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Resumé

Le facteur de transcription NF-kappaB (MB) constitue une famille de cing protéines
qui régule l'expression d'un grand nombre de gangdiqués dans diverses fonctions
biologiques, notamment limmunité, linflammatiote développement, et l'apoptose. Les
membres de la famille NKB comprennent les protéines p65, RelB, c-Rel, p5p52, qui
forment des homo- et des hétérodimeres. La fadeuranscription NkeB est normalement
séquestré dans le cytoplasme, en association agemémbres de la famill@B (inhibitor of
kappa B). La phosphorylation et l'ubiquitinationdi#® par IKK (kB Kinase) conduisent a la
dégradation de kB et a la translocation de N dans le noyau ou la régulation
transcriptionnelle des génes cibles a lieu. L'atibn de IKK est tributaire entre autres des
protéines adaptatrices TRAF et RIP. Ainsi la voe gignalisation NkB se compose des
diméres NFe¢B, des protéinexB, du complexe IKK et des protéines adaptatrices.

L'activation de la voie de signalisation MB- est fréquente au cours des infections
virales. NFxB étant un composant essentiel de la réponse intawmeiinnée antivirale, il
participe a la réaction de I'néte contre les aggatthogenes. Les virus ont développé des
stratégies pour moduler la voie de signalisationkBFen leur faveur notamment pour faciliter
leur réplication, empécher I'apoptose des cellinésctées et favoriser I'échappement a la
réponse immunitaire. Par ailleur les virus ont mpooé des sites de fixation de MB-dans
leurs promoteurs. Ainsi l'activation de MB- résulte en une transactivation des promoteurs
viraux et en une transcription virale augmentéeefi®t de nombreux virus et certains protéines
virales activent ou inhibent la voie de signalisatiNF«xB pour créer un environnement
favorable au développement du cycle viral danlale héte.

Dans la premiere partie de notre étude, nous nosngs intéressés au réle du facteur
de transcription NkeB dans la transcription du cytomégalovirus hum&iV) en infectant
des macrophages dérivés de monocytes sanguins (MDMs macrophages jouent un réle
important dans la pathogénese liee a HCMV et ltadie I'infection virale sur la signalisation
cellulaire dans ces cellules reste peu documentés Mvons montré que les souches virales
AD169 (souche de laboratoire) et HCMV-DB (souchsués d’un isolat clinique) pouvaient se
multiplier dans des cultures de cellules primaikd®Ms mais que le titre viral demeurait
inférieur a celui observé dans des cellules plusn@sives telles que les fibroblastes de la
lignée MRC5. Etant donné que le facteur de trapsori NF«B joue un role essentiel dans la
réplication virale notamment par la transactivationpromoteur viral tres précoce IE et du gene
tardif viral, nous avons étudié I'activation et damposition du complexe NiEB dans des
cellules MDMs et des fibroblastes MRCS5 infectés IH&MV. Par des techniques de retard sur
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gel (EMSA) et de colorimétrie (Microwell colorimatrNF«B assay), nous avons montré que
l'infection par HCMV entrainait une activation daraplexe p52/Bcl-3 dans les cellules MDMs
alors gu'il activait le complexe classique MB-p50/p65 dans les fibroblastes de la lignée
MRCS5. L'utilisation des cellules monocytoides U9B@nsfectées par un vecteur pCMV-Luc,
vecteur d’expression de la luciférase sous la digoere du promoteur viral du gene tres
précoce EA (MIEP), nous a permis de montrer qumiaplexe p52/Bcl-3 activait le promoteur
viral MIEP. Par la technique d’immunoprécipitatiole chromatine (technique ChIP), nous
avons mis en évidence l'interaction entre le coxplp52/Bcl-3 et le MIEP dans les cellules
MDMs infectées par le HCMV. Ainsi, l'activation dcomplexe NF<B p52/Bcl-3 dans les
cellules MDMs pourrait étre a l'origine de la réatiion limitée d’HCMV dans ces cellules.

Dans la deuxieme partie de notre étude, nous agtutié le role de NkB dans la
transcription du VIH-1 dans les cellules MDMs lales la co-infection par le virus de hepatite C
(VHC) et le VIH-1. L'infection par VIH favorise I'¥olution de I'hépatite C chronique et
augmente la charge virale VHC, mais le role d'VHE k& réplication virale du VIH reste mal
connu. Les cellules mononuclées périphériques (PBBWDt permissives aux virus VIH et
VHC et peuvent constituer un réservoir extra-hépetide virions. Il a été montré que la
transcription de NkeB est activée lors de linfection par VHC et VIHllous nous sommes
proposés d’étudier le réle de NB- sur la transcription du VIH-1 dans les celluleBMs lors
d’'une co-infection VHC/VIH-1. Des études prélimires conduites dans notre laboratoire ont
montré que la charge virale VIH-1 était plus élestéas les cellules PBMC et MDMs provenant
de sujets co-infectés que chez les sujets monotége Nous avons obsenia, vitro, que les
protéines Nef du VIH-1 et Core du VHC activent lemplexe p50/p65 de NkB dans les
cellules MDM. Grace a une technigue reposant sxplession de la luciférase, nous avons
montré que les deux protéines activaient la trgpson du LTR de VIH-1. Nous avons
également demontré que les protéines Nef et Cdreeat la réplication du VIH-1 dans les
cellules promonocytaires chroniquement infectés D& plus, ces protéines stimulaient
egalement le réplication du VIH-1 dans des macrgedgrimaires infectés par VIH-1. Par
conséquent, les deux protéines Nef et Core poutrdavoriser la formation de réservoirs
cellulaires contenant les deux virus.

L’ensemble de ces études nous a permis de mieupreowire le réle de NkB dans la

transcription virale au sein des macrophages.

Mots clés: NF«B, Bcl-3, transcription, macrophages, HCMV, VIH, @H protéine Nef,

protéine Core



Abstract

The mammalian nuclear facteB (NF-«B) is a family of five DNA-binding proteins
that regulates expression of a large number of gamenlved in diverse biological functions
including immunity, inflammation, development, aagoptosis. Members of NEB family
include p65 (RelA), RelB, c-Rel, p50 (NéB1) and p52 (NReB2), which are found as homo-
and heterodimers. The transcription factor dB-is normally sequestered in the cytoplasm in
association with the members of the inhibitor oppa B (kB) family. kB kinase (IKK)
mediated phosphorylation, ubiquitination, and ddgt@n of kB frees NF«kB to translocate to
the nucleus to regulate the transcription of taggates. Activation of IKK is dependent upon
intracellular adapter proteins such as TRAF and. Riis NF«kB pathway consists of NkB
dimers, kB proteins, IKK complex and intracellular adapteotgins.

Activation of NF«B is a common feature during viral infections. NB4s an essential
component of innate antiviral immune response and part of the protective reaction of the
host against pathogens. Viruses have evolved gieatéo modulate NkB signaling pathway
for their own benefit especially to facilitate thegplication, prevent apoptosis of infected cells
and evasion of immune responses. In addition a eumbviruses contain NkB binding sites
in their promoters. Thus activation of NIB- results in the transactivation of viral promoters
thus enhancing viral transcription and replicationfact several viruses and a number of viral
proteins have been reported either to stimulatenbibit NF-«B activation to create an
environment for successful viral life cycle in thest cell.

In the first part of our study we studied the roleNF-«B in the transcription and
replication of HCMV in primary human monocyte-dextv macrophages (MDMSs).
Monocytes/macrophages are key cells in the patlesigmof humarytomegalovirus (HCMV)
infection, but thein vitro rate of viral productiorin MDMs is considerablyower than in
fibroblasts. Considering that the NB- signaling pathway is potentially involved in the
replication strategpf HCMV through efficient transactivation of the joaimmediate-early
promoter (MIEP), efficient viral replication, anété geneexpression, we investigated the
composition of the NkB complexin HCMV-infected MDMs and fibroblasts. Preliminary
studies showethat HCMV could grow in primary MDMs culture butahthe viraltiter in
culture supernatants was lower than that observidekisupernatants of more permissive MRC5
fibroblasts. EMSA andhicrowell colorimetric NF<B assay demonstrated that HCMV infection
of MDMs increased p52 binding activity without aetiing thecanonical p50/p65 complex.
Moreover, Bcl-3 was up-regulateahd was demonstrated to associate with p52, indgat
p52/Bcl-3 complexes as the major component of the dBFeomplex in MDMs.Luciferase
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assays in promonocytic U937 cells transfected aith MIEP-luciferase reporter construct
demonstrated MIEP activatiom response to p52 and Bcl-3 overexpression. Chtioma
immunoprecipitatiorassay demonstrated that p52 and Bcl-3 bind the MiE&utelyHCMV-
infected MDMs. In contrast, HCMV infection of MRCfbroblastsresulted in activation of
p50/p65 heterodimers. Thus, activatioh p52/Bcl-3 complexes in MDMs and p50/p65
heterodimers in fibroblasta response to HCMV infection might explain the l®vel growth
of the virus in MDMs vs efficient growth in fibrodsts.

In the second part of our study we studied the obl&lF«B in the transcription and
replication of HIV-1 in macrophages during HIV-Iégatitis C virus (HCV) coinfection. HIV-1
infection favors the progression of HCV disease antances the viral load of HCV but the
effect of HCV on replication of HIV-1 is not weltuigdied. Macrophages are permissive to HCV
and HIV-1 infection so can constitute extra-hepagiservoir of these viruses. As transcription
factor NF«B is activated during HIV-1 and HCV infection weudied the role of NkB in the
transcription of HIV-1 in MDMs. Preliminary studigsom our laboratory demonstrate higher
levels of HIV-1 viral load in MDMs isolated from é¢hperipheral blood of HIV-1/HCV
coinfected subjects in comparison with HIV-1 momdected patients. To assess the potential
role of HIV-1 Nef and HCV core proteins in this ploenenon, we studied their respective role
in regard to NR¢B activation and HIV-1 replication in primary maptages. Following the
treatment of primary macrophages with exogenous-HIMef and HCV core proteins, we
observed activation of NkB in primary macrophages which consist of p50/pBénsistently,
degradation ofdBa, and phosphorylation of IK& IKKp was observed in response to both
HIV-1 Nef and HCV core protein. In addition, HIVief and HCV core proteins stimulated
synergistically the HIV-1 long terminal repeat (LJRand subsequently enhanced HIV-1
replication in both chronically infected promonacytUl cells and acutely HIV-1 infected
MDMs. Therefore, our results indicate that HIV-1fNexd HCV core proteins synergize to
enhance NkeB activation and HIV-1 replication in primary maptages and thereby could
fuel the progression of the HIV-1 disease in HIVNA€obinfected patients.

All together, our results have important implication terms of viral persistence and

formation of viral reservoirs in macrophages dumhgonic viral infections.

Keywords: NF«B, Bcl-3, Transcription, Macrophages, HCMV, HIV, NCNef, Core protein
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Introduction

Macrophages are heterogeneous cells of mononugleayocyte system that is widely
distributed in the body. Mononuclear phagocytesuithe blood monocytes, tissue macrophages,
connective tissue histiocytes, dendritic cells ymph nodes and spleen, Langerhans cells of
skin, Kupffer cells of liver and microglial cell§ brain (Ross and Auger, 2002). They perform
an indispensable role for clearance and inactiwatib invading pathogens including viruses.
Macrophages perform multiple functions during virafections. Macrophages are able to
eliminate the viruses from the circulation throughagocytosis after blood-borne infection.
They are also responsible for secreting potenviaatifactors for example interferons which can
restrict viral replication and chemokines whichrugs leukocytes at the inflammatory site. In
addition, macrophages perform antigen presentdtiogtion for effective immune response
against viral infections (Zink et al., 2002). Imtaontly, macrophages act as a site of viral
replication, infectious reservoir and a vehicle ¥aral dissemination for a number of viruses
especially causing chronic infections including fmcytomegalovirus (HCMV) and human
immunodeficiency virus type 1 (HIV-1). HCMV DNA hdseen detected in the monocytes and
tissue macrophages. HCMV DNA and antigens have degscted in monocytes during acute
HCMV infection and differentiation of monocytes antmacrophages triggers production of
infectious virus (Hanson and Campbell, 2006). Trecmphage is the predominant infiltrating
cell type found in HCMV infected organs (Sinzgeragt 1996). HIV-1 infects macrophages
which resist apoptosis and viral lysis resultingarmation of viral reservoirs. Macrophages are
the earlier targets of HIV-1 which can directly nisait the virus to T cells and produce
cytokines which are important for HIV pathogenesisssue and brain macrophages are
productively and latently infected by HIV-1 in imted patients. Similarly, therimary human
monocyte-derived macrophag®DMs) are productively permissive fam vitro viral replication
(Cassol et al., 2006).

Nuclear factor kB (NF«B) is a family of transcription factors which isvimlved in
multiple biological processes including immunitypoatosis, development, proliferation,
inflammation and innate as well as adaptive immresponse. It consists of five members in
mammals: c-Rel, RelA (p65), RelB, NdB1 (p50 and its precursor p105), and k&2 (p52 and
its precursor p100) and are found in various hoard heterodimeric complexes. Normally,
NF-kB dimers are cytoplasmic bound by the members @firthibitor of kappa B {B) family
which prevent their nuclear translocation. Phosglation and ubiquitination ofkB by kB
kinase (IKK) results in proteosome-dependent elaiam of kB and nuclear translocation of
NF-kB and activation of transcription from N& target genes (Hayden and Ghosh, 2008). The
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IxB family consists of seven known membekdd, IkBp, IkBy, IkBe, Bcl-3, and the precursor
proteins p100 and p105 (Hayden and Ghosh, 20043 Bcan oncoprotein found in the nucleus
and is a direct regulator of transcription. It ftions either as transactivator or repressor of
transcription through NkB site in context specific manner. Unlike otheB$, it contains a
well-defined transactivation domain and is not podgtically degraded upon cell stimulation.
Bcl-3 has preferential binding capacity with p5@ g%2 homodimers and activates transcription
through a ternary complex with nuclear co-regusarch as JAB1, Tip60, and Bard1 (Dechend
et al., 1999). NReB activation has been reported in response to éeumf stimuli including

viruses and their proteins (Hiscott et al., 2006).

NF-kB activation is hallmark of virus infection and & fundamental component of
immediate early immune response against the patisogdthough NF<B is considered as a
host’s protective reaction against pathogens hutses have developed strategies to hijack this
important cellular function to exploit it for theown benefit either through transactivation of
viral transcription or prolonging the host cellelifA number of viruses including HCMV and
HIV have been reported to incorporate NE-binding sites in their transcriptional response
elements and exploit cellular N€B to drive their own transcriptional events (Gilraocand
Mosialos, 2003). Activation of NkB results in the transactivation of viral promotettsus
enhancing viral transcription. HCMV infection actes the NReB signaling pathway (Kowalik
et al., 1993; Yurochko and Huang, 1999; Yurochkalet 1995) and major immediate-early
promoter (MIEP) of HCMV contains four NkB binding sites. NReB and upstream IKK2 have
been demonstrated as requirements for efficiemséetivation of the major immediate-early
promoter (MIEP), late gene expression, and virglication of HCMV (Caposio et al., 2007a;
Caposio et al., 2007b; DeMeritt et al., 2004; Deiilezt al., 2006). Similarly, HIV-1 long
terminal repeat (LTR) contains two N@B binding sites and NkB is activated in response to
HIV-1 infection as well as in response to viral fgfas for example Nef and Vpr (Varin et al.,
2005; Varin et al., 2003). HIV-1 replication is ibhed following inhibition of NFxB pathway
by multiple approaches. Inhibition of NéB by dominant-negativexBa (Kwon et al., 1998),
RelA-associated inhibitor (Takada et al., 2002) #€d inhibitors (Asamitsu et al., 2008) has

been reported to inhibit HIV-1 replication.

NF-kB exists in different dimers and at least 12 comgéehave been reported. Similar
NF-xB stimuli generate distinct intracellular signarsduction pathways in different cell types
which can activate distinct NkEB complexes (Beg and Baldwin, 1994; Lernbechell.el893)

and binding of different dimers to NEB binding sites at comparable levels of recruitneart
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support different levels of transcription (Lin €t,al995b; Saccani et al., 2003). Thus, the
presence of distinct NkB dimers in different cell types might contribute waried levels of
viral replication in the different cell types. Wepothesized that this mechanistic versatility
might be involved in the varied transcription of M¥ in different cell types. In addition cell
signaling pathways in response to distinct stinoaln be culminated to activate MB- and
activate transcription from NEB responsive viral promoters. Thus we hypothediz¢ NF«B
activation in response to HIV-1 Nef protein and HCbdfe protein can results in activation of
transcription from HIV-1 LTR in macrophages of HWHCV coinfected patients. Because
inhibitors of IKK/ NF«B have been proposed as therapeutic tools for adng HCMV
(Caposio et al., 2007b; Prosch et al., 2002) and ridplication (Asamitsu et al., 2008; Takada
et al., 2002), it is important to study the paths/eading to persistent replication of HCMV and
HIV-1 in macrophages.

Specific objectives of the study:

HCMV transcription in macrophages

= Determination of composition of NEB complexes in MDMs and fibroblasts in response to
HCMV infection

= To study transcriptional regulation of MIEP in MDNdg NF«B

HIV-1 transcription in macrophages during HIV-1/HE@¥Winfection

= NF«B activation and composition in MDMs in responseHb/-1 Nef and HCV core

proteins

» Effects of HIV-1 Nef and HCV core proteins on HIVréplication in chronically infected

U1 cells and acutely infected MDM.
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I. NF-kB Signaling

NF-«B is a family of five DNA-binding proteins that nelgtes expression of a large
number of genes involved in diverse biological fiots including immunity, inflammation,
development, and apoptosis. It is found as homd-haterodimers and is normally sequestered
in the cytoplasm in association with the memberthefinhibitor of kappa B kB) family. kB
kinase (IKK) mediated phosphorylation, ubiquitioati and degradation okB frees NF«B to
translocate to the nucleus to regulate the trgptsen of target genes. Transcriptional activity of
NF-xB proteins is further regulated by a number of ficatslational modifications. Activation
of IKK is dependent upon intracellular adapter piod TRAF (TNF receptor associated factor)
and RIP (receptor- interacting protein). Thus &B--signaling pathway consists of NiB

dimers, kB proteins, IKK complex and intracellular adapteotpins.

1. Components of NF-kB signaling

NF-xB family contains five members in mammals: p65 eRelB, c-Rel, p50 (NF-
kB1) and p52 (NReB2) [Fig. 1]. NF«xB family members share a Rel homology domain (RHD)
in their N-terminal for DNA binding and for the foation of various homo- and heterodimeric
complexes. NReB proteins differ in structure of their C-termirddmain and mode of synthesis.
RelA/p65, RelB, and c-Rel contain transactivatiomain (TAD) which is necessary for NiB&
dependent transcriptional activity and are syn#tegbias mature form. On the other hand, NF-
kB1/p50 and NReB2/p52 lack TAD and are processed by partial plgge® from their
precursor p105 and p100, respectively. Procesdipd@b to p50 is a constitutive process while
p1l00 processing to p52 is tightly regulated andiaildle (Xiao et al., 2006). Homodimers of
p50 and p52 are repressors of transcription urdsssciated with a TAD-containing subunit
(Hayden and Ghosh, 2008; Mankan et al., 2009).

