQuade, H. Zhang, J. Zhang, and F. K. Chan. 2011. RIP1-dependent and independent
effects of necrostatin-1 in necrosisand T cell activation. PLoS One 6: €23209.

440. Thomadaki, H. and A. Scorilas. 2006. BCL2 family of apoptosis-related genes: functions and clinical
implicationsin cancer. Crit. Rev. Clin. Lab. &ci. 43: 1-67.

441. Herbein, G., G. Gras, K. A. Khan, and W. Abbas. 2010. Macrophage signaling in HIV-1 infection.
Retrovirology 7: 34.

442. Zhu, P., X. Liu, L. S. Treml, M. P. Cancro, and B. D. Freedman. 2009. Mechanism and regulatory
function of CpG signaling via scavenger receptor B1 in primary B cells. J. Biol. Chem. 284: 22878-22887.

443. Wang, Y., P. Zhang, Y. Liu, and G. Cheng. 2010. TRAF-mediated regulation of immune and
inflammatory responses. Sci. China Life. Sci. 53: 159-168.

444. Wang, Y., S. A. Blozis, M. Lederman, A. Krieg, A. Landay, and C. J. Miller. 2009. Enhanced antibody
responses elicited by a CpG adjuvant do not improve the protective effect of an aldrithiol -2-inactivated simian
immunodeficiency virus therapeutic AIDS vaccine. Clin. Vaccine Immunol. 16: 499-505.

445, Malaspina, A., S. Mair, A. C. DiPoto, J. Ho, W. Wang, G. Roby, M. A. O'Shea, and A. S. Fauci. 2008.
CpG oligonucleotides enhance proliferative and effector responses of B Cells in HIV-infected individuals. J.
Immunol. 181: 1199-1206.

446. Angel, J. B., C. L. Cooper, J. Clinch, C. D. Young, A. Chenier, K. G. Parato, M. Lautru, H. Davis, and D.
W. Cameron. 2008. CpG increases vaccine antigen-specific cell-mediated immunity when administered with
hepatitis B vaccine in HIV infection. J. Immune Based. Ther. Vaccines 6: 4.

447. LaCesse, E. C., G. G. Cherton-Horvat, K. E. Hewitt, L. J. Jerome, S. J. Morris, E. R. Kandimalla, D. Yu,
H. Wang, W. Wang, R. Zhang, S. Agrawal, J. W. Gillard, and J. P. Durkin. 2006. Preclinical characterization
of AEG35156/GEM 640, a second-generation antisense oligonucleotide targeting X-linked inhibitor of
apoptosis. Clin. Cancer Res. 12: 5231-5241.

448. LaCasse, E. C,, E. R. Kandimalla, P. Winocour, T. Sullivan, S. Agrawal, J. W. Gillard, and J. Durkin.
2005. Application of XIAP antisense to cancer and other proliferative disorders. development of AEG35156/
GEM®640. Ann. N. Y. Acad. Sci. 1058:215-34.: 215-234.

449. Perry, W. S., J. P. Norman, J. Barbieri, E. B. Brown, and H. A. Gelbard. 2011. Mitochondrial
membrane potential probes and the proton gradient: a practical usage guide. Biotechniques.50(2): 98-115.

182



	abstract and lists-22nd oct.pdf
	Final thesis-Oct 22st.pdf