IxB family consists of structurally related protesmntaining multiple ankyrin repeats to
interact with RHDs to prevent nuclear localizatmnRel subunits (Fig. 1). NkB dimers are
associated with one of three typicalBl members in cytoplasmxBa, kB, 1kBe which
undergo stimulus induced degradation. In additimcprsor proteins p105 and p100 may act as
IxBs. The atypical 4B proteins include WB(, IkBNS (lkB-delta), and Bcl-3 that are not
generally expressed in resting cells but are indufmowing activation to mediate their
function in the nucleus. Bcl-3 is an oncoproteimttitontains two transactivation domains
upstream and downstream of ankyrin repeats anaaarate transcription through N&B sites.

Bcl-3 preferentially binds with p50 and p52 homodimand activates transcription through a
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ternary complex with nuclear co-regulators suchJAa81, Tip60, and Bardl. In addition
alternative splicing of NFKB1 gene results in protion of a protein identical to its C-terminal

called kBy but its functions are not clear yet (Ghosh anddeay 2008).

NF-kB/Rel family

P65 —  mp }—— 1 }—

RelB

cRel —  wp 3 — D }—
ps2 — wmmp M

GRR

pS0 — P —A—

IkB family
p100 —Cwe 4 0O00—P—
pi05 — w4 OO ——

TkBo:
IkBp
TkBe -0 OOHO——

KBy — OOCCOOO———
Bcl-3 —o0-0000@—{ b

IkB( 000 —00—
IKK complex
IKKa
IKKP
NBD
KKy

RHD, Rel homology domain; TAD, transactivation domain; LZ, leucine zipper domain; ANK,
ankyrin-repeat; GRR, glycine-rich region; PEST, proline-, glutamic acid-, serine- and threonine-rich;
DD, death domain; HLH, helix-loop-helix domain; CC1/2, coiled-coil domains; LZ, leucine zipper;
ZF, zinc finger domain; NBD, NEMO-binding domain.

Figure 1: Members of the NR¢B signaling pathway (NFxB, IxB and IKK protein families).

22



Review of Literature

IKK family consists of IKKa, IKKB, NEMO (NF«B essential modulator)/ IKK and
IKKi (also called IKKe) and TBK1 (TANK-binding kinase) [also called NAKE-«B activated
kinase) and T2K (TRAF2-associated kinase)]. éKland IKKB, contain a kinase domain at N-
terminal while protein interaction motifs [leucirmpper (LZ) and a helix-loop-helix (HLH)
domain] at C-terminal (Fig. 1). IKK IKKy are responsible for activation of canonical &&--
pathway in response to proinflammatory cytokineg. &NF (tumor necrosis factor), IL-1
(interleukin-1), and Toll-like receptors (TLRs). tBoproteins share sequence similarity and
phosphorylatedB in response to TNF and other B-activating stimuli. On the other hand,
IKK o is responsible for activation of non-canonicalhpay and has the potential to attenuate
IKKB signaling. IKKi and TBK1 activate transcriptioncfars IRF-3 and IRF-7 through
phosphorylation at key C-terminal residues resgliimo their homodimerization and nuclear
import. IRF-3 and IRF-7 are important for inductioh several proinflammatory and antiviral
genes such as type | interferon genes followinglvirfections (Clement et al., 2008; Hacker
and Karin, 2006).

Activation of cytoplasmic kinases including IKKseaactivated in response to signals
initiated by a number of NkB inducing receptors including TLRs, T-cell recegtand tumor
necrosis factor receptor (TNFR) superfamily. Theseeptors signal through scaffolding
proteins which converge to activation of IKK compl@NFR superfamily signal through TRAF
and RIP family members. There are seven membeits ead@RAF and RIP family. TRAF
proteins share a C-terminal TRAF domain and TRAF&hare N-terminal domain which
function as E3 ubiquitin ligases. TRAF2, TRAF5, alldAF6 have been reported as positive
regulators while TRAF3 as negative regulator of d-activation. TRAF family members are
involved in activation of both canonical and nomaaical pathway while canonical pathway
additionally require RIP (Hayden and Ghosh, 2008).

2. NF-kB signaling pathways
2.1. Canonical pathway

Canonical NF<B pathway is activated in response to a broadeyaf stimuli including
endogenous and exogenous ligands as well as dipbgsecal and chemical agents (Gilmore,
2010). Activation of canonical pathway results e ttranslocation of p50/p65 heterodimers
which are sequestered in the cytoplasm by the iitnjbfamily 1B in unstimulated cells (Fig.
2A).
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NF-xB is activated in response to signals initiatedabgumber of signaling pathways
including TNFR superfamily. TNFR1 and TNFR2 receptsignal through scaffolding proteins
which converge to activation of IKK complex whiah turn targetdB. At least 30 members of
TNFR superfamily have important roles in inflammati immunity, cell proliferation, and
apoptosis. Binding of TNdewith TNFR1 results in translocation of TNFR1 tpidi rafts which
act as a platform for other signaling proteins udohg TRADD, RIP1 and TRAF2 resulting in
activation of IKK complex and NkB activation (Legler et al., 2003). In fact TRAF&da
TRAF5 are together require for NdB activation as NRk&B activation in TRAF2 as well as
TRAF5 knockout mice is intact but TRAF2/5 doubleokkout mice show impaired NiB
activation (Tada et al., 2001). RIP1 functions asadapter protein to recruit IKK complex
through binding to NEMO (Zhang et al., 2000).

Signaling downstream of RIP and TRAF occurs throdgtK1l (transforming growth
factor B-activated kinase 1). After binding of TMRvith TNFR1, TRAF2 mediated Lys-63-
linked polyubiquitination of RIP1 result in recmmént and activation of TAK1. Ubiquitin-
mediated activation of TAKL1 leads to activation IsK complex, which consists of two
catalytic kinases IKK, and IKKB along with a regulatory subunit IKKIKK 3 plays central role
in NF«B activation and is required for phosphorylationlciBo at Ser-32 and Ser-36 and of
IxBp on Ser-19 and Ser-23. Although lkkhas been reported to be dispensable for canonical
pathway, it can mediat&Bo phosphorylation and can play important functiamshis pathway
through non-#B substrates. Activation of IKK requires IKiKKand IKKB phosphorylation in T
loop serines through unidentified upstream IKK kies, autophosphorylation or both. IKks
phosphorylated at Ser-177 and Ser-181 while dd& phosphorylated at Ser-176 and Ser-180.
IKKy is required for activation of NkB and most likely increases the IKK kinase activity
through facilitation of T loop phosphorylation (H&c and Karin, 2006; Hayden and Ghosh,
2008).

Activated IKK complex phosphorylates theBl resulting in subsequent Lys-48-linked
polyubiquitination by ubiquitin ligase complex caimting thep-transducin repeat-containing
protein @-TrCP). kB is then degraded by 26S proteosome resulting iatease of p65
containing NF«B dimers to translocate to nucleus of which p50/@6Bost prevalent. NkB
dimers interact withkB sites (5' GGGRNWYYCC 3' where N- any base, RinrW- adenine
or thymine, and Y- pyrimidine) in promoters or enbars of target genes and modulate their
transcription through recruitment of transcriptiboaactivators and corepressors (Hayden and
Ghosh, 2008).
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Figure 2: Canonical and non-canonical pathway of NkB

2.2. Non-canonical pathway

Non-canonical pathway is activated by processingldf0 to p52 resulting in release of
p52/RelB dimers (Fig. 2B). This pathway is indepamdof both IKK3 and IKKy, which are
central regulators of canonical NiB pathway, and depends primarily on IKkand NIK
(Dejardin et al., 2002). Important similarities kalseen observed in the phenotype of mouse
knockouts or mutants of specific signaling molesubé non-canonical pathway. Mice lacking
nfkb2 gene encoding p100, lacking the genes lymphot{xin, LTP) and its receptor LAR,
and mice carrying a mutation in NIK show defectsgcondary lymphoid organs (Xiao et al.,
2006).

Induction of non-canonical pathway in response R family members such as BT
receptor (LBR) results into an elevated level of MB-inducing kinase (NIK) protein (Xiao et

al., 2001b). The mechanism of NIK activation hagrbdound to be rescuing the basally
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translated NIK protein from undergoing TRAF3 meddtegradation rather than activation of
NIK at translational or transcriptional level (Liagt al., 2004; Qing and Xiao, 2005). NIK
activates IKKy (Senftleben et al., 2001) and act as a dockingeoutd for the recruitment of
IKK o to p100 through two C-terminal serines, 866 an@d, 87 p100 (Xiao et al., 2004). IKKis
found as homodimer and activated IKKinduces site specific phosphorylation and
ubiquitination of multiple serines in N- (serine8, 408, 115 and 123) and C-terminal regions
(serine 872) of pl100, resulting iINnBTrCP mediated ubiquitination of p100 and subsetjuen
processing by the 26S proteosome to p52 (Xiao.e2@06). Constitutive processing of p100 to
p52, which occurs at a low level in a cell typeafie manner, is independent gfTrCP but
require IKKo (Qing and Xiao, 2005). In fact partial proteolysis p100 removes C-terminal
ankyrin repeats domain to generate p52. Moreov80 fanctions to stabilize RelB as both are
found associated in the cytosol but RelB is nogdted by otherdB family members.
Processing of p100 by NIK and IKKresults into nuclear translocation of RelB-contain
dimers (Solan et al., 2002).

In addition to LBR, other stimuli of non-canonical pathway includedl activating
factor (BAFF), CD40 ligand, TNF-like weak inducdrapoptosis (TWEAK) and RANKL (Xiao
et al., 2006).

2.3. Interplay of canonical and non-canonical pathways

Both canonical and non-canonical pathways are dersil to be independent but one of
important feature of NikB inducers is to co-induce both canonical and remmaical NF«<B
pathways. As both pathways may regulate many disand overlapping genes, induction of
both pathways by same inducer represents anothelr & complexity in regulation of NkB
target genes. Although IBR is a known inducer of alternative pathway, ide#o activation of
canonical pathway as well resulting in increasaalinig of p50/p65 heterodimer (Dejardin et
al., 2002). As p65 transactivatetkb2 promoter (Lombardi et al., 1995), activation ohoaical
pathway may feed non-canonical pathway by positraescriptional regulation offkb2 for
induction of p100 protein and in turn productionp®. It was observed that treatment of p65-
and IKKp-deficient cells with LBR display a lower level of p100 and p52 proteirentkhat of
LTBR-activated WT cells (Dejardin et al., 2002). Samy it has been reported that steady-state
expression of RelB is regulated by the canonictiyay and constitutive p65 activity (Basak et
al., 2008).
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Canonical and non-canonical pathways are interaadeat multiple signaling steps.
TRAF3, which has been reported to be a negativelasyy of non-canonical pathway (Liao et
al., 2004), has recently been reported to supmess@onical pathway as well through
stabilization of NIK (Zarnegar et al., 2008). Sianly p100, which is the precursor protein of
p52, has been reported as a fourkiB Iprotein to associate with a fraction of p50/p65

heterodimers through pathways that are regulatdi ¥y (Basak et al., 2007).

Another phenomenon that is being accumulated emalitire is the regulation of N&B
transcription by exchange of dimers. Each ®f=dimer regulates a number of promoters while
many other promoters are redundantly regulated bserthan one dimer. NEB dimers bind
either to sam&B binding site or different sites in the same prtenoAs each dimer supports
different level of transcription, exchange of dis@ver time provides another mechanism for
the regulation and fine tuning of N& transcription. LPS (lipopolysaccharide) activatiof
dendritic cells has been reported to induce rapéaiyvated dimers including p50/p65 but are
gradually replaced by slowly activated p52/RelBehadimers (Saccani et al., 2003). Temporal
change of NReB activity during the course of stimulation mighe lthe result of NkeB
inhibition by re-synthesis okB or activation of IKkx. In addition LTBR and LPS stimulation
induces sequential activation of canonical andradittve pathways which are independent from
each other. Rapid and transient activation of pGs Vollowed by sustained and protein-
synthesis dependent p52/RelB dimers (Mordmullealet2003; Muller and Siebenlist, 2003).
Thus activation of alternative pathway at late etagf NF«xB response leads to sustained NF-

kB transcription by avoiding negative feedback patysv

2.4. Role of Bcl-3 in NF-kB mediated transcription

Bcl-3 is a candidate proto-oncogene and is a mewieB family. Unlike other kBs, it
does not sequester NB complexes in cytoplasm, found in the nucleus, amdnot
proteolytically degraded upon cell stimulationcdintains TAD and regulates NdB dependent
transcription. Bcl-3 preferentially binds with tsamiptionally repressive p50 and p52
homodimers thus transforming them into transcriplty active p50/Bcl-3 and p52/Bcl-3
complexes (Bours et al., 1993; Fujita et al., 1998 p50 and p52 lack TAD and intrinsic
ability of transactivation, Bcl-3 possibly confdaransactivation property to these homodimers.
Both N- and C-terminal contain transactivation seges and are required for transactivation
function of Bcl-3 (Palmer and Chen, 2008). Bcl-3 #een reported to activate transcription
through a ternary complex with nuclear co-regusarch as JAB1, Tip60, and Bard1 (Dechend
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et al.,, 1999). Another mechanism of transcriptiomaativation might be the removal of
repressive p50 and p52 homodimers by Bcl-3, thiasvalg the transcriptionally active NkB
dimers into scene (Ghosh and Hayden, 2008). Unddrin circumstances, Bcl-3 has been
reported to repress NEB dependent transcription. Bcl-3 can stabilize ps@hodimers on the
kB binding sites preventing access of transcrigtilyn active heterodimers. Bcl-3 delays
turnover of DNA-bound repressive p50 homodimersirdybition of p50 ubiquitination and
subsequent degradation of DNA-bound p50 homodiniak3 expression thus inhibits NEB
transcription and results in TLR tolerance in mabages (Carmody et al., 2007). Thus Bcl-3

can either activate or inhibit NEB dependent transcription in context specific manne

The dual role of Bcl-3 in NkB dependent transcription is thought to be moddIéte
post-translational modifications especially phosplation. Bcl-3 is subject to multiple
phosphorylation events that may modulate its gbitd bind with p50 and p52 and its
transactivation function (Bundy and McKeithan, 199Viatour et al., 2004b). Bcl-3
phosphorylation by GSK3 was reported to modulaefunction by triggering its degradation
through the proteosome pathway (Viatour et al. 4200In addition transcriptional activation by
Bcl-3 has been reported to depend upon nucleadizatan and ubiquitination of Bcl-3.
Deubiquitinating enzyme CYLD negatively regulated-B ubiquitination and prevents nuclear
localization of Bcl-3 and p50/Bcl-3 and p52/Bcl-8péndent transcription (Massoumi et al.,
2006). Although some but not all HATs known to glze transcription factors, increase Bcl-3
transcription (Viatour et al., 2004b) direct acatyn of Bcl-3 by HATs has not been

demonstrated.

3. Negative feedback mechanisms and termination of NF-kB activity
Activation of NF«kB is followed by NF«B-induced negative feedback mechanisms

which results in distinct change in the nature loé tNF«xB activity during the course of
stimulation. Important mechanisms for terminatidrNé-xB activity include kBa re-synthesis
and A20 expression; genes encoding both are pelsitregulated by NkB. Newly synthesized
IxBa sequester NikB in the nucleus and translocates them back tqp@sm (Hoffmann et al.,
2002; Sun et al., 1993). A20 is a cytoplasmic Zinger-domain containing deubiquitinating
enzyme which is important in limiting inflammatighrough termination of NkB activation
(Song et al., 1996). It is induced in response - Tthrough activation of NikB and A20
deficient mice are hypersensitive to lipopolysacicieaand TNF and fail to terminate TNF-
induced NF«B responses (Lee et al., 2000). A20 is a specéidoajuitinating enzyme for Lys-
63-linked polyubiquitinated signaling moleculesNf-xB including TRAF6 and RIP2 (Lin et
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al., 2008). Examples of other NdB suppressing enzymes with deubiquitinating agtiwitlude
Cezanne and Cyld (Renner and Schmitz, 2009).

However these negative feedback mechanisms doxptdie how DNA-bound, active
NF-xB dimers are suppressed and physically removebdadt been suggested that promoter-
bound NF«B subunit p65 is degraded through ubiquitinatioot@osome system (Saccani et al.,
2004). Although specific Ubiquitin E3 ligases invetl are not known but several protein
including SOCS-1 (Suppressor of cytokine signaling COMMD1 (Copper Metabolism
MURR21 Domain containing-1), and PDLIM2 seem playagole. SOCS-1 is a part of the ECS
ubiquitin ligase complex and its over-expressiorrelases p65 stability (Ryo et al., 2003).
Recently it has been reported that ubiquitinatiod degradation of p65 by SOC-1 containing
ubiquitin ligase (ESSSOCS1) require COMMD1 (Mairteak, 2007). Negative regulation of
NF-xB is also mediated by PDLIM2 which acts as a nucldaquitin E3 ligase targeting the
p65 subunit and promoting p65 polyubiquitinationd asubsequent proteasome mediated
degradation (Tanaka et al., 2007). In addition éKikas been reported as negative regulator of
NF-xB and inflammation possibly though nuclear degradabf p65 (Lawrence et al., 2005; Li
et al., 2005b). Such degradation of chromatin-boNRekB molecules thus may result into an

exchange of NkeB dimers at target genes (Saccani et al., 2003).

4. Regulation of NF-kB activity by post-translational modifications

NF-kB activity is highly and specifically regulatedratltiple levels. Among these, post-
translational modifications of Rel proteins are ortant regulatory mechanisms that regulate the
activity of NF«B signaling pathway (Perkins, 2006). The most ingrurand prevalent post-
translational modification is phosphorylation whieh often required for other modifications
regulating NF«B activity (Viatour et al., 2005). Other modificatis include acetylation (Calao
et al.,, 2008), ubiquitination (Chen, 2005), sumtgla (Mabb and Miyamoto, 2007),
nitrosylation (Marshall et al., 2004), and isomatian (Ryo et al., 2003) of specific amino acid
residues. The functional consequences of theseficettehns may vary in a context-dependent

manner.

4.1. Phosphorylation of NF-kB proteins

Modification of proteins by phosphorylation is amgortant mechanism of post-
translational gene regulation. Phosphorylation @5 s the best characterized post-translational
modification so far. These modifications affectiraff of p65 forkB binding site, B binding
and/or recruitment of transcriptional coactivat@pressors. Consequence of such modifications
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varies from transcriptional transactivation to emion of gene expression depending upon the

cell type and stimulus.

Nine phosphoacceptor sites are known in RelA whiatlude six serine and three
threonine residues. Among these three are foumditerminal RHD while six other are located
in C-terminal TAD (Table 1). Phosphorylation of twerine residues found in N-terminal RHD
(Ser-311 and Ser-276) promotes interaction of p@ib tkanscriptional coactivator CBP [CAMP
response element binding (CREB) binding proteishling into transcriptional activation. Ser-
311 is phosphorylated by zetaPKC in response to-@ldRd results into interaction of p65 with
CBP and its recruitment taB-dependent promoters (Duran et al., 2003). Ser-&/6
phosphorylated in the cytoplasm by protein kinas@PKA) promoting interaction of p65 with
CBP (Zhong et al., 1998). Moreover, Ser-276 isrgetaof mitogen- and stress- activated protein
kinase-1 (MSK1) in the nucleus followed by CBP tetnent (Vermeulen et al., 2003). While
unphosphorylated p65 interacts with histone detastg (HDACS), phosphorylation induced
interaction of p65 with CBP displaces inhibitoryOpHDAC1 complex fromxB sites (Zhong et
al., 2002). Analysis of a knock-in mice expressgtant S276A form of p65 shows that Ser-
276 phosphorylation is important for only subsetN#f-«xB regulated genes and recruitment of
HDACs by unphosphorylated p65 can affect the exgioesof genes positioned near NB-
binding sites through epigenetic mechanisms (Dadrad,..€2008).

Ser-536 found within the C-terminal TAD has als@meeported to be phosphorylated
by multiple kinases including IK& IKKB, IKKe, TBK1 [TANK binding kinase 1] (Buss et al.,
2004b), and RSK1 [ribosomal S6 kinasel] (NeumarhNeumann, 2007). Mutation of Ser-536
to alanine has been reported to inhibit the bindshBP with p65 (Chen et al., 2005). Thus
phosphorylation events in N-terminal RHD and C-teah TAD may change the conformation

of p65 promoting its interaction with CBP.

On one hand phosphorylation of p65 result in atitvaof NF«B while on the other
hand phosphorylation at distinct sites may playe rot termination of NReB response.
Phosphorylation of p65 at Ser-468 controls its CONMIVdependent ubiquitination and
proteasomal elimination from a subset of NE--target genes (Geng et al., 2009). Therefore
phosphorylation of p65 at distinct sites may acaaswvitch between ability of p65 to drive or
inhibit NF«B dependent transcription. Phosphorylation of otiEB proteins including p50
(Ser-337) and RelB (Ser-368, Ser-552, and Thr-84)adiso been reported (Table 1).
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Protein Residue Kinase Function Reference
p65 Ser-276 PKA 1 transactivation (Zhong et al., 1998)
MSK-1 1 transactivation (Vermeulen et al., 2003)
Ser-311 zetaPKC 1 transactivation (Duran et al., 2003)
Thr-254 Unknown 1 nuclear translocation  (Ryo et al., 2003)
Ser-536 IKKy, IKKB, IKKe |1 transactivation (Buss et al., 2004b)
TBK1 | nuclear export (Buss et al., 2004b)
RSK1 1 nuclear turnover (Bohuslav et al., 2004)
Akt 1 transactivation (Viatour et al., 2005)
Ser-468 GSK-B | transactivation (Buss et al., 2004a)
IKK B | transactivation (Schwabe and Sakurai, 2005)
IKKe 1 transactivation (Mattioli et al., 2006)
Ser-529 CKil 1 transactivation (Wang et al., 2000)
Ser-535 CaMKIV 1 transactivation (Bae et al., 2003)
Thr-435 Unknown | transactivation (Yeh et al., 2004)
Thr-505 ATR/ChK1 | transactivation (Rocha et al., 2005)
p50 Ser-337 PKA 1 DNA binding (Guan et al., 2005)
RelB Ser-368 Unknown 1 dimerization (Maier et al., 2003)
Ser-552 Unknown 1 degradation (Marienfeld et al., 2001)
Thr-84 Unknown 1 degradation (Marienfeld et al., 2001)

4.2. Reversible acetylation of NF-kB proteins

The packaging of DNA into chromatin plays importante in gene regulation by
interfering with transcription factor accessibilit¢hromatin compaction status is dependent
upon acetylation state of histones. Acetylationspgcific lysine residues in N-terminal of
nucleosomal histones by histone acetyltransferés83's) results in chromatin decompaction
facilitating transcription factor accessibility tBNA and thus usually results into gene
activation. In contrast deacetylation of histongHDACS results in chromatin compaction and
repression of transcription. NEB gene expression is also regulated by a numbeoaiftivators
possessing HAT activity including p300, CBP, PCAK a'ip60 and corepressors containing
HDAC activity including HDAC and sirtuins family @ao et al., 2008).

Acetylation of histones surrounding NB- regulated genes modulates NB+esponsive
transcription. Histones H3 and H4 have been regddebe acetylated during activation of NF-
kB responsive genes by TNHEdelstein et al., 2005; Lee et al., 2006a). Axtion of LTR of
HIV-1 is linked to recruitment of CBP and hyperatation of histones H3 and H4 (Thierry et
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al., 2004). Moreover, corepressor proteins HDACH &DAC2 negatively regulates Né&B
regulated IL-8 gene (Ashburner et al., 2001).

In addition to amino-terminal of histones that sund NF«B-responsive genes, several
NF-xB family members are direct target of HATs and HZFAJ able 2). Phosphorylation of
p65 acts as a switch between its ability to inteveith HATs and HDACSs, thus p65 is post-
translationally modified by these enzymes as wWeRRIA is acetylated by p300/CBP while
deacetylated by HDAC-3 and SIRTL. Its acetylatias been reported at 7 specific points; Lys-
122, -123, -218, -221, -310, -314, and -315 (Caaal., 2008; Chen and Greene, 2004,

Neumann and Naumann, 2007).

Table 2: Acetylation and deacetylation of N&B proteins

Acetylation
Protein Residue Enzyme Function Reference
p65 Lys-310 CBP/ p300 1 transactivation (Chen et al., 2002)
Lys-221 CBP/ p300 1 DNA binding (Chen et al., 2002)
| 1xB interaction
Lys-218 CBP/ p300 | IxB interaction (Chen et al., 2002)
Lys-122, -123 p300, PCAF | | DNA binding (Kiernan et al., 2003)
Lys-314, -315 p300 1 or | expression of(Buerki et al., 2008)
subset of genes
p50 Lys-431, -440, -441| CBP/ p300 1 DNA binding (Furia et al., 2002)
Deacetylation
p65 Lys-122, -123 HDAC-3 1 DNA binding (Kiernan et al., 2003)
Lys-310 SIRT1 | transactivation (Yeung et al., 2004)

Acetylation of Lys-221, and possibly Lys-218, imgaihe assembly withkBa and thus
enhances RelA binding to thé8 enhancer. Lys-310 acetylation has been showrctivate
transcriptional activity with no effect on bindirig DNA and kB (Chen et al., 2002). Prior
phosphorylation of Ser-276 has been shown to beinestj for assembly of phospho-p65 with
CBP and acetylation of Lys-310. PhosphorylatiorSef-536, although not obligatory required,
increases acetylation of Lys-310 (Chen et al., 2006ssible mechanism of Lys-310 acetylation
after Ser-536 phosphorylation might be l&hediated derepression of SMRT (silencing
mediator for retinoic acid and thyroid hormone poe) —HDAC3 corepressor complex
(Hoberg et al., 2006) or Akt-mediated phosphorglatof p300 (Liu et al., 2006) allowing p300
to acetylate p65. IKK has also been reported to directly phosphoryl&8B @ increase its p65
binding and HAT activity thus increasing NdB- regulated transcription (Huang et al., 2007).
Acetylation of p65 at Lys-122, and -123 by p300 &@dAF (p300/CBP-associated factor)
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facilitates its kBa-mediated nuclear export while HDAC3 was able tacdtylate p65 (Kiernan
et al.,, 2003). Acetylation of p65 at Ser-314 and5-3loes not affect nuclear-cytoplasmic
shuttling and the DNA binding but the expressionspécific sets of genes was activated or
repressed (Buerki et al., 2008). Thus multiple yagbn events on distinct residues of p65
represent another level of regulation of NB-transcription by posttranslational modifications.
However the exact mechanism by which reversibletyteon of p65 regulates NkB

transcriptional activity remains to be investigated
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Il. Modulation of NF-kB signaling pathway during viral infections

Activation of NF«B is a characteristic feature during viral infeagso As NF«B is an
essential component of innate antiviral immune oasp, it is considered as a protective
reaction of the host against pathogens. Viruse® lemwlved strategies to modulate NB-
signaling pathway for their own benefit especidtlyfacilitate their replication, prevent virus-
induced apoptosis, evasion of immune responses,canttibution in viral pathogenesis. A
number of properties of NkB make it an ideal target for invading pathogeiss iactivated
within minutes from stimulation, does not requin®tein synthesis and at least 150 cellular
genes and several viruses contain binding sitekem promoters. In fact multiple viruses and
their proteins have been reported either to stiteuta inhibit NF«B activation to create an

environment for successful viral life cycle in thest cell.

1. Activation of NF-kB signaling pathway during viral infections

A large number of RNA (Table 3) as well as DNA wes (Table 4) have been reported
to activate NF<B pathway either directly by viral products or ireditly through activation of
immune response for example cytokines. Virusesvanadl products including viral proteins and
viral dsRNA are responsible for N&B activation through targeting of multiple membefdNF-
kB pathway including cell surface receptors, inthat@ adapter proteins, IKK complexgB,
and NF«B proteins themselves (Fig. 3).

In many cases binding of viral particle with itceptor on cell surface initiates signal
transduction pathway which activates cellular tecaipgion factors including NkB. Human
cytomegalovirus (HCMV) envelope glycoproteins gRlai interact with cell surface receptors
to activate NReB (Yurochko and Huang, 1999; Yurochko et al., 199&amilarly envelope
glycoprotein gD of herpes simplex virus -1 (HSVat}ivates NFReB after binding with cellular
receptor, the herpesvirus entry mediator A [HVERA{el et al., 1998). Interaction of Epstein-
Barr Virus (EBV) glycoprotein gp350 with cellulaegeptor CD21 activates NéB and IL-13
synthesis (D'Addario et al.,, 1999). Similarly engagnt of CD4 by HIV-1 envelope
glycoprotein gp120 result in the activation of NB-through kB-IKK pathway (Bossis et al.,
2002).

In addition, viruses interact with downstream sulaihg proteins to activate N&B.
Viral proteins of a number of herpesviruses confERAF binding motif and activate NkB
through interaction with TRAFs (Brinkmann and S&huR006). LMP-1 protein of EBV
interacts with different members of TRAFs througRAF binding motif PxQxT (Devergne et
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al., 1998; Devergne et al., 1996). Although conttady to each other, three different studies
have reported the requirement of TRAF2, 3 and 6\fle«B activation by LMP-1 (Guaspartri et
al., 2008; Luftig et al., 2003; Xie et al., 200ne human herpesvirus 8 (HHV-8, also called
Kaposi's Sarcoma herpesvirus, KSHV) encoded VvitdACE inhibitory protein (v-FLIP)/K13
binds with TRAF2 resulting in activation of IKK cqtex and NF<B (Guasparri et al., 2006).
Moreover, v-FLIP binds with IKK complex and RIP factivation of NF<B (Liu et al., 2002).
Another HHV-8 protein K15 associates with TRAF-2,and -3 and activates NdB pathway
(Brinkmann et al., 2003). Herpesvirus saimiri (H8ptein StpC interacts with TRAF2 and
NIK to activate NF«B pathway (Sorokina et al., 2004). StpC interacith WRAF6 as well
through its TRAF6-binding domain PXExXE which résuin ubiquitination of TRAF6 and
activation of NF«B (Chung et al., 2007). Another HVS protein STP-Adteracts with TRAF6
and upregulate NkB activity (Jeong et al., 2007). HSV-1 U(L)37 tegemh protein interacts
with TRAF6 through its TRAF6-binding domain which iequired for NReB activation (Liu et
al., 2008). In addition to herpesviruses, Rotavioapsid protein, VP4, and its N-terminal
cleavage product VP8* contain conserved PxQxT ssopiewhich are essential for binding to
cellular TRAFs and for NikB activation (LaMonica et al., 2001). Moreover NB-activation
by Hepatitis C virus (HCV) core protein occurs thgh TRAF2/6 as the dominant negative
forms of TRAF2/6 significantly blocked NkB activation by HCV core protein (Yoshida et al.,
2001). HCV Core protein can potentiate TNF-alphduoed NF«B activation through TRAF2
(Chung et al., 2001).

Other downstream target of viral proteins is IKKnmgdex. The human T-cell leukemia
virus type-1 (HTLV-1) tax protein directly activatdKK complex through interaction with
NEMO (Chu et al., 1999). In fact NEMO brings TaxIkK o andf for their activation (Xiao
and Sun, 2000). More recently it has been repdhiati Tax physically recruits IK&Kto p100,
triggering phosphorylation-dependent ubiquitinatzomd processing of p100 (Xiao et al., 2001a).
In addition v-FLIP of HHV-8 binds with IKk, IKKB, and IKKy for activation of IKK complex
(Field et al., 2003; Liu et al., 2002).

Casein kinase Il (CKIll), a cellular serine-threaniprotein kinase, incorporated in
HCMV virion possesses potertB kinase activity allowing for direct phosphorytati of kBa.
following virion entry into infected cells (Nogalis&t al., 2007). The HTLV-1 Tax protein can
interact with kB proteins through their ankyrin motifs. This irgetion either disruptsB-NF-
kB complex or recruits p100 or pl05 proteins to @osbme to accelerate their cleavage to
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active forms (Kfoury et al., 2005). Hepatitis B usr (HBV) X protein (HBx) activates NkB
and interacts directly withkBa (Weil et al., 1999).

Finally some viral protein for example Tax can biedhomology domain of p50, p52,
p65 and c-Rel and favors dimer formation. In additviral proteins can favor p65 activation
through post-translational modifications. Tax résrthe transcriptional coactivators CBP/p300
to p65/RelA, thereby favoring NkB activation (Kfoury et al., 2005). Respiratory eytial
virus infection activates NkB through p65 phosphorylation at Ser-276 by MSKdn(aluddin
et al., 2009). Another mechanism of MB-activation is the upregulation of p65 and p108/p5
promoter activity through Spl induction by HCMV gbproteins gB and gH (Yurochko et al.,
1997a).

HCMV gB, gH

HSV-1 gD

EBV gp250 S

HIV-1 gp120 Cell surface receptors

EBV LMP-1
KSHV K13, K15
HSV StpC, STP-A11
HSV-1 U(L)37
Rotavirus VP4, VP8*

HCYV core @L

¢ MCV MC160

HPV E7
EBV EBNAI
HTLV-1 Tax @
—> < <— TTV ORF2
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Figure 3: Strategies used by viruses to target WB-signaling pathway

IxBa phosphorylation
and degradation

36



Table 3: Activation of NFxB by RNA viruses

Family

Virus

Viral protein

Reference

Arteriviridae

Porcine arterivirus

(Lee and Kleiboeker, 2005)

Coronaviridae

SARS coronavirus

Nuclcocapsid (N

(Liao et al.02i0)

Non-structural

(Law et al., 2007)

protein-1
Spike protein (Wang et al., 2007)
Filoviridae Ebola virus Viral matrix &| (Martinez et al., 2007)
glycoprotein
Flaviviridae Dengue Virus NS5 (Medin et al., 2005)

Japanese encephalitis virus

(Chang et al., 2006

HCV

Core protein

(You et al., 1999)

NS3 (Hassan et al., 2007)
NS4B (Li et al., 2009)
West Nile flavavirus (Kesson and King, 2001)
African swine fever virus IAP (Rodriguez et al0(2)

Orthomyxoviridae

Avian influenza Virus

(Lee et al., 2005)

Human influenza A Virus

(Sun et al., 2005a)

Hemagglutinin

(Pahl and Baeuerle, 1995)

Picornaviridae

Encephalomyocarditis virug

(Moran et al., 2005)

Rhinovirus

(Zhu et al., 1996)

Coxsackievirus

(Esfandiarei et al., 2007)

Enterovirus 71

(Tung et al., 2010)

Paramyxoviridae

Measles virus

(Harcourt et al., 1999)

Human metapneumovirus

(Bao et al., 2007)

Newcastle disease virus

(Ten et al., 1993)

Respiratory syncytial virus

(Garofalo et ab9®b)

M2-1 (Reimers et al., 2005)
Sendai virus - (Hiscott et al., 1989)
Parainfluenza virus -- (Sabbah and Bose, 2009)
Retroviridae HIV-1 -- (Bachelerie et al., 1991)
gpl160 (Chirmule et al., 1994)
gp120 (Alvarez et al., 2005)
Nef (Varin et al., 2003)
Vpr (Varin et al., 2005)
Tat (Westendorp et al., 1994)
HTLV-I Tax (Ballard et al., 1988)
HTLV-II Tax (Mori and Prager, 1996)
Moloney Murine Leukemig -- (Pak and Faller, 1996)
Virus
Rhabdoviridae Rabies virus -- (Nakamichi et al., 2005)
Vesicular stomatitis virus -- (Boulares et al.9f6®
Reoviridae Reovirus -- (Connolly et al., 2000)
Blue tongue virus -- (Mortola and Larsen, 2009)
Togaviridae Sindbis Virus -- (Lin et al., 1995a)
Unassigned Hepatitis delta virus LHDAg (Park et al., 2009)
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Table 4: Activation of NFxB by DNA viruses

Review of Literature

Family Virus Viral protein Reference
Adenoviridae Adenovirus E1A (Shurman et al., 1989)
E3/19K (Pahl et al., 1996)
Ad2/5 Fiber (Tamanini et al., 2006)
Hepadnaviridae HBV HBx (Twu et al., 1989)
e antigen (Yang et al., 2006)
LHBs (Hildt et al., 1996)
MHBst (Meyer et al., 1992)
Herpesviridae HCMV IE1 (Sambucetti et al., 1989)
gB, gH (Yurochko et al., 1997a)
EBV LMP (Hammarskjold and Simurda,
1992)
EBNA-2 (Scala et al., 1993)
EBERs (Samanta et al., 2006)
Herpesvirus saimiri HVS13 (Yao et al., 1995)
STP-A11 (non- (Cho et al., 2007)
can)
StpC (Sorokina et al., 2004)
Human herpesvirus 6 -- (Ensoli et al., 1989)
HSV -1 -- (Gimble et al., 1988)
ICP27 (Hargett et al., 2006)
HSV -2 (Yedowitz and Blaho, 2005)
HHV-8 K1 (Prakash et al., 2005)
K15 (Brinkmann et al., 2003)
Papillomaviridae Human  Papillomavirus-like -- (Yan et al., 2005)
particles
HPV type 16 E6 (James et al., 2006)
Parvoviridae Kilham rat virus -- (Zipris et al., 2007)
Parvovirus B19 NSI (Moffatt et al., 1996)
Polyomaviridae Simian virus 40 (SV40) Small T-antigen (Johannesdel., 2003)
Poxviridae Shope fibroma virus vPOP (Dorfleutner et al., 2007)
Vaccinia virus ankara -- (Guerra et al., 2004)

The worst exploitation of NikB pathway is the incorporation and use of RB-binding

sites in the promoters of different classes of sess Activation of NReB results in the

transactivation of viral promoters, thus enhanarirgl transcription. A number of viruses has

been reported to depend upon RE-through NF«B binding sites (Gilmore and Mosialos,

2003). Examples include adenovirus (Williams et H990), avian leukosis virus (Bowers et al.,

1996), bovine leukemia virus (Brooks et al., 1998MV (Sambucetti et al., 1989), EBV
(Sugano et al., 1997), HBV (Kwon and Rho, 2002)HI(Griffin et al., 1989), HSV-1 (Patel
et al., 1998), JC Virus (Ranganathan and Khal®93), human papillomavirus (HPV) type 16
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(Fontaine et al., 2000), simian immunodeficiencyusi[SIV] (Bellas et al., 1993) and simian
virus 40 (Kanno et al., 1989). Although MB- binding sites have not been reported in the
genome, it has been shown that RE-pathway is required for influenza virus replicatiand
genomic RNA synthesis (Kumar et al., 2008; Ludwigl &lanz, 2008) and Theiler's murine
encephalomyelitis virus (TMEV) replication (Kang &f, 2008). As NReB induce antiviral
response, role of NkB activation in the inhibition of viral replicationave also been reported.
Inhibition of HBV replication by MyD88 protein hdseen reported to be mediated through NF-
kB (Lin et al., 2007). Similarly some studies haeparted negative role of NEB in HCMV
replication (Eickhoff et al., 2004; Eickhoff and @m, 2005).

Some viruses result in persistent low-level fB--activation which helps them to
maintain their persistent infection for example HI\(DelLuca et al., 1999) and HCMV (Khan
et al., 2009) infection of myeloid cells. PersistBir-«B activation due to chronic viral infection

can promote inflammation and progression to cagi€arin, 2006).

Moreover viruses can use NB- for prolonging host cell life by preventing virus
induced apoptosis. Enhanced host cell life givesses the time to grow and to produce viral
progeny. Murine encephalomyocarditis virus (EMCWulence in mice has been linked with
NF-xB mediated inhibition of apoptosis. Mice knockoaoit p50 protein (p50 -/-) show increased
apoptosis of EMCV infected cells and survive an BM{Dfection that readily kills normal
mice. The mice survival was tightly correlated lte eanimals' ability to clear the virus from the
heartin vivo (Schwarz et al., 1998). Binding of HSV-1 glycomiat gD with the receptor
HVEM results in NF«B activation and protection against apoptosis (oo et al., 2008).
Coxsackievirus B3 (CVB3) activates NiB- transcription factor via a PI3K/Akt pathway to
improve host cell viability (Esfandiarei et al.,@x).

2. Inhibition of NF-kB signaling pathway during viral infections

As NF«B can mount an antiviral response, many virusesrfite with its activation to
evade and neutralize immune response (Table 5us®&4% utilize multiple strategies to inhibit
NF-kB through targeting of NkB signaling at multiple steps including intracediukcaffolding
proteins, IKK complex,dB degradation and NkB nuclear translocation (Fig. 3).

39



Table 5: Viral inhibitors of NF«B pathway

Virus Viral protein | Reference
DNA viruses
Circoviridae Tarque teno virus ORF2 (Zheng et al., 2007)
Coronaviridae SARS coronavirus M protein (Fang et al., 2007)
Herpesviridae Varicella-zoster virus (VZV) - (Jones and ArvirQ(b)
IE63
HSV -- (Amici et al., 2006)
EBV ZEBRA (Dreyfus et al., 1999)
EBNA1 (Valentine et al., 2010)
HHV-8 VIRF3 (Seo et al., 2004)
K1 (Lee et al., 2002)
CMV IEB6 (Taylor and Bresnahan, 2006)
Papillomaviridae | Papillomavirus E7 (Spitkovsky et al., 2002)
Polydnaviridae Microplitis demolitor | H4 and N2 (Thoetkiattikul et al., 2005)
bracovirus
Poxviridae Vaccinia virus A52R (Bowie et al., 2000)
M2L (Gedey et al., 2006)
K1L (Shisler and Jin, 2004)
Cow pox virus -- (Oie and Pickup, 2001)
006KO (Mohamed et al., 2009)
Myxoma virus MNF (Camus-Bouclainville et al.
2004)
MO013 (Rahman et al., 2009)
Molluscum contagiosum virug ~ MC159 (Murao and S1isP005)
MC160 (Nichols and Shisler, 2006)
Poxvirus N1L (DiPerna et al., 2004)
Parapoxvirus orf virus ORFV024 (Diel et al., 2010)
RNA viruses
Flaviviridae African swine fever virus A238L (Revilla et al., 98)
HCV NS5A (Park et al., 2002)
NS5B (Choi et al., 2006)
NS3/4A (Karayiannis, 2005)
Core (Joo et al., 2005)
Paramyxoviridae | Measles virus - (Dhib-Jalbut et al., 1999)
Sendai virus C and V proteins  (Komatsu et al., 2004
Mumps virus S and H protein (Wilson et al., 2006)
Canine distemper virus -- (Friess et al., 2005)
Picornaviridae Coxsackievirus CVvB3 (zaragoza et al., 2006)
Foot and mouth disease virug Leader (de Los Santos et al., 2007)
proteinase
(L(pro))
Poliovirus 3C Protease (Neznanov et al., 2005)
Reoviridae Rotavirus NSP1 (Sherry, 2009)
Reovirus
Retroviridae HIV-1 Vpu (Bour et al., 2001)
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Example of viral targeting of scaffolding proteipaiream of IKK include viral protein
A52R of vaccinia virus which acts as a dominantatieg form of MyD88 to abrogate IL-1 and
TLR-4 mediated NReB activation (Bowie et al., 2000). In addition m@tum contagiosum
virus (MCV) MC159 interacts with TRAF2 and inhibilate events of TNé induced NF<B
activation. Both function of MC159 seems correlated mutant MC159 protein which was
unable to bind with TRAF2, could not inhibit TNF-thated NF«B activation (Murao and
Shisler, 2005). Another protein of this virus MClg@vents IKK complex formation through
down regulation of IKK expression (Nichols and Shisler, 2006). HPV onotgin E7 also
attenuates NkB activation by targeting the IKK complex resulting impaired «Ba
phosphorylation and degradation (Spitkovsky et 2002). Similarly EBV EBNA1 inhibits
phosphorylation of IKK/pB resulting in reduced phosphorylation @Bt and p65 and reduced
NF-xB activity (Valentine et al.,, 2010). Torque tenoua (TTV) ORF2 protein physically
interacts with IKK3 and IKKa and suppresses N&B activity through inhibition ofdB protein
degradation (Zheng et al., 2007). HCV proteins N$6Boi et al., 2006) and Core (Joo et al.,
2005), SARS coronavirus M protein (Fang et al., 208nd HHV-8 VIRF3 (Seo et al., 2004)
have also been reported to target IKK for suppoesst NF«B.

Another target of viruses is the degradation B Iprotein, main NReB-inhibitor.
Measles virus has been reported to inhibit phogjdion and degradation okB resulting in
repression of NkB dependent genes in virus-infected cells (Dhiliniaét al., 1999). Cowpox
virus and other members of the orthopoxvirus géfie and Pickup, 2001) and vaccinia virus
K1L (Shisler and Jin, 2004) inhibit the inductioh NF-xB-regulated gene expression by
interfering with the process okBo degradation. Similarly cmvIL-10 of HCMV inhibit NkB
activation through reduced degradation 8 I(Nachtwey and Spencer, 2008). HIV-1 protein
Vpu (Bour et al., 2001) and rotavirus nonstructymadtein NSP1 (Graff et al., 2009) interfere
with thep-TrCP-dependent ubiquitination and degradationhafsphorylateddBa resulting into
reduction of NF«B activity. Some viruses target the steps downstired kB degradation.
African swine fever virus encodes a viral homoldgl«B protein containing ankyrin repeats
similar to those of cellularkB. Once the cellularkB is degraded, this viral protein inhibits
p50/p65 binding to its target sequences in the DA impairing NF<B activation (Revilla et
al., 1998). During CVB3 infection viral protease8€ result in cleavage okB which in turn

inhibits NF«B and increases apoptosis but decreases viratatipln (Zaragoza et al., 2006).

Varicella-zoster virus (VZV) has been reported tohibit NF«B pathway by
sequestering of p50 and p65 proteins in the cysopl§Jones and Arvin, 2006). Similarly,
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ZEBRA protein of EBV can interact with p65 inhilnif NF«B activity in T cells (Dreyfus et
al., 1999). Dysregulation of the NB response during HSV-1 infection has been repdaddzk
mediated by a virus-induced block of NB-recruitment to the promoter of theBa gene.
Authors show that HSV-1 redirects NB- recruitment to the promoter of ICPO, an immediate
early viral gene with a key role in promoting vimgplication (Amici et al., 2006). Some viruses
target p65 in the nucleus resulting in its degradat Murid herpesvirus-4 (MuHV-4)
encoded ORF73 protein results into poly-ubiquiioratand subsequent proteasomal-dependent
nuclear degradation of p65 and inhibits NB-ranscriptional activity (Rodrigues et al., 2009)
The HTLV-1 bZIP factor (HBZ) degrades p65 throughreasing the expression of the PDLIM2
gene and suppress the classical d8Fpathway, and not the alternative pathway (Zhaalet
2009). African swine fever virus protein A238L canhibit p65 acetylation and p300
transactivation as well (Granja et al., 2006).

3. Role of Bcl-3 during viral infections

Bcl-3 is activated in response to a number of virtedctions and seems to affect viral as
well as cellular gene expression. Activation of-Bah mouse trigeminal ganglia in response to
HSV-1 reactivation stimulus potentially resultsupregulation of ICPO transcription, which is
an important viral event for initiation of HSV-1lagivation from latency (Tsavachidou et al.,
2001). Bcl-3 is activated during HCMV infection wfacrophages which regulates transcription
from MIEP of HCMV (Khan et al., 2009). In certaiases, Bcl-3 results in repression of viral
transcription. HTLV-1 Tax protein enhances Bcl-Pmssion which functions as a repressor of
LTR-mediated transcription through interactionshwitORC3 [The transducers of regulated
CREB activity-3] (Hishiki et al., 2007). In additioTax induced Bcl-3 displaces p300 from

HTLV-1 promoter resulting in repression of Tax-nmegdd transcription (Kim et al., 2008).

In addition to its role in regulation of viral treeription, Bcl-3 is potentially involved in
viral pathogenesis. Differential overexpression andlear localization of Bcl-3 has been
reported in HPV infected oral cancer (Mishra et 2006) and mouse mammary tumor virus c-
rel-induced mammary tumors (Romieu-Mourez et alQ03), and in EBV induced
nasopharyngeal carcinoma (Thornburg et al., 2@3)3 is involved in upregulation of genes
important in oncogenesis. HBx of HBV upregulated-Bavhich in turn activates cyclin D1
through p52/Bcl-3 complexes (Park et al., 2006jubition of p50 homodimer/Bcl-3 complexes
by EBV LMP1 CTAR-1 results in epidermal growth facteceptor expression (Thornburg and
Raab-Traub, 2007). Bcl-3 expression due to LMPH liigen reported to be dependent upon NF-
kB activation (Nakamura et al.,, 2008) and STATS3 ffaig Transducer and Activator of
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Transcription] (Kung and Raab-Traub, 2008). Bcl-8 also activated during T-cell
leukemia/lymphoma (ATLL) due to HTLV-1 infection wdh in turn transcriptionally regulates
parathyroid hormone-related protein (PTHrP) promét2 (Nadella et al., 2007). Respiratory
syncytial virus induces Bcl-3 expression in A549Iscand antagonizes the NEB signaling
pathways by inducing HDAC1 recruitment to the lpi®moter (Jamaluddin et al., 2005).
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[ll. Human Cytomegalovirus

1. Introduction

HCMV is a species-specific herpesvirus that sileintfects a large population of the
world and results in persistent infection for tlie bf the host associated with frequent shedding
of the virus. Epidemiological studies show that HZM universally distributed among human
population with higher prevalence in developing rtoes. Horizontal transmission of HCMV
occurs through direct contact with infectious miatleand viral infection is high in situations
where contact with body fluid occurs from persorsreting virus for example between sexual
partners and contact with children. Transmissioough airborne route or aerosol has not been
reported. Transmission of virus also occurs thrawghsfusion of blood and blood products and
transplantation of cells and organs from seropasitionors. Vertical transmission from mother
to fetus or newborn play important role in maintace of viral infection in the population and
occurs via the placenta, during delivery, and bgabt feeding. The most common route of
transmission from mother-to-infant is breast mNkogarski et al., 2007).

In the normal host, HCMV does not cause clinicaledse after primary infection but
virus becomes latent which can be reactivatedrldiieing life. However it can causes febrile
illness with features of mononucleosis, which igasionally serious. HCMV cause acute
disease in the absence of an effective immune nsgpoespecially in acquired
immunodeficiency syndrome (AIDS) patients, immunopoomised solid-organ and bone
marrow allograft recipients. Approximately 20-40%utis with AIDS develop CMV disease
characterized by retinitis, esophagitis, and c(@ritt, 2008; Mocarski et al., 2007).

HCMV rarely cause clinical disease in normal tereomates infected during delivery or
after birth from maternal source but is symptomaticongenital inutero infection. Symptoms
include intrauterine growth retardation, jaundibepatosplenomegaly, thrombocytopenia, and
hepatitis along with neurological involvement. Mo$thon-CNS symptoms are self limiting but
damage to CNS and organ of perception is permamesatting in birth defects such as mental
retardation, impaired intellectual performance, rimgaloss, and impaired vision. Moreover,
HCMV is the potential cause of morbidity in low-hiweight premature infants (Landolfo et al.,
2003; Mocarski et al., 2007).

Association of HCMV infection with the developmenf cardiovascular disease
including atherosclerosis, arterial restenosis, adsplant vascular sclerosis (TVS) has been

described. The development of vascular diseasess®cated with chronic inflammation
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followed by proliferation of smooth muscle cellsthvipossible contribution of inflammatory
mediators and growth factors produced by HCMV itddccells (Streblow et al., 2008).
Recently, HCMV infection have been detected inamféd tissue of patients with inflammatory
diseases including inflammatory bowel disease, mfaaid arthritis, Sjogren's syndrome,
dermato-and polymyositis, psoriasis, Wegener's ujoamatosis, ulcerative colitis, and Crohn's
disease (Soderberg-Naucler, 2008). In additionntiaterole of HCMV in malignancy has been
suggested following detection of viral proteins &MA in certain type of cancers (Michaelis et
al., 2009b). Certain mechanism including modulataincell cycle, resistance to apoptosis,
promotion of tumor invasion and proliferation, andromosome damage (Michaelis et al.,
2009a) have been proposed but the exact role of W@Mhe pathogenesis of malignancy is

unknown.

2. Structure of Virion

The virion of HCMV is 150-200 nm in diameter and ltmplex structure reflecting the
large number of proteins encoded by this virusotitains 230-kbp double-stranded linear DNA
genome enclosed in the icosahedral nucleocapsidnwhiapproximately 125-nm in diameter.
Nucleocapsid in enclosed by a proteinaceous lagBnetl as the tegument or matrix which in
turn is surrounded by a lipid bilayer envelope eorihg a large number of viral glycoproteins.
Cell culture infection of HCMV produces two othesfective particles, in addition to infectious
particles. These include dense bodies (DB) and imi@etious enveloped particles (NIEP).
Dense bodies are composed of tegument enclosebidybilayer but lack DNA and capsid.
Non-infectious enveloped particles are envelope@atiee/ immature capsids and lack viral

genome (Mocarski et al., 2007). The structure nbwmiis shown in Fig. 4.

Icosahedral nucleocapsid is composed of at leastaie proteins; the major capsid
protein (MCP), the minor capsid protein (TRI1), wmrircapsid protein binding protein (TRI2),
the smallest capsid protein (SCP), a portal profBl@RT) and precursor of capsid assembly
protein (pAP) encoded by UL86, UL85, UL46, UL48.8JL104, and UL80.5 genes,
respectively. The major capsid protein is most dlant and is the major building block of viral
nucleocapsid (Britt, 2008; Mocarski et al., 200I/@ggument is an amorphous layer which keeps
an association between surrounding nucleocapsideandlope through specific interactions
with nucleocapsid and envelope components. Tegunsemomposed of at least 27 virus
encoded proteins, most of them are phosphorylateldheghly immunogenic. Most abundant
tegument proteins are members of UL82 family intlgdpp65 (lower matrix protein), pp71

(upper matrix protein), ppl50 (large matrix phogmiatein) and large tegument protein (LTP)
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encoded by UL83, UL82, UL32, and UL48 genes, retbpely (Britt, 2008; Mocarski et al.,
2007). Tegument proteins play important role inalilife cycle including viral entry, gene

expression, immune evasion, assembly and egresstds&008).

Nucleocapsid

gH,gL,gO

GPCR (US27, UL33)

Figure 4: Structure of HCMYV virion particle. Reprodced from (Streblow et al., 2006).

Lipid bilayer found outside the tegument is derivedm host cell endoplasmic
reticulum- Golgi intermediate compartment (ERGIGht@ining at least 20 viral glycoproteins.
Functionally critical and abundant glycoproteinsrddeen found to exist as disulfide-linked
complexes termed gcl (gB), gcll (gM:gN), and gc(tH:gL:gO). All these proteins are
necessary for viral replication and function asasal players in viral entry into host cells, eell
to-cell spread, and virion maturation. In addittbry initiate signal transduction pathways in the
host cells which optimize the cellular environmémtefficient viral replication. Glycoprotein B
(gB), found as homodimer in gcl, is essential foitial contact with the host cell through
heparan sulfate proteoglycan (HSPG) binding. leradts with other cell receptors as well
including epidermal growth factor receptor (EGFR)|I-like receptor 2 (TLR-2), and integrins.
Moreover it is important for viral entry and cetl-tell virus transmission. Glycoprotein M is
most abundant glycoprotein of the virion and makpscomplex gcll in association with gN.
This complex is essential for viral replication améght be important for initial binding of the
virus with host cell through interaction with heparsulfate proteoglycan. The complex gclll,
compose of gH, gL, and gO, has suggested rolerat gntry through fusion of the virus with
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cell membrane. Importantly, gB, gH and gN have beeported as the targets of CMV
neutralizing antibodies. In addition HCMV contaim&any minor glycoproteins including virus
encoded G-protein coupled receptor homologs. Ondhe$se encoded by US28 is worth
mentioning as it activates signaling pathways and wvirulence factor for HCMV-associated
vascular disease and malignancy. Clear functionnioror glycoproteins in viral replication

remains elusive (Britt and Boppana, 2004; Mocagskil., 2007).

In addition certain host cell proteins have begrored to be incorporated into virion
including kinases, actins, tubulin, annexins, aatid vimentin. Over 70 host proteins have been
identified by mass spectrometry (MS) based protesmapproach (Varnum et al., 2004). Some
of these proteins may suggest novel strategiegedilby the virus for successful replication
cycle in the host cell for example CKIl found in NI¥ virion is able to phosphorylateB and
can result in NReB activation and HCMV replication (Nogalski et #007). However validity
of the results is sometime questioned on the isseti@&ion preparation purity and functional

significance.

The HCMV genome is the largest of all herpesvirusss consists of two domain called
long and short genome segments (L and S). Eachesggaicomposed of central unique region
[thus unique long (UL) and unique short (US)], widpeat regions at the end of each segment.
Repeat regions found at the either end of genomeadled terminal repeat [thus terminal repeat
long (TRL) and terminal repeat short (TRS)] whiépeat regions found at the junctions of UL
and US are termed internal repeat (thus intermmdaelong IRL and internal repeat short IRS).
Thus general organization of HCMV genome is TRL-IRL-IRS-US-TRS. Each long and
short segment can be inverted relative to eachr o#isalting in four different infectious genome
isomers in viral progeny (Murphy and Shenk, 2008k the functional significance of
isomerization in unknown. Analysis of viral genomdicates that it contains around 200 ORFs,
and multiplecis-acting elements which control viral transcriptieamd replication. One cis-acting
element, oriLyt, has been mapped between UL57 dr@Blgenes in the middle of UL region
(Borst and Messerle, 2005). The core region ofyardontains transcription factor binding sites,
multiple repeat elements, and the sites at whictARINA structures form. Other cis-acting
elements include multiple transcriptional contregions including major IE promoter (MIEP)
enhancer and minor enhancer-promoter controllieguB3 IE gene. MIEP enhancer is located
in UL segment and controls the transcription ofdE&hd IE86 very early in the replication cycle
(Mocarski et al., 2007; Murphy and Shenk, 2008).
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3. Viral replication cycle

The HCMV virion enters the cell through direct fusiresulting in deposition of
nucleocapsid into cytoplasm. Nucleocapsid is trartepl to the nucleus and viral DNA enters
into the nucleus. Expression of viral gene considtshree classes of proteins including
immediate-early (IE), delayed-early (DE) and lat¢. HCMV transcription and translation is
directed by host cell machinery where host cell RF#lymerase 1l and associated basal
transcription apparatus is responsible for viranscription. Virion assembly occurs in the
nucleus and nucleocapsid is enveloped in ERGIC mamels followed by release through

exocytosis (Fig. 5).

3.1 Viral entry and uncoating

HCMV binds and enters efficiently in wide range ad#fll types. As viral replication is
restricted to few cell types, a post-entry blockthsught to restrict viral replication in non-
permissive cell types. Viral entry is the result aofseries of events involving viral envelop
glycoprotein complexes (gcl, gcll, and gclll) anellglar receptors that culminate in fusion of
the virion envelope with the cellular plasma memiray a pH-independent mechanism. Early
event of virus-cell interaction consists of lowsaity binding of viral glycoprotein gB to
heparan sulfate proteoglycan resulting in attachiroéthe virus with cell surface (Compton et
al., 1993). The subsequent interaction of virabgfyroteins with other receptors turns the week
adhesion of the viral particles into a more stdtleding. Epidermal growth factor receptor
(EGFR) and integrimvp3 has been reported as an HCMV receptor and cdwcepspectively
(Wang et al., 2005; Wang et al., 2003). HCMV glyaipins gB and gH independently bind to
EGFR and integriruvB3, respectively, to initiate viral entry and signgl So interaction of
HCMV glycoproteins with their receptors generatedrdaracellular signal transduction pathway
leading to the alteration of cellular gene expm@sskinal step of entry leads to deposition of
nucleocapsid and tegument protein in the cytopleslowed by their rapid translocation to the
nucleus through microtubules and release of DNAudeus (Landolfo et al., 2003; Mocarski et
al., 2007).

3.2 Viral gene expression

HCMV transcription and translation is directed lystcell machinery where host cell
RNA polymerase I, associated basal transcriptippasatus, and host transcription factors are

responsible for viral transcription. Viral gene exgsion occurs as cascade of transcriptional
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events that result in synthesis of three categaiasral proteins termed immediate-early (IE),

delayed-early (DE) and late (L).
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Figure 5: HCMV replication cycle

IE gene expression starts immediately after erftyiras without need of any viral gene
product. Viral genome associates with ND10 immedlyjahfter uncoating where expression of
IE gene transcription starts. ND10 components D@L, ATRX are able to repress IE
transcription and pp71 has been reported to reBen@& mediated repression through prevention
of Daxx-mediated HDAC recruitment to viral DNA. The genes mapped on HCMV genome
include IE1/IE2 (UL122-123), UL36-37, IRS1/TRS1,daklS3 each of which encode for a

number of transcripts and gene products (Fig. B @xpression of IE1 and IE2 is controlled by
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major immediate-early promoter (MIEP), activity which varies depending upon the cell type
and stage of cellular differentiation. MIEP is sigoin differentiated cells but is repressed in
undifferentiated cells, thus is important in latgrand reactivation of HCMV (Sinclair and

Sissons, 2006). MIEP contains binding sites foumlper of transcription factors and efficiency
of IE gene expression is considered the basisditular permissiveness to HCMV. The IE gene
products are necessary for viral replication thfowxpression of subsequent viral genes. In
addition they play key role in the pathogenesisH&EMV disease as they regulate a large
number of cellular genes as well. IE1-72 proteansactivates a variety of viral and cellular
promoters including its own promoter. IE2-86 is p@ssible switch from IE to DN gene

expression as it activates DN and L genes but @pitess its own promoter (Meier and Stinski,
2006). Tegument proteins play important role fopression of IE genes while IE gene products
are required for subsequent expression of DE agenes. Transcription of DE genes starts by 6

hours postinfection (hpi) and continues throug248api.
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Figure 6: Organization of IE locus in the HCMV genoe and IE products

DE genes mostly encode for non-structural proteinsh are important for regulation of
viral DNA synthesis and capsid formation and immuewasion. In addition they alter the
cellular environment for replication. UL112-113 eded protein result in the initiation of DNA
replication and UL54 encoded for viral DNA polymseaThe L proteins are the last to come in
the game. These proteins play mainly structurads@nd focus on capsid maturation, DNA
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encapsidation, virion maturation, and egress froencell. The transcription of L proteins starts
24 hpi and requires prior viral DNA replication (idolfo et al., 2003; Mocarski et al., 2007).

Viral DNA replication begins later than 16 hpi aretjuires expression of specific viral
proteins and participation of a number of host @gre. HCMV does not encode
deoxyribonucleotide biosynthesis enzymes and rekjusively on the host dNTPs supply for
its DNA replication. Consequently, expression afygnes involved in nucleotide metabolism is
increased. Virus does not shut off cellular RNA gmatein synthesis, instead stimulates
transcription and translation but completely detaguthe cell cycle. At least in fibroblasts,
replication is stopped and cellular DNA synthesmases stopping host DNA synthesis
machinery from competing with the virus for dNTPgiral DNA synthesis depends on
transcriptional activation in the oriLyt region.xScore replication proteins are required for
synthesis of DNA including the UL54-encoded polyassr catalytic subunit (POL) with the
UL44-encoded polymerase processivity (PPS) sul@@i_:PPS complex), the UL57-encoded
single strand DNA binding protein (SSB), and theteharimeric helicase-primase (HP)
consisting of U105-encoded HP1, UL70-encoded HR&,.102-encoded HP3. Accumulation
of transcriptional transactivators IE1-p72, IE2-p86d the UL84 protein result in the initiation
of transcription across oriLyt which contains tremystion factor binding sites. The integrity of
this cis-acting element is required for efficiemtaV replication since mutations of this region
dramatically impair the initiation of viral DNA s¥mesis (Landolfo et al., 2003; Mocarski et al.,
2007).

3.2.A. Structure of immediate-early gene promoter

MIEP is composed of core promoter, enhancer, uniggéeon, and modulator regions
(Fig. 7). Core promoter contains a TATA box betwe2® and -222, a cis-repression sequence
(crs) between -13 and +1, and an Inr between +1+dndn case of extensive mutation of crs,
recombinant virus is unable to replicate while ¢hisrsignificant reduction in viral replication in
case of mutation at the position -10 and -9 (Is@mer al., 2008). Enhancer is central in
coordinated regulation of MIEP activity. HCMV enltan of ~540bp consists of a distal
component (between -550 and app -300) and a préxiamponent (between —300 and —39
relative to transcription start site +1). It sedims both components function jointly for efficient
MIEP activation as mutant viruses deleted at distathancer replicates slowly (Meier and
Pruessner, 2000). The proximal component is abagluequired for viral replication as
enhancerless virus does not replicate (Isomurh,&@04). Unique region (UR) contain binding

sites for cellular repressor proteins, such as CTAlsplacement protein (CDP), special AT-
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rich sequence binding protein 1 (STAB-1), and peatic-duodenal homobox factor-1 (PDX-1).
UR repressor function represses the transcriptibrUlol27 promoter present at the UR-
modulator junction. Modulator is the large compadntirat flanks 3’ end of the UL127 ORF
which has been reported to augment transcriptiom fMIEP but mutant viruses with deleted

modulator replicates similarly (Stinski and Pet@R08).

The activity of MIEP enhancer is the outcome oéiptay between a number of cellular
and viral factors which regulate MIEP either in@sipive or negative way. Enhancer activity is
affected by cell type, the stage of cellular diéfetiation and diverse signal transduction
pathways. The degree of cellular permissiveneghdovirus thus is thought to be dependent

upon balance of levels of activators and repressok$§iEP transcription.

MIEP enhancer contains binding sites for a numlberetiular transcription factors and
number of each type of binding site differs betwedferent CMV species. Multiple binding
sites for several transcription factors ensure ecatpve or synergistic interaction among same
or different transcription factors. Cellular traription factors including NRB, AP-1
(Activator of protein-1), CREB/ATF (Activating traaription factor), Spl, serum response
factor (SRF), ELK-1, and retinoic acid/ retinoidr&ceptor bind to cognate cis-acting elements
in the enhancer to stimulate transcription fromdbee promoter. These transcription factors are
thought to strengthen RNA polymerase |l transasiptand recruit coactivators with the ability
to enhance transcriptional initiation and elongat@ther cooperatively or an in independent
manner (Meier and Stinski, 2006). In addition MIEéhtains binding sites for some repressor
proteins such as Yin Yang 1 (YY1), Ets-2 repredsator (ERF), methylated DNA-binding
protein (MDBP), modulator-recognition factor (MDFnd Gfi-1. These repressor proteins

interact physically and recruit HDACs to silenceBWlin non-permissive cells (Sinclair, 2009).

Transient transfection experiments proved #®-and CREB/ATF sites as critical
components of MIEP enhancer. Mutation of one typsite in the enhancer had no effect on
transcription from MIEP and viral transcription fibroblasts. Mutation of all NkB or all the
CREB/ATF binding sites had no or negligible effentviral transcription (Benedict et al., 2004,
Gustems et al., 2006; Keller et al., 2003). It sea¢hat other there is functional redundancy
between different types of binding sites as conepédimination of MIEP enhancer abolished the
viral replication completely. In fact cooperativataraction between multiple transcription
factors is required for efficient IE transcriptioRecently, it was demonstrated that Elk-1 and
SRF binding sites are required for MIEP transaoiptand viral replication and can compensate

for inactivation of NF«B binding sites (Caposio et al., 2010). In additinrwas reported that
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NF-«B, NF-1, AP-1, Sp-1 (stimulator protein-1) and CREBF binding sites in proximal
enhancer cumulatively activate MIE transcriptiomeTmost significant and independent effect
on the MIE promoter was observed for CREB site attie other sites had a minor independent
effect. The combination of the different transdoptfactor DNA binding sites was significantly
stronger than multiple duplications of the CRER: gltashmit et al., 2009). It is possible that the

loss of binding sites is compensated or dominayetamsactivation function of viral proteins.

In addition to cellular transcription factors MIERLtivity is also regulated by a number
of viral (tegument and IE proteins). Virion transeator or VTA (pp71) in association with
ppULS35 is incorporated in virion and strongly stiates MIEP expression and viral replication
upon entry into the cell (Schierling et al., 200Ahother tegument proteins ppUL26 can also
influence MIEP expression. Moreover MIEP activity increased in response to positive
feedback by IE gene product IE2-72 (Mocarski et2407).
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Figure 7: Structure of MIEP
3.2.B. Regulation of MIEP by chromatin structure

Transcriptional regulation of cellular genes is uleted by structure of chromatin
through numerous post-translational modificationglstinct histones. Composition and pattern
of these modifications give rise to “histone codefiich determines the overall structure of
chromatin and binding of regulatory proteins (Stiead Allis, 2000). Generally speaking, active
chromatin is associated with acetylation of certggine residues in histones H3 and H4 while
methylation at lysine 9 of histone H3 is associatgth inactive/ compact chromatin as it
recruits heterochromatin protein 1 (HP1). Acetgatiof histones is mediated by a family of
enzymes called histone acetyltransferases (HATSs)lewlHDACs are responsible for

deacetylation of histones.
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Like cellular gene expression, viral gene expresssoalso regulated by their chromatin
structure. HCMV genome is also associated withohiss when it reaches the nucleus. Thus
chromatin structure of cytomegalovirus genome mats! its gene expression and productive
infection (Sinclair, 2009). Inhibition of HDACs witTrichostatin A (TSA) and valproic acid
was reported to increase viral protein synthesi dral replication (Michaelis et al., 2004;
Tang and Maul, 2003). It was suggested that HDA®@srecruited to the ND10 bodies and it
was shown that MCMV IE1 binds with ND10 componerdax® reversing HDAC-mediated
repression of viral gene expression (Tang and Maon3). Another study showed that
knockdown of Daxx resulted in increased MIEP exgis and MIEP was associated with
markers of transcriptionally active chromatin irating that chromatin modification around the
viral MIEP is the underlying mechanism of Daxx nadd repression of MIEP transcription
(Woodhall et al., 2006). In fact histones with meagkof compact chromatin are associated with
viral genome immediately after infection but intibh of HDAC can overcome this
phenomenon (Groves et al.,, 2009). In addition id@cat high MOI can overcome Haxx-
HDAC mediated MIEP repression indicating that virsiequipped with some viral proteins to
repress it. UL82 gene product pp71 has been reptotelegrade Daxx resulting in reversal of
HDAC-mediated MIEP repression (Saffert and Kalef@06). IE1 has also been reported to
antagonize HDACSs to facilitate HCMV replication (Mds et al., 2004). Recently, it was shown
that histone modifications regulate HCMV gene espien throughout the replication cycle. At
the start of infection, histone H3 at IE promoteiacetylated while methylated at early and late
promoters. Latter on all viral promoters are madifiwith activating acetylations (Cuevas-
Bennett and Shenk, 2008).

3.2.C. Silencing/desilencing of MIEP during latencyand reactivation

After a primary infection, HCMV persists throughdiié¢ time of the host in latent form.
Silencing and desilencing of MIEP during latencyd areactivation is also regulated by
chromatin remodeling of MIEP by post-translatiomabdifications of histones. In fact MIEP
chromatin structure upon infection will determirtee tpermissiveness of cells to productive
infection. HCMV MIEP is repressed in non-permissoadls due to recruitment of HDACs by
repressor transcription factors resulting in traipsionally repressive compact chromatin. It was
reported that MIEP associates with acetylated hesoin permissive cells while with
heterochromatin protein-1 (HP1) in non-permissiedsc(Murphy et al., 2002). Consistently,
HDAC inhibitors treatment of non-permissive cellsduces MIEP transcription and viral

permissiveness while superexpression of HDAC3 mssive cells reduces MIEP activity and
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viral infection (Murphy et al., 2002). It has be#emonstrated that MIEP is associated with HP1
and not with acetylated histones in latently indelc€D34+ and monocytes of naturally infected
subjects. Differentiation of these DC progenitoefiscto mature DCs result in reactivation of

latent virus, lost of HP1, histones bound to MIEE acetylated, and HDAC-1 is downregulated
(Reeves et al., 2005; Wright et al., 2005).

During latency, lytic viral infection is suppressaad a few latency associated transcripts
are expressed. One of these is latency-associedadctipt (LUNA) which encodes a small
protein of yet unknown function. Unlike MIEP, LUNBromoter predominantly associates with
acetylated histones in CD34+ cells after experimlanfection (Sinclair, 2009). Thus chromatin
structure explains repression of MIEP while expoessof latency associated genes in

undifferentiated myeloid cells.

3.3 Virion assembly, maturation, egress, and release

First step in virion assembly is the interactionpoécursor (pAP) of assembly protein
(AP) with MCP in the cytoplasm which culminatestmanslocation of MCP to the nucleus.
Procapsid is formed around the pAP by five capsidgins MCP, TRI1, TRI2, SCP, and PORT
in the nucleus. Subsequently, assembled procapsidergo a series of changes forming a
DNA-containing nucleocapsids. Proteolytic cleavagesalyzed by the precursor (pPR) of
maturational protease (PR; assemblin) are impoftarthis maturation. Finally AP is separated
from MCP and pAP, AP, and PR are removed from thedeocapsid. Encapsidation of DNA
occurs through recognition of HCMV cis-acting elemd&packaging or pac sites) by the
encapsidation proteins. Proteins implicated in psicktion process include UL51, UL52,
UL56, UL77, UL89, UL93, UL95, UL97, UL103, and UL40gene products (Gibson, 2006;
Mocarski et al., 2007).

Process of viral egress consists of two stagesudig primary envelopment/
deenvelopment and secondary reenvelopment stageokesh by tegument proteins. Primary
envelopment occurs at the inner nuclear membrathenved by deenvelopment at the outer
nuclear membrane releasing the nuclear capsidhetaytoplasm. The said process is controlled
by products of two viral genes UL50 and UL53. Iniéidn host encoded protein kinases as well
as the viral protein kinase (VPK; pUL97) are alswlicated. Tegument proteins are added to
virion when it passes through the cytoplasm betmeondary reenvelopment which occurs at
ERGIC membranes. The secondary reenvelopment atgratian step is controlled by UL32

encoded viral protein ppl150. Small amount of sorost lproteins are also included in the
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tegument during reenvelopment. Vesicles thus prediucansport the nucleocapsid to the
plasma membrane for release through exocytosis. CHagacteristic cytoplasmic inclusions
which appear during HCMV infection is the result@blgi alterations during late stage of viral

replication (Mocarski et al., 2007).

4. HCMV cellular tropism
4.1 HCMV target cells in vivo and in vitro

HCMV infection is strictly restricted to humans bianhge of its target cell types is broad.
HCMV infection can not be studies in animals, hoareanalysis of patient samples and autopsy
material using histological and immunohistochemteahniques has identified vivo targets of
the virus in the natural host. The presence ofcief# cells has been demonstrated in various
cells of ectodermal, mesodermal, and endodermginom virtually all organs (Sinzger et al.,
2008). Detection of viral replication in multiplergans has been reported during severe
intrauterine HCMV infection (Bissinger et al., 200? vivo cell types infected with HCMV
include macrophages, endothelial cells, epithetialls, smooth muscle cells, fibroblasts,
connective tissue cells, stromal cells, neuronéls,cand hepatocytes (Sinzger et al., 1999a;
Sinzger et al., 1995; Sinzger et al., 1993). Ligastrointestinal tract, lungs, retina and bra@ ar
predominant sites of clinical manifestations of HZNhfection in immunocompromised hosts
(Sinzger et al., 2008).

HCMV infects a large number of cell typas vitro as well. Susceptible cell types
including fibroblasts (Furukawa et al., 1973), wdac smooth muscle cells (Tumilowicz et al.,
1985), retina pigment epithelial cells (Tugizovakt 1996), kidney epithelial cells (Heieren et
al., 1988; Tanaka et al., 1984), placental trophsibtells (Halwachs-Baumann et al., 1998),
hepatocytes (Sinzger et al., 1999a), neuronal &abbgain cells (Poland et al., 1990), vascular
endothelial cells (Ho et al., 1984), monocyte-dedivdendritic cells (Riegler et al., 2000),
monocyte-derived macrophages [MDMs] (lbanez et H991), human embryo-chondrocytes
(Wang et al., 2008), human embryo-myoblasts (Waraj.£2008), and human marrow stromal
cell (Wang et al., 2008). The above stated cefiesysupport full viral replication cycle resulting
in production and release of progeny. Moreover,tmbthem acquire a cytomegalic appearance
during the late replication phase. The cell typeshble to support viral replication include
lymphocytes and granulocytes (Sinzger et al., 2008 cell type most widely used to grow
HCMV is the fibroblast, which produces high titefinfectious virus aftem vitro infection.

Other primary cells are permissive for HCMV replioa but the rate of viral production in most
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of these cell types is considerably lower thanilimoblasts. However, endothelial cell cultures
are susceptible for certain viral strains and allowg term propagation of the virus through
passage of cell-free supernatant of infected ali{@igel and Sinzger, 2006). The cellular
and/or viral factors responsible for differencehe viral productivity by different cell types are

poorly known.

Cell tropism of a virus is dependent upon viralvasl as cellular factors. Long term
propagation of clinical isolates in fibroblast eukts selects fibroblast-tropic stains (which are
low endotheliotropic). In contrast, long term prgpton of the same viral isolates in endothelial
cells retains endothelial cell tropism as well idsdblast tropism (Sinzger et al., 1999b). Such
differentially propagated isolate pairs show geroulifferences in restriction fragment length
analyses indicating a genetic contribution in th€MY tropism (Sinzger et al., 1999b).
Endothelial cell propagated strains have also beported to grow better in macrophages as
well (Sinzger et al., 2006). Viral genes importéorttropism may function through positively or
negatively influencing viral replication cycle, amtal factors or host cell life. In addition
cellular differentiation is also required for HCMgene expression and successful life
replication of the virus. Cells non-permissive #€MV replication (for example monocytes)
become permissive for viral replication after diffietiation (macrophages). The process of
differentiation activates a number of signal trargbn pathways in the cells which determines

activation of MIEP, chromatin structure of MIEP dain turn permissiveness of cells.

4.2 Role of monocyte/macrophages in HCMV pathogenesis

Blood monocytes and tissue macrophages play a nmajerin the pathogenesis of
HCMV infection by serving as target cells in infedtorgans, as disseminators of the virus
throughout the host, or as sites of CMV latencydiMison, 1997). Monocytes are the primary
cell type infected in the blood during acute HCMeiction, as determined by the detection of
HCMV DNA and antigens (Sinclair and Sissons, 19%6)addition they are the predominant
infiltrating cell type found in infected organs (3ger et al., 1996). Infected blood monocytes,
likely derived from infection of bone marrow progfen cells, may disseminate HCMV to other
permissive cells of the host. The relatively nonmesive monocytes and bone marrow
progenitor cells harbor latent HCMV DNA (Kondo ek,al996) and reactivation of IE
expression (Taylor-Wiedeman et al., 1994) and itidas virus (Soderberg-Naucler et al.,
1997b) has been reported following differentiattdrmonocytes into macrophages. Howewer,
vivo andin vitro studies have shown that monocytes are not proaauftdr viral replication and
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are abortively infected (Ibanez et al., 1991; TeyWiedeman et al., 1994). On the other hand,
macrophages, the differentiated counterparts of aoygies, are long-lived cells and are
productively infected in patients with disseminaté@MV disease (Sinzger et al., 1996). So
undifferentiated monocytes are proposed to act siseaof HCMV latency followed by active

replication in differentiated macrophages (Hansaow &ampbell, 2006). Thus monocyte/
macrophages may play role in persistence of vinusugh latency in monocytes and persistent

infection of macrophages.

4.3 HCMV replication in macrophages

Immunohistochemical analyses of tissue sectionwvasious HCMV infected tissues
demonstrate viral proteins representing all stagepermissive HCMV infection in tissue
macrophage indicating that these cells support tetewiral replication cycle (Sinzger et al.,
1996).In vitro HMCYV replication of monocytes is not productivedas limited to early events
of gene expression but these cells become perraissiviral replication once differentiate into
macrophages (lbanez et al., 1991; Lathey and Spek®91; Taylor-Wiedeman et al., 1994).
Similarly differentiated macrophages support MCMaplication as well (Hanson et al., 1999).
Thus viral replication in macrophages is dependenh state of macrophage differentiation.

In fact particular differentiation pathways used fgeneration of macrophages have
significant effects on characteristics of viral lregtion (Jarvis and Nelson, 2002). A number of
monocyte-derived macrophage (MDM) culture systemgehbeen generated to study HCMV
replication. Some of these systems were based odugtion of cytokines from cocultured
activated T cells which results in differentiatiohmonocytes to macrophages. One of method
was based on cocultivation of monocytes with coagahn A (Con A) stimulated autologous
nonadherent cells (Ibanez et al., 1991). It wasnted that HCMV replication in this culture
system was dependent upon presence of CD8+ T aetlsproduction of IFN- and TNFe
(Soderberg-Naucler et al., 1997a). Another systeseduallogenic stimulation of PBMC
(peripheral blood mononuclear cells) to induce noyte differentiation (Soderberg-Naucler et
al., 2001). Cellular depletion and cytokine neugetion experiments revealed that this system
was dependent upon CD4+ and CD8+ T cells and thekioyes IFNy and IL-2 (Soderberg-
Naucler et al., 2001). Addition of above said cytals to monocyte culture was sufficient to
generate HCMV permissive MDM. These findings alevant as elevated levels of IRNand
TNF-a has been detected in sera of HCMV patients. Thitekines production following T cell
activation might be necessary for HCMV replicatioomacrophages vivo. As TNF stimulates
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HCMV IE enhancer/promoter (Prosch et al., 1995;sEhoet al., 2002) and reactivates murine
CMV from latency (Hummel et al., 2001; Simon et, &005), through activation of N&B
p50/p65 complex, it is tempting to speculate th@MY takes the advantage for its growth in
these permissive MDM cultures from activation of-K p50/p65 heterodimer in response to
TNF. Kaufman et al. observe that NB- p50 and p52 are constitutively expressed in human
monocytic cells (U937 and THP-1) but nuclear exgias of p65 require cellular activation by
TNF-o or PMA [phorbol 12-myristate-13-acetate] (Kaufnetral., 1992).

4.4, Determinants of macrophage tropism

Cell tropism of a virus is dependent upon viramagl as cellular factors. HCMV gene
expression and successful life cycle of the vinughe host cell is dependent upon state of
cellular differentiation. Monocytes are non-permissfor HCMV replication but become
permissive for viral replication after differeni@ to macrophages. The process of
differentiation from monocytes to macrophages isedaon a number of structural and
functional changes which may affect HCMV replicatidirectly and indirectly. As molecular
events in the differentiation of monocytes into noghages are not fully known, knowledge of
cellular factors required for HCMV gene expressiemains obscure. In fact differentiating

signals activate a number of pathways which detegmihe cell-type specific gene expression.

Possibly differentiation signals induces transaoipt factors that are required for
successful HCMV gene expression for example «dBE-Differentiation of monocytes into
macrophage results in p65 activation and nucleastocation (Ammon et al., 2000; Conti et al.,
1997). More recently it has been demonstrated titegttment of non-permissive cells with
differentiation inducer renders them permissivelibgene expression and HCMV replication in
NF-xB dependent manner (Kitagawa et al., 2009). It been reported that the expression of
corepressors YY1 and ERF was unchanged duringreiffetion of DC progenitor cells to
mature DCs but HDAC-1 was downregulated (Wrightlet 2005). Thus differentiation state-
dependent control of viral gene expression in natages seems to be the result of interplay

between transcriptional activators and repressors.

Search of macrophage tropic HCMV genes is con&daidue to availability of
permissive macrophage cell culture vitro but MCMV genes associated with replication in
macrophages have been identified (Hanson and Cdingbé6). M36 has been proven as a
general determinant of macrophage tropism throtgjlantiapoptotic function and independent
of cellular differentiation. A M36 mutant virus regated well in fibroblasts and endothelial
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cells but its replication was significantly impaldren differentially permissive macrophage cell
lines and primary macrophages by sensitizing ieféchacrophages to apoptosis (Menard et al.,
2003). Consistently, the M36 mutant virus has imgghidissemination to target organs as
compared to WT virus (Hanson and Campbell, 2006)ddition, viral genes M139 to M141
have also been reported to be required for virpliaation in macrophages in differentiation-
dependent manner. The viral products of these gdnesot have an antiapoptotic role but
function through mutual interaction and stabilityafison et al., 2001; Menard et al., 2003).
Deletion of either M140 or M141 resulted in impdifICMV replication in macrophages and
spleen tissue but not in liver tissue indicatingithiole in macrophage tropism vivo (Hanson

et al., 2001). Recently, it was reported that dmhedbf M140 resulted in reduced MCP (M86)
and tegument protein M25 and a significant reduciio the number of viral capsids in the
nucleus of macrophages (Hanson et al.,, 2009). AmotiCMV gene M45 has been
demonstrated to be required for replication in ¢helal cells and macrophage cell line 1C-21
through its antiapoptotic function (Brune et alD02) but its HCMV homolog UL45 does not
protect cells from apoptosis and is dispensabledplication in endothelial cells (Hanson and
Campbell, 2006).

5. NF-kB signaling pathway and HCMV
5.1. Activation of NF-kB by HCMV

NF-xB has been reported to be stimulated in respon$tCidV infection (Kowalik et
al., 1993). HCMV infected fibroblasts showed adiiva of p50 and p65 at RNA level while
decrease inkBa protein level. On the other hand RNA level «iB& was increased possibly due
to presence of NkB binding site in #B promoter indicating a negative feed back mectmanis
(Kowalik et al., 1993; Yurochko and Huang, 1999%arisactivation of p50 and p65 promoters
by HCMV is mediated through Sp-1 which is strongbtivated upon HCMV infection and its
binding sites are present in p50 and p65 promotdrs.viral proteins IE1-72, IE2-55, and IE2-
86 physically interact with Spl and cooperate wiihl to increase p50 and p65 promoter
transactivation (Yurochko et al.,, 1995; Yurochko at, 1997b). Similarly murine
cytomegalovirus IE1 protein activates MNB- through transactivation of p50 promoter
(Gribaudo et al., 1996). Further studies showedds activation of NkB in response to
HCMV infection (DeMeritt et al., 2004; Yurochko ak, 1995). First phase starts immediately
upon infection while second phase is observed Bgl2First increase of NkB was showed to
start in the presence of proteins synthesis intibitndicating that it represents the release of
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pre-formed stores of NkB. For first increase of NkB, binding of virus with the cells is
sufficient andde novosynthesis of NR<B protein is not required while second phase reguadie
novosynthesis of p50 and p65 proteins (Yurochko etl@95). Treatment of cells with purified
gB and gH proteins has been demonstrated to becisuff to induce first phase of Né&B
(Yurochko et al., 1997a).

HCMV uses multiple strategies to activate NB- UL55 (gB) and UL75 (gH)
glycoprotein ligands have been reported as initsatd the rapid activation of NEB and Sp-1
during HCMV infection of fibroblasts (Yurochko ek, a1997a) and monocytes (Yurochko and
Huang, 1999). UL144 gene product, which have anaom sequence similarity with TNF
receptor superfamily, activates MB- through TRAF-6 and tripartite motif 23 (TRIM23)
protein dependent manner (Poole et al., 2009; Petos., 2006). Moreover HCMV US28 and
HCMV M30 have also been reported to activate ®~{(Waldhoer et al., 2002). HCMV
infection stimulates IKK expression and activityiahis required for HCMV-mediated N&B
activation (Caposio et al., 2004). Another strataggd by HCMV to activate NkB includes
inclusion of cellular serine-threonine enzyme CKllthe virion. In vitro kinase assay shows
rapid phosphorylation ofkBa by CKII indicating that cellular kinase incorpagdtin virion
might be important for optimal level of NéB immediately after infection of cells (Nogalski et
al., 2007). Moreover NikB has been thought to be activated via productiomactive oxygen
species (Speir et al., 1996). Thus HCMV glycoprienediate first phase of N&B activation
followed by participation of other viral proteins the scene to activate second phase okBIF-

activation.

5.2. Role of NF-kB signaling in HCMV replication

As NF«B may mount antiviral immune response through atim of various host
inflammatory genes (Ghosh and Karin, 2002) it sedeisterious for viral replication but many
viruses including CMV have been reported to utilidé-«xB response elements into their
genomes. HCMV genome contains NB-binding sites in it and HCMV replication has been
reported to depend upon NB. Initial studies reported a positive role of NB-in the
transcription of IE genes as mutation in major irdrage-early promoter (MIEP) resulted in
decreased transactivation of the promoter (Samtieteal., 1989). Co-transfection of MCMV
(Gribaudo et al., 1995) and HCMV (Lee et al., 20 )romoter reporter contracts with p50
and p65 plasmids showed that activation of cytoreagas IE gene expression is dependent
upon NF«B. Further in this direction, IKK and&B have been shown to be required for HCMV-

61



Review of Literature

mediated NFReB activation and maximal MIEP transactivation. lition of IKK1, IKK2, and
IxB through transfection of dominant negative phepetyesulted in reduced HCMV-induced
NF-kB activation and MIEP transactivation (CaposiolgtZz004; DeMeritt et al., 2004).

Moreover the transactivation of MIEP of HCMV by T&fEProsch et al., 1995), HBV
HBXx protein (Assogba et al., 2002), and LPS (Lealgt2004) is mediated by N&B. MIEP
contains four NReB binding sites which binds with N&B with similar affinity but differ in
their ability to activate the promoter by T&FThe binding site 1, and 3 is most potent, siig 2
intermediate while site 4 which is most far awagnir transcription start site has not role in
transactivation of MIEP (Prosch et al., 2002).

The importance of NikB is not only shown in reporter assay but durin@glvinfection
as well. NFkB and IKK have been shown to be required for #ff-mediated HCMV gene
expression and productive viral replication. Intidn of IKK2 through transfection of dominant
negative phenotype of IKK (dnIKK) and chemical initor AS602868 resulted in reduced
expression of early as well as late HCMV genes @l replication (Caposio et al., 2004,
Caposio et al., 2007a). Similarly NdB inhibitor drugs blocked IE as well as late gene
expression and viral replication in fibroblasts KDeitt et al., 2004; DeMeritt et al., 2006).
Proteosome inhibitors have also been reportedackdHCMV gene expression through MB-
inhibition (Prosch et al., 2003) but another sthdg brought into question the role of NB-in
proteosome-mediated HCMV inhibition (Kaspari et, #008). Recently, NkB has been
proposed as a basis for permissiveness of diffeils to HCMV. Hexamethylene
bisacetamide, a chemical inducer of differentiatiactivated NFR<B in nonpermissive human
cells which enabled them to support IE1 and IE2egerpression and consequently HCMV

replication (Kitagawa et al., 2009).

Contrary to above mentioned studies, some rep@ae Ipresented conflicting data on
role of NF«xB in HCMV replication. The neutral role of NEB in MIEP transactivation and
viral replication has also been reported (Benestietl., 2004). Another study deleted the binding
sites present in the MIEP and concluded that ndrieun binding sites are required for IE gene
expression and viral replication (Gustems et &0&). So it remains controversial that whether
NF-xB upregulation is beneficial for viral replicatimr not. In fact it has been reported that
inactivation of NFkB binding sites can be compensated by Elk-1 and BiR&ing sites for
activation of MIEP transcription and viral replicat (Caposio et al., 2010). Some others have
reported the inhibitory role of NkB in HCMV replication (Eickhoff et al., 2004; Eickl and
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Cotten, 2005). Consistently, two studies have iepothat HCMV inhibit TNl and IL-13
mediated NFeB activation late during infection (Jarvis et @006; Montag et al., 2006).

Although the data on role of NEB in HCMV biology is apparently controversial bt i
shows that HCMV is equipped with different tools nmanipulate NReB pathway. HCMV
activates and exploits NiEB for its own replication while too much activatioh NF«B in the
host cell might trigger immune response that waldetrimental for the virus. In fact some viral
proteins have been reported to inhibit antiviralate immune response via inhibition of NB-
Tegument protein pp65 (Browne and Shenk, 2003) 1BAeB6 (Taylor and Bresnahan, 2006)
have been reported to inhibit NdB activation. IE2-86 can tempter the KB- mediated
activation of cellular genes including IL-6 (Geaial., 2007). However, NkB activation by
UL144 has been reported to escape from regulatiotERB-86 (Poole et al., 2008). HCMV
encoded IL-10 (cmvIL-10) suppresses NB-resulting in inhibition of cytokine expression in
monocyte (Nachtwey and Spencer, 2008). So HCMWaigs NF«B pathway to exploit it for
its own transcription while inhibit NkB pathway to avoid immune surveillance. Thus fine
tuning of NFxB by HCMV result in an optimal level of NkB which allow viral replication

while evade immune response.

5.3. Role of NF-kB activation in HCMV induced pathology

NF-xB activation is an important feature of severalhpdigies including cancer,
inflammatory diseases and viral infections. HCMVeiated NF«B activation might play
important role in pathogenesis of HCMV induced dgseas NkeB activation may also result in

functional changes in infected monocytes/macrophage

HCMV has been reported to activate NB-and immunoregulatory genes in primary
human monocytes (Yurochko and Huang, 1999). Intexidiit was shown that HCMV induces
monocyte diapedesis and motility through KE-pathway. HCMV induces the expression of
adhesion molecule through NdB- resulting in firm adhesion of monocytes to enetiti cells
(Smith et al.,, 2004b; Smith et al., 2007). HCMV ddtion of monocytes promotes their
differentiation into proinflammatory macrophagesdamender them permissive for the
replication of the original input virus followincheir transendothelial migration (Yurochko,
2008). Transcriptome analysis of NB-regulated genes in HCMV infected monocytes reveal
that a significant number of genes including praimimatory genes are regulated in K&-
dependent manner (Chan et al., 2008b). Interegtitiginscriptome analysis of HCMV infected
monocytes show that HCMV infection result a unid@®&M?2 polarization phenotype in which
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macrophage exhibits characteristics of a proinflatory M1 as well as anti-inflammatory M2
macrophage. It was reported that 48% of M1 phemofgsociated genes while 100% of genes
associated with M2 phenotype were NB-dependent (Chan et al., 2008a; Chan et al., 2009)

NF-kB is important in virus-induced inflammatory respenn the host. HCMV infection
leads to production of a number of cytokines andnubkines through NkB including IL-8
(Murayama et al., 1997), IL-6 (Carlquist et al. 999 Iwamoto and Konicek, 1997), interferon
beta (Lee et al., 2006b). In addition to macropbab-«B has been demonstrated a key role in
the virus-induced inflammatory response in endahekells as well (Caposio et al., 2007b).
Recently it was reported N&B is responsible for cyclooxygenase-2 (Cox-2) eggi@n by
HCMV chemokine UL28 indicating a possible role ofFB in HCMV associated
inflammation and malignancies (Maussang et al.9200
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IV. Human Immunodeficiency virus-1 (HIV-1)

1. Introduction

HIV-1 infection targets the immune system with pesgive impairment of cell mediated
immune response resulting in AIDS characterized seyere immune deficiency and the
development of opportunistic infections. This dseé# an important public health problem as it
has caused death of around 25 million people si®&4. People living with HIV/AIDS around
the world counts up to 33.4 millions with 22.4 maifis in sub-saharan Africa (UNAIDS, 2010).
Epidemiological studies show that most of the cae#lV infection worldwide are the result of
sexual transmission across a mucosal surface. iBeast was firstly reported in homosexuals
and HIV-1 was isolated for the first time in 1983a(re-Sinoussi et al., 1983). Other modes of
transmission include parental transmission or trassion from mother to infant. Another mode
which poses greatest risk of transmission is tugish of contaminated blood but it is becoming
a very rare event due to regular screening of thedoproducts before transfusion. However the
injection drug users which share contaminated ggsrand needles is an important risk group,
especially for HIV-1/HCV coinfections (Kuritzkes éiwWalker, 2007).

HIV infects and kills the key cells of immune systgesulting in defects in cellular
immunity and progressive decline of CD4+ T cellsiioin peripheral blood. As a consequence
of immune deficiency, opportunistic infections amalignancies associated with AIDS appear.
In addition the virus establish reservoir of theugiin the CD4+ memory T cells as an integrated
provirus. The course of disease varies from fewthmito many years which can be divided into
three stages: primary (acute) infection, chrongyif@tomatic) infection, and advanced disease
(AIDS). Primary infection is usually accompanied tgjatively nonspecific symptoms of an
acute viral illness including fever, pharyngitisadache, arthralgias, myalgias, malaise, and
weight loss. Laboratory findings include declineainsolute CD4+ count and increase in CD8+
count in peripheral blood. A prolonged asymptomptiase of disease follows the resolution of
acute phase. However viral replication and deptetibCD4+ cells continues during this phase
leading to advanced stage. AIDS is characterizedppprtunistic infections and malignancies if
CD4+ count is less than 500 cells/fnMost common opportunistic infections include oral
candidiasis, pneumococcal infections, tuberculasactivation of herpes simplex, and VZV.
Other complications includePneumocystis carinii pneumonia, Candida esophagitis,
disseminated histoplasmosis and other systemicafunégctions, toxoplasma encephalitis, and

cryptococcal meningitis, disseminat®tycobacterium aviuncomplex infection, reactivation of
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JC virus and cytomegalovirus (CMV) infection. AllxSsociated malignancies include Kaposi's
sarcoma caused by infection with HHV-8, lymphomasoaiated with EBV infection; and

cervical and anal carcinoma associated with HP¥dmdn (Kuritzkes and Walker, 2007).

2. Structure of Virion

The virion of HIV is a spherical structure of 1026lnm. The virion contains two copies
of a single stranded RNA genome. Viral genome ghlgi condensed in association with
nucleocapsid (NC) and viral dependent DNA polymerdl, or the reverse transcriptase (RT)
enclosed in cone-shaped virion core composed ofitla¢ p24 Gag capsid (CA) protein. The
core is surrounded by viral shell made up of mabriatein (MA), which in turn is surrounded
by envelope. The viral envelope is originated fahm host cell membrane acquired during
budding. It contains external surface viral glyaipms gp120 (SU) and gp4l transmembrane
(TM) proteins while inner portion is surrounded M. The structure of virion is shown in Fig.
8. Accessory proteins Nef and Vif are thought toalseociated with core and Vpr outside the
core. The location of p6 in the virion remains ® frecisely defined. Host proteins including
emerin, actin, hsp70 have also been detected mittloa (Ley, 2007).

Figure 8: Structure of HIV virion particle. Reprodaed from (Coffin et al., 1997).

HIV-1 genome consists of two single-stranded RNAvies containing a number of

ORFs. Like other retroviruses, HIV encodes 3 stmattgenegyag, polandenvwhich encode
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structural proteins and enzymes for productivelviméection. Unlike simple retroviruses like
avian sarcoma and leukosis virus (ASLV) and muleukemia virus (MLV), it contains several
additional and overlapping ORFs of multiple funosancluding Tat, Rev, Nef, Vpr, Vpu and
Vif. Three genegyag pol andenv produce three primary polyproteins precursors wtach
subsequently processed by viral and cellular psateanto mature viral proteins (Fig. 9).
Translation product of gag gene Pr55Gag is prodesge the MA, CA, NC, and p6 proteins.
Gag-Pol polyprotein, Pr160Gag-Pol produces prot€Rs®, RT, and integrase (IN) proteins
through proteolysis. Env precursor, gp160 is cldawea cellular enzyme to produce gp120 and
gp41 proteins. Two regulatory proteins Tat, and Red four accessory proteins Nef, Vpr, Vpu
and Vif are translated from spliced mRNA and arecdfjr to HIV (Freed and Martin, 2007).

Tat (Trans-Activator of Transcription) is a poté&rans-activator of transcription from the
cellular as well as viral promoter and is esserfbalviral replication (Jeang et al., 1999). Tat
interacts with host nuclear proteins and recruitsnt to Long-Terminal Repeat (LTR), to
enhance the elongation of the viral transcript. @&érts its action through binding to a 59-
nucleotide stem-loop structure, known as the Tr@nsgion Response (TAR) element, located
just downstream from the transcription start sitdhe LTR. Tat directly interacts with cyclin
T1, which in turn recruits a cyclin-dependent kma&DK9, forming a complex P-TEF-b
(positive transcription elongation factor b). P-FREomplex hyper-phosphorylates C-terminal
domain (CTD) of RNA polymerase Il, thereby stimirgttranscriptional elongation (Romani et
al., 2010).

Rev (regulator of expression of viral proteins)aid9-kDa protein which is expressed
early during infection. It is responsible for expof single-spliced and unspliced RNA from the
nucleus to the cytoplasm for eventual expressioviraf proteins and production of viral RNA
(Li et al., 2005a).

Vpr (Viral protein R) is a 96 kDa accessory proteih HIV-1 which has multiple
functions in the viral life cycle and disease pesgion. An increase in the rate of replication and
the stimulatory effect on the HIV-1 LTR promotersaés function first reported (Cohen et al.,
1990). An important role of Vpr is the active nuldranslocation of HIV-1 preintegration
complex which empowers HIV-1 to infect and replecat nondividing cells like monocytes and
macrophages (Whittaker et al., 2000). In additigar \hcreases virus production by cell cycle
arrest in G2 phase thus delaying cells at the pitite cell cycle where the LTR is most active.
Synthetic Vpr stimulates LTR through activationMiF-kB, AP-1 and JNK [(c-Jun N-terminal
kinase] (Varin et al., 2005). The ability of Vpr &ativate HIV transcription is mediated by the
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p300 transcriptional co-activator, which in turrhances the ability of Vpr to activate NiB
and the HIV enhancer (Romani and Engelbrecht, 2009)

[ Tat ]

5" LTR —> gag [ vif ] Rev ] Nef 3" LTR
([ vz |Rr]us [ pol ) [ vpr ) [ vpu ] Env [ vz |r]Jus
= =]
l Cleavage by viral and cellular proteases l
[ Pr55Gag ] [ Pr160Gag-Pol ] [ Precursor p160 env ]
) Crr ) (w2 )

Figure 9: HIV genome and encoded proteins

Vpu (Viral protein U) is a 16-kDa unique accessprgtein as it exists in HIV-1 only but
not in HIV-2. It is known to degrade CD4 molecuteendoplasmic reticulum (ER) and enhance
virion release from cells. Being an adaptor of fherCP, Vpu employs ubiquitin—proteasome
pathway to induce ubiquitination of CD4 in the EBsulting in CD4 degradation. Vpu
antagonize the host restriction factors, tethesihich specifically inhibits virion release from
the cells (Neil et al., 2001; Nomaguchi et al., 0Moreover Vpu leads to the depression of
both total and beta-catenin-associated E-cadhevield througtg-TrCP-dependent stabilization
of the transcriptional repressor Snail resultingemhanced viral release from macrophages
(Salim and Ratner, 2008). In addition, it downreges NF<B through inhibition off-TrCP
dependent degradation ofB and suppresses apoptosis in HIV infected T déllsari et al.,
2001).

Vif (Viral infectivity factor) is an accessory pet of HIV which is responsible for viral
budding and viral infectivity. Vif mutant virus repates well in certain cell types including
macrophages and T cells but does not replicatenmesother cell lines. In fact Vif counteract a
host cellular protein known as APOBEC3G (apolipogio B mRNA-editing enzyme catalytic
polypeptide-like 3G) which is selectively expresgedonpermissive cells. In the absence of Vif
APOBECS3G is incorporated into the virions renderitiiem non-infectious. Underlying
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mechanism of APOBEC3G degradation by Vif involvequitin-proteasome pathway (Goila-
Gaur and Strebel, 2008; Henriet et al., 2009).

Nef is a 27 kDa myristoylated protein which is eegsed early during the virus life cycle
and modulates several signaling pathways. Nef pratiays multiples role in the pathogenesis
of HIV-1 virus through downregulation of CD4 and M@Hlass | molecules and activation of
cell signaling (Foster and Garcia, 2007). Nef canduatate HIV-1 transcription via cellular
factors that positively or negatively regulate LT&ttivity. Gene expression profiling
demonstrates that Nef expression upregulated st Iéatranscription factors that can activate
the HIV-1 LTR (Simmons et al., 2001). Activation ofF-«B, NFAT (Nuclear Factor of
Activated T cells), STAT1, STAT3, JNK and AP-1 teso been observed (Khan et al., 2007).

3. Viral life cycle

3.1. Viral binding and entry

Viral entry in susceptible cells starts with adgimmp of virus with cell membrane
through CD4 molecule. Interaction of virion glycopin gp120 with CD4 receptor is required
for successful viral entry and fusion (Bour et 4895). However it was observed that virus was
unable to infect nonhuman cells even after intrtidacof CD4 into theses cells indicating that
CD4 is not the only requirement for viral entry.bSaquent discovery of a coreceptor usage by
HIV-1 resolved the issue (Deng et al., 1996; Feh@le 1996). HIV-1 predominantly uses
CXCR4 or CCR5 (CC chemokine receptor-5) as corecepihich are members of the seven
membrane-spanning CC or CXC families of chemokewptors. Subsequently a classification
system of HIV was proposed based on the corecepsage. Viral strains (generally
Macrophage or M-tropic) that preferentially usedRECwere termed R5, strains (generally T
cell-tropic or T-tropic) that preferentially usecKCR4 were denoted X4, and dual-tropic strains
that used both CCR5 and CXCR4 were named R5/X4ate®l (Berger et al., 1998).
Interestingly, certain HIV and SIV isolates usess#n coreceptors as primary receptors
independent of CD4 receptor (Endres et al., 199@rtiM et al., 1997). Moreover, another
receptor DC-SIGN (DC-specific intercellular adhesionolecule 3 [ICAM-3] grabbing
nonintegrin) is expressed on subset of dendritis peesent in lymph nodes or beneath mucosal
surface. Although DC-SIGN does not act as a recdjptoviral entry in DCs but it has the
capacity to capture the virus through binding wggl20 and efficiently transfer the virions to

cells that express CD4 and chemokine receptorgté@beek et al., 2000).
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In fact fusion of virus with cell membrane consistssequential binding of gp120 with
CD4 and then with a coreceptor forming a ternaryl&@Dreceptor-gp120 complex and finally
conformational changes occurs in gp41 which triggembrane fusion and entry of viral core
into cytoplasm. Virions are partially uncoated v ttytoplasm releasing the viral RNA genome

and its reverse transcription starts (Freed, 268Zked and Martin, 2007).

3.2. Reverse transcription and integration

Retroviruses convert their single-stranded RNAdalde stranded DNA flanked by two
LTRs. This process is catalyzed by retroviral RNé&pendent DNA polymerase called RT
which is a heterodimer of the 66- and 51-kDa sulsuT has two enzymatic activities; a DNA
polymerase activity which can copy RNA as well allADtemplate and a ribonuclease H
(RNaseH) activity which degrades tRNA and genomMARpresent in RNA-DNA hybrid
intermediates. Reverse transcription starts afteealing of tRNALys,3 with the primer binding
site and (-)strand DNA synthesis starts from 3’-0fHhe tRNA bound to primer binding site.
DNA synthesis proceeds till 5 end producing RNA-BNXybrid. Then, RNaseH breaks down
the RNA portion of newly synthesized RNA- DNA hydrintermediate resulting in SSDNA
fragment called (-)strand strong-stop DNA or (-)BDwhich is transferred to 3’ end of RNA
genome where it anneals using terminal repeatuBsegjuently, DNA polymerase synthesizes
(-)strand DNA converting single stranded RNA to RIAA double helix followed by
RNaseH digestion of the RNA template. However s@oeions are not removed by RNaseH
activity (called PPT (polypurin track) and centRPT) which serve as primer for (+)ssDNA
synthesis. RNaseH removes the tRNA and the (+)ssiBNransferred to 3’ end of full length (-
)strand DNA. Finally, the polymerase completes dewiranded DNA helix by synthesizing
(+)strand DNA (Abbink and Berkhout, 2008; Freed &martin, 2007). RT process is an error-
prone mechanism as it lacks proofreading actiuitg & is responsible for generating variation

within retroviral populations and emergence of mtggSvarovskaia et al., 2003).

Reverse transcription product is transported to theleus as a components of
preintegration complex (PIC) composed of cellulad airal (IN, NC, Vpr and MA) proteins
(Bukrinsky et al., 1993). RT product is integratedhe host genome after transportation of PIC
to the nucleus. Process of integration is catalymedn enzyme called integrase. The process of
integration can be divided into two sequential stdfrst step is an endonucleotide cleavage
called 3’ processing in which two nucleotides amoved from the 3’ ends of newly formed
viral DNA resulting in sticky ends. Second stegadled strand transfer in which viral DNA is
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inserted covalently into genome of the host ce#li@ar DNA repair mechanisms including
polymerization and ligation are required to comgpldtie process (Asante-Appiah and Skalka,
1997; Delelis et al., 2008). Overview of HIV-1 rigaltion cycle is shown in Fig. 10.

In addition to integrated provirus, retroviral DNA also accumulated in unintegrated
extrachromosomal form. Integrase inhibitors, cuiyeim clinical trial, shift the balance from
proviral integrated DNA to unintegrated DNA (CanadaKlotman, 2006). It was shown that
unintegrated viral DNA in macrophage is stable &irleast 30 days and also maintains

biological activity with persistent viral gene tsamiption (Kelly et al., 2008).
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3.3. Viral gene expression

Viral RNA synthesis occurs from integrated DNA gereby RNA polymerase-Il (RNA
Pol 1) enzyme under the control of LTR. Initialext of transcription from viral LTR is the
participation of several general transcription éast(GTF). First among these is TFIID which
binds with TATA box and adjacent core promoter. thav GTF TFIIB subsequently recognizes
TFIID and recruits RNA Pol 1l to the promoter. Reigation of another GTF TFIIH is also
required as it phosphorylate the CTD of the RNA Poésulting in transcriptional initiation. In
addition, CTD can be phosphorylated by some othrexsles which include (a) the CDK7/cyclin
H subunits of the CDK-activating kinase (CAK) complassociated with TFIIH, (b) the
CDK8/cyclin C component of the RNA pol 1l holoenzgmand (c) the CDK9/cyclin T1 subunits
of the P-TEF-b (Freed and Martin, 2007). Viral piot Tat plays a key role in the viral
transcription to produce high level of viral RNAdkigh formation of more efficient RNA pol Il
complex. Tat interacts with a number of host cedit@ins and recruits them to LTR, to enhance
the elongation of the viral transcript. Tat dirgdtiteracts with cyclin T1, which in turn recruits
a cyclin-dependent kinase, CDK9, to the TAR elenferhing a complex known as P-TEF-b.
Recruitment of P-TEF-b by Tat and TAR results ipéryphosphorylation of the CTD of RNA
polymerase Il, thereby stimulating transcriptioakingation (Freed, 2004; Romani et al., 2010;

Turner and Summers, 1999).
3.3.A. Structure of LTR

HIV-1 LTR is composed of three domains; U3, R arid Uhe R (repeat) region is a 96-
nt repeat present between U3 and U5 (Fig. 11).sbrgption start site is located at the junction
of R and U3. LTR contains various functional regomcluding transactivation response
element (TAR), core, enhancer and modulatory regi&R (nt +1 to +60) is found within the
R region and binds with Tat. The core promoter<f8 to —1), the enhancer (nt —105 to —79)
and the modulatory (nt —454 to —104) region arenfoin U3 domain. HIV-1 LTR contains cis-
acting DNA sequences for a number of cellular hpsiteins (Fig. 11) which regulate
transcription from LTR (Freed and Martin, 2007; élex et al., 2000). Core promoter region
contains a RNA pol Il TATA box and the initiaton¢) which initiates transcription by RNA pol
Il. Three Sp-1 binding sites are located in theeqmomoter immediately upstream to the TATA
box (Harrich et al., 1989). Enhancer region corgtdimding sites for C/EBF family members,
T3R, EBP-1, RBF-1 and two binding sites for NB- Transcription factors having cognate
sequences in modulatory region include but nottéchto RBF-1, RBF-2, LEF-1, Ets-1, AP-1,
NFAT1, NF-IL-6, and USF. Negative regulatory eleméNRE; nt —340 to —184) found in
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modulatory regions is thought to negatively regulaanscription from LTR. Binding sites for
cellular transcriptional factors are also foundaajacent gag leader sequence (GLS) region for
example Spl, AP-1, NkB, NFAT, IRF-1, IRF-2, USF etc (Pereira et al., @Q0®oebuck and
Saifuddin, 1999).
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Figure 11: Structure of HIV-1 LTR

3.3.B. Transcription from LTR by cellular transcrip tion factors

A number of transcription factors activated duriiky-1 infection including NF«B, Sp-
1 and AP-1 have their binding sites in the LTR aadicipate in the transcriptional regulation
by recruitment of RNA Pol Il on transcriptional dtaite. Transcription from LTR may be
altered by alteration in level and functional pnd@s of cellular transcription factors. In
addition, these transcription factors have the mak to activate gene expression through

cooperative interaction.

NF-xB is the major modulator of LTR transcription andducible HIV-1 gene
expression. NkeB activates the viral transcription through two NE-binding sites present in
the enhancer of LTR (Freed and Martin, 2007). MeeepNF«B mediated transcription from
LTR has also been reported from sites present i @Gigion (Mallardo et al., 1996). Sp-1
activates LTR transcription through three Sp-1 bngdsites located in the core promoter
immediately upstream to a RNA pol Il TATA box (Jenet al., 1986). Mutations of these
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binding sites individually or in pair resulted inimmal decreases in basal and tat-induced
transcriptional activation. However, mutations btlaree Spl-binding sites resulted in a marked
decrease in tat induction (Harrich et al., 1983)ogeration between N&B and Sp-1 has been
reported to result in activation of HIV-1 LTR (Pexk et al., 1993). In addition functional and
physical synergism between Sp-1 and COUP-TF resulénhanced transcriptional activity of
the HIV-1 LTR through the Spl element (Rohr et d997). AP-1, composed of Jun
homodimers or Jun/Fos heterodimers, is anothesdrgntional factors reported to activate LTR
transcription and HIV-1 replication. Three AP-1 dhimg sites present in region +92 to +167
downstream to transcription start site are impdrtanviral replication while two sites within
modulatory region are unable to bind with AP-1 (Rehal., 2003). AP-1 physically interacts
with NF«B and synergistically transactivates the HIV-1 LfRRough the NFReB binding sites
during signal-dependent activation of HIV-1 replioa in latently infected U1 cells (Yang et
al., 1999). NFAT family of transcription factorssequestered in the cytoplasm but translocates
to the nucleus, through dephosphorylation by cealeactivated calcineurin, after cellular
activation (Crabtree, 1999). NFAT binds with MB-binding sites in LTR and act in synergy
with NF«B to positively activate HIV-1 transcription (Freadd Martin, 2007; Kinoshita et al.,
1997). Other positive regulators of HIV transciptiinclude NFAT5 (Ranjbar et al., 2006),
SerpinB2 (Darnell et al., 2006), and CCAAT enhariiading protein beta (Mohan et al., 2008)
while Staf50 (Bouazzaoui et al., 2006) prothymasifMosoian et al., 2006), and STAT5 Delta
(Crotti et al., 2007) have been reported as negaéigulators of HIV transcription.

3.3.C. NFxB regulated transcription from LTR by viral protein s

A number of viral proteins and cytokines for exaenpNF-o have also been reported to
activate LTR-driven transcription and viral reptica which might be dependent or independent
of transcription factors activation. TNEstimulates HIV-1 replication in chronically infect
promonocytic U1 cell line through activation of MB- and subsequent transactivation of the
proviral LTR. In fact the features observed in pomocytic cells U937 and macrophages in
response to exogenous HIV-1 proteins are simildhose observed following TNétreatment
(Herbein and Khan, 2008). Exogenous Tat, Vpr antldde associated with an increase in the
binding of transcription factors to its consensegugnce in the viral promoter resulting in
activation of LTR and viral replication (Manna aAdgarwal, 2000; Varin et al., 2005; Varin et
al., 2003).

Nef positively regulate HIV-1 gene expression thlylouactivation of cellular factors

involved in LTR transcription including NFAT (Mammen et al., 2000), NkB (Varin et al.,
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2003), AP-1 (Varin et al., 2003), and CDK9 (Simmensl., 2001). However, negative impact
of Nef derived miR-N367 on LTR transcription hasabeen reported (Omoto and Fujii, 2005).
Moreover myristoylated Nef and TNksynergistically activate NkB and AP-1 in U937 cells
and primary macrophages resulting in enhanced ktroo of the HIV-1 LTR, and
subsequently in enhanced viral replication in bdthonically infected promonocytic Ul cells
and acutely HIV-1-infected primary macrophages l@d rafts (Herbein et al., 2008).
Similarly, exogenous Tat protein has been showemiplify the activity of TNFat (Westendorp
et al., 1995) but the mechanism of action is nets¢ame. Manna and Aggarwal have reported
that p5&* is required for HIV-Tat-induced activation of N8, AP-1, JNK while TNF-induced
activation was found to be p86independent (Manna and Aggarwal, 2000). Vpr proteis
stimulatory effect on the HIV-1 replication as wimassociated Vpr increases transcription from
LTR promoter by delaying cells at the G2 phasehefdell cycle where the LTR is most active
(Hrimech et al., 1999) and exogenous HIV-1 Vpr emotactivates the transcription factors NF-
KB and AP-1 and JNK in macrophages and stimulat&sIHLTR resulting in enhanced viral
replication in the chronically infected promonocytells U1 and macrophages (Varin et al.,
2005). Moreover, Vpr activate transcription throudinect binding with LTR in sequence
specific manner (Burdo et al., 2004). Similarly elope glycoprotein gp120 activate NB-
through kB-IKK pathway following engagement with CD4 (Bosssal., 2002). Recently, it
was demonstrated that NdB dependent gp120 mediated activation of LTR trapson and
HIV replication signals through procaspase 8 (Be¢nal., 2009) which is in line with the
essential and unexpected role of procaspase 8 ikBN&ctivation (Lemmers et al., 2007; Su et
al., 2005).

3.3.D. Chromatin structure and transcription of HIV

Transcription of HIV is prone to be regulated bgdbchromatin structure as it integrates
in the host genome. Studies of chromatin orgamnatiave demonstrated the presence of two
nucleosomes at the viral LTR called nuc-0 and nydérdin et al., 1993). Nuc-0 is found
immediately upstream of the modulatory region amg-f immediately downstream of the
transcription start site. The positioning of nuclemes define two nucleosome-free, open
regions of chromatin in LTR called hypersensitites (HS) called HS2+3 and HS4. HS2+3
correspond to modulatory and enhancer/core promagions while HS4 to leader region
downstream of the transcription start size (Fig. Iiterestingly, nuc-1 is disrupted following
TPA or TNFe treatment (Verdin et al., 1993). Activation of HIVLTR has been reported
following treatment of transiently as well as syablansfected cells and acutely as well as
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latently infected cell lines with HDAC inhibitorsiDAC inhibition results in disruption of nuc-1
and hyperacetylation of nuc-1 histones in the LURIyy et al., 2007).

Thus nuc-1 seems to be constitutively deacetylddgdHDACs in the absence of
activation and acetylated by HATs following actieat Recruitment of HAT and HDACs to
viral promoter is believed to be mediated by midtipost factors. YY1 recruits HDAC1 to nuc-
1 decreasing LTR gene expression through maintenahacetylation status of nuc-1 histones
(He and Margolis, 2002). Other host factors knowmeicruit HDAC1 to LTR to repress HIV-1
gene expression include transcription factor ARAdGtivating Protein-4] (Imai and Okamoto,
2006), C-promoter binding factor-1 [CBF-1] (TyagidaKarn, 2007), c-Myc, Spl (Jiang et al.,
2007), and the corepressor COUP-TF interactingeprd@ [CTIP2] (Marban et al., 2007). NF-
kB is an important transcription factor which is weged by transcriptional coactivators
possessing HAT activity as well as by HDACs. Th& g@bunit of NF<B derives transcription
from LTR while absence of transactivating heteragtisncan result in latency. In the absence of
induction, p50-HDAC1 complexes constitutively bitite latent HIV LTR and induce histone
deacetylation and repressive changes in chromatietgre of the HIV LTR (Williams et al.,
2006). Accordingly, synergistic activation of HIV-@iene expression in latently infected
monocytic and lymphoid cell lines has been reponéth combined treatment of HDAC
inhibitors and prostratrin, a non-tumor-promoting=-kB inducer (Reuse et al., 2009).
Recruitment of HATS, including CBP, P/CAF and GCiNbthe promoter and acetylation of
both histones H3 and H4 occurs following activatibafore the onset of viral mRNA
transcription (Lusic et al., 2003). C/EBP protenesruit coactivators to LTR and physically
interact with HATs suggesting its possible pari@tipn in remodeling the chromatin
organization of the HIV-1 provirus (Lee et al., 200Several transcription factors including NF-
kB, AP-1, Spl, IRF, c-Myc, glucocorticoid recepthFAT, Ets-1, and TCFd/LEF-1 and HIV
protein Tat have been reported to interact with dAdsulting in their recruitment to LTR and

acetylation of nuc-1 histones (Quivy and Van LEQ02).

3.4. Virion assembly, budding and maturation

Assembly of structural protein occurs at the plasmambrane and Gag protein is
necessary and sufficient for formation of noninfees virus-like particles. Gag and gag-pol
polyproteins are transported to the plasma membtan®rm a bud which gives rise to a
spherical immature particle containing the mature §lycoproteins. The PR completes the
proteolytic processing of Gag and Pol proteins Iteguin cone-shaped core characteristic of
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mature HIV-1 virion after budding. HIV-1 assemblgcars on endosomal membranes in the
interior of infected macrophages (Freed and MarB07). Recently it was reasoned that
intracellular structures in which HIV assembly oscare not endosome but are intracellular
plasma membrane domain containing the tetraspaid&l, CD9, and CD53 (Deneka et al.,
2007).

4. HIV Nef protein

The nef gene is highly conserved in all primate lentivesi®.g. HIV-1, HIV-2 and SIV
and encodes a 25-34 kDa myristoylated protein admihd during the early phase of HIV
infection. Nef protein was firstly reported as niga regulator of transcription (Ahmad and
Venkatesan, 1988), thus named as ‘negative falstdrfatter studies determined this protein as a
major determinant of viral replication and HIV-1tpagenesis. Rhesus macaques infected with
SIV virus deficient for Nef have low viral loadsddo not progress to the disease state (Kestler
et al., 1991). Furthermore, the absence of intadt9é¢quences in a described epidemiological
cohort of HIV-1-infected patients with non-prognessdisease clearly substantiates a role for
Nef in disease progression (Deacon et al., 199%hiKpff et al., 1995).

Nef protein contains 206 amino acids with methienat position 1 and glycine at
position 2. Myristylation of glycine at positionrgquired for almost all biological functions of
Nef. One region near the amino terminal has higilmdbance of basic amino acids while two
other regions are rich in acidic amino acids. Iditoin charged amino acids are accumulated in
the central region of Nef. Proline rich motif presen Nef interacts with SH3 domain in

multiple cellular proteins (Fig. 12).
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Figure 12: Structure of HIV-1 Nef

The intracellular efficiency of HIV-1 gene expressiand replication is due in part to the
ability of HIV-1 to co-opt host signaling pathways activate viral transcription. Nef can
modulate HIV-1 transcription via cellular factordsat positively or negatively regulate LTR
activity. Gene expression profiling demonstratest tNef expression upregulated at least 15

transcription factors that can activate the HIV-IR_(Simmons et al., 2001). Exogenous HIV
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Nef and SIV Nef protein stimulates NdB activation in promonocytic cells U937 and MDMs
leading to sustained LTR activation (Olivetta et, &003; Varin et al.,, 2003). Moreover
exogenous Nef protein activates AP-1, and indueerdipid phosphorylation of MAPK family
members (i.e., ERK1/2, p38, and JNK), interferogutatory factor 3 (IRF-3), and both tle
and B subunits of thedB kinase (IKK) complex, required for the activatioh the NF«B
pathway in MDMs (Mangino et al., 2007; Varin et, &003). Thus the features observed in
promonocytic cells and primary macrophages follgvexposure to exogenous Nef are very
similar to those observed following TNF treatmeéBwth exogenous Nef and TNF activate NF-
kB, AP-1 and MAPK, suggesting that they might motrildne cellular machinery in a similar
way and therefore might have the same effect on-HPeplication in mononuclear phagocytes.
In addition, myristoylated Nef and TNik-synergistically activate NkB and AP-1 in
macrophages resulting in enhanced stimulation ef V-1 LTR, and subsequently in
enhanced viral replication via lipid rafts (Herbeinal., 2008). Nef expression has been reported
to activate NFAT. This transcription factor hasodtgeen shown to activate HIV-1 LTR-directed
transcription by interacting with an unusual birglisite that overlaps with the Né&B-
responsive element (Manninen et al., 2000). Speadiivation of STAT1, STAT3 and AP-1 has
also been observed in MDMs (Biggs et al., 1999;eFied et al., 2001; Percario et al., 2003).
Involvement of Ras in Nef-mediated activation ofvHI from latency has also been reported
(Tobiume et al., 2002). Nef may optimize viral tegtion by enhancing Tat mediated gene
expression from the LTR by activating signalinghvedys that result in a concomitant increase
in the activation of general transcription factGfeseph et al., 2005). A recent study shows that
Nef activates Tat-mediated viral transcription thgb a hnRNP-K-nucleated signaling complex
(Wolf et al., 2008).

The HIV infection results in progressive and selectepletion of CD4+ and CD8+ T
lymphocytes culminating with the formation of vinaservoir. Nef protein plays an important
role in these two hallmarks. Nef seems to promb&Killing of bystander cells while at the
same time protecting the HIV-1-infected host cetini cell death. Nef has been reported to
contribute to the depletion of T cells through astapder effect via direct killing effect of
soluble Nef or induction of apoptosis-inducing hga on macrophages and dendritic cells
(DCs). Soluble HIV-1 Nef protein possesses bindaffqhity to the cell surface of a variety of
blood cells including uninfected CD4+T lymphocyt€D8+T lymphocytes and macrophages.
The binding of Nef to the cell surface, upon crisking, induces apoptotic cytolysis of the

cells through a Fas independent pathway (Okadd.,el@97). The myristoylated N-terminal
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region of Nef seems to have severe membrane disogderoperties and when present in the
extracellular medium causes rapid lysisvitro of a wide range of CD4+ and CD4- T cells,
suggesting a role for extracellular Nef in the @#ph of bystander cells (Azad, 2000).
Apoptosis of CD4+ T cells by extracellular Nef mot occurs through CXCR4 surface
receptors and activation of caspase 3 (James,eR@04). Extracellular Nef can also cause
apoptosis of human neurons and primary human hbrasrovascular endothelial cells via
activation of caspases (Acheampong et al., 2008).nhay also play a role in bystander killing
via induction of Fas ligand. Endogenous expressibrNef induces the FasL (Fas ligand)
expression via interaction with the T cell recegeta chain to promotes the killing of bystander
cells (Xu et al.,, 1999). Similarly, it was demomastd that extracellular Nef up-regulates
apoptosis-inducing ligands, such as TdBnd FasL molecules, on DCs for the enhancement of
CD8+ T cell apoptosis via caspase 8 activation (@uta et al., 2004).

Nef can prevent both Fas- and TNF-receptor-medidéadhs observed in HIV-infected
T cells via interaction with the apoptosis sigregulating kinase-1 (ASK-1). Nef inhibits ASK-
1, caspase 3 and caspase 8 activation, resultinigeirblockade of apoptosis in HIV-infected
cells (Geleziunas et al., 2001). In addition, Nefpcecipitates phosphatidylinositol-3-kinase
(PI3K) in 293T cells, especially its p85 subunita wequences present within the N- and C-
terminus of Nef (Wolf et al., 2001). This interaxctileads to the activation of PI3K, which in
turn phosphorylates Bad, the proapoptotic membenh@Bcl-2 family. Phosphorylation of Bad
results in its inactivation and subsequently inisibmitochondrial related apoptosis. Nef-
mediated inactivation of Bad is also dependent lmn dctivation of p21l-activated kinase 2
(PAK2) in T cells. In fact, Nef interacts with PAK2Za its PXXP motif (Renkema et al., 2001;
Wolf et al., 2001). The Nef protection to the HIWMriduced apoptosis in MDMs is also Bad-
correlated (Olivetta and Federico, 2006). Another-apoptotic effect of Nef in T cells involves
the interaction with the tumor suppressor proté&a pia its N-terminal extremity (amino acids 1
to 57), both in the cytoplasm and in the nucleuthefcell. This interaction results in a decrease
of p53 half-life, in a decrease of p53-mediatedhdraiptional activity, and ultimately blocks
p53-mediated apoptosis (Greenway et al., 2002) ebhar Nef can produce survival signal in
myeloid cells through STAT-3 dependent pathway atgb through Erk MAPK pathway
dependent Bcl-XL induction (Briggs et al., 2001;0Cand Smithgall, 2004). So a model can be
proposed in which extracellular Nef protein indwegression of apoptosis-inducing ligand in
macrophages/ DCs for bystander T-cell killing wiple®tecting them from apoptosis. The role
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of Nef in antiapoptotic signaling in macrophages Iaplications in the formation of viral

reservoirs that resist the current antiviral regime
5. HIV-1 cellular tropism

5.1. HIV-1 target cells in vivo and in vitro

Main targets of HIV-1 are CD4+ T lymphocytes, CDeetls of macrophage lineage and
a subset of dendritic cells. A widely used clasatfion classifies viral isolates on the basis of
their tropism. The viral strains which preferabiyeict MDMs are termed M-tropic while which
infect human CD4+ T-cells lines are named T-tropibe viral strains which infect both
macrophage and T-cell lines are called dual-tr¢@icliman et al., 1992). M-tropic viruses are
usually isolated from the individuals early aftemnpary infection and remain the main virus
during asymptomatic phase of HIV-1 infection (Zhuaé, 1993). On the other hand T-topic
viruses are isolated late in the disease coursgpmoximately 40% of the patients (Freed and
Martin, 2007).

CD4+ T lymphocytes are the major target of HIV-pli@tion (Klatzmann et al., 1984)
resulting in their depletion, significant reductiontheir number and immunosuppression during
AIDS. Activation of T cells is believed to be rergd for viral replicationin vitro and the
production of infectious virus from the lymphocytdepends upon its state of activation.
Activation signals from IL-2, IL-4, IL7, or IL-15in the absence of other stimuli, have been
reported to confer HIV-1 susceptibility to restifigcells (Unutmaz et al., 1999). The expression
of HIV-1 co-receptor CXCR4 on PBMC and responsiwsni® SDF-& is up-regulated during T
cell activation (Bleul et al., 1997). Another stuslyows that increased CXCR4-dependent HIV-
1 fusion in activated T cells is correlated witlerieased CD4/CXCR4 association (Zaitseva et
al., 2005). Antigen-mediated T cell activation desu transition of lymphocyte from GO to G1
phase of cell cycle and CD28 costimulation resaltincreased production of IL-2 and
progression through G1, S, and mitosis (Freed aadiV 2007). CD28 costimulation itself has
been reported to increase surface expression of RZX(Secchiero et al., 2000). Absence of
costimulatory signals arrests the cell cycle at /G1a transition point which is required for
productive viral replication (Korin and Zack, 1998)

Dendritic cells (DCs) are antigen presenting cellsich are found in the tissue
particularly those that provide an environmentagiface including skin, genital and intestinal

mucosa. DCs are considered first line of defensgnagsexually transmitted HIV-1 infection as
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they are readily infected after the intravaginalaualation of rhesus monkeys with SIV (Hu et
al., 2000). In addition productiva vitro infection of DCs has also been reported, however i
less productive than cultures of CD4+ T cells (Bigand Steinman, 2007). Moreover the
immature DCs are more susceptible to viral infectisan mature cells (Granelli-Piperno et al.,
1998). In fact, the expression of different surfat&rkers is dependent upon subset of DCs and
their activation stage. Different mechanisms hagenbreported as a basis of restricted HIV-1
infection of mature DCs including downregulation@ERS5 (Cavrois et al., 2006) and increase
of APOBEC3G (Pion et al., 2006). Moreover DCs egprBC-SIGN which has the capacity to
retain the virions for subsequent transfer to lyogytes termedransinfection (Geijtenbeek et
al., 2000).

5.2. Role of monocyte/macrophages in HIV pathogenesis

The ability of cells of the human monocyte/macraghdineage to host HIV-1
replication while resisting direct lysis by the war and apoptotic cell death is believed to
contribute to their ability to serve as a reserJoirviral replication in the host (Verani et al.,
2005). The development of these stable antirembugsistant cells represents the major obstacle
in achieving a complete sterile cure. Macrophagedtse earlier targets of HIV-1 which has the
potential to transmit the virus to T cells. Produetand latent HIV-1 replication of tissue
macrophages and brain macrophages in infected npmtieas been reported. Accordingly,
MDMs are productively permissive fan vitro viral replication (Cassol et al., 2006). In
addition, survival signals are activated in HIVritected macrophages. HIV-1 infection render
macrophages resistant to TNF and cycloheximidededwapoptosis through activation of NF-
kB (DelLuca et al., 1998). Absence of apoptosis icno@hages by HIV-1 was correlated with
upregulation of Bcl-x(L) through NkB dependent mechanism (Choi and Smithgall, 2004;
Guillemard et al., 2004). Activation of Bcl-2 dugirHIV-1 infection of macrophages has also
been reported (McElhinny et al., 1995). The abibfymonocytes/macrophages to migrate to
organs and reside in tissues contributes in dission of virus to CNS, lymph nodes, lung,
bone marrow, and gastrointestinal tract. The micagay act an important HIV-1 reservoir in
patients under highly active antiretroviral thergdpWART) treatment due to inefficient transfer
of drugs across blood-brain barrier. Thus virakresirs in macrophages may contribute to the

rebound of plasma viremia after cessation of ddmiaistration (Freed and Martin, 2007).

Progressive depletion of both CD4+ and CD8+ popuriatof T cells is a characteristic

feature of HIV-1 infection. Direct lysis of infeatel cells and apoptosis or programmed cell
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death of bystander cells has been proposed asntterlying mechanism of this T cell loss in
HIV-1 patients. Death of bystander cells may occtimough proapoptotic virus proteins,
infected cells derived cytotoxic factors, and atkexpression of cellular apoptosis regulatory
proteins by lymphocytes and antigen presentings aedpecially macrophages. Soluble factors,
especially those produced by macrophages play portant role in the induction of cell death.
Macrophages are cellular reservoirs for HIV-1, amd particularly implicated in the death of
CD4+ and CD8+ T cells during HIV-1 infection (Henhe2006; Lum and Badley, 2003).

5.3. Replication of HIV-1 in macrophages

Macrophages and T lymphocytes are important targétsllV replication but viral
replication cycle of HIV-1 in these cell types @éif§ considerably as the cellular milieu of
macrophages is not the same as lymphocytes in tefsgrface receptors, signal transduction,
transcriptional factors etc. Thus viral replicatiormacrophages has peculiar characteristics that
help it to act as a viral reservoir and site ofivpersistence. HIV-1 infection of MDMs shows
slow and progressive kinetics of viral replicati@voliman et al., 1992). HIV-1 infected MDMs
continue to produce infectious virions at a lowleut steady, rate throughout the course of
culture (Marchant et al., 2006). Infection of MDMsth M-tropic virus BAL results in linear
increase in HIV-1 expression overtime with a petklay 14 postinfection (Bagnarelli et al.,
1996).

HIV enters macrophage through membrane fusion Mieraction of envelope protein
gp120 with CD4 and CCR5/CXCR4. Macrophage tropisR® HIV strains is believed to link
with the expression of CCR5 on macrophages. Intfecitonformation of CXCR4 is expressed
as monomer on the T cells while high-molecular-Wwegpecies on macrophages which does not
interact with CD4 and is less efficient for viraltey (Schmidtmayerova et al., 2007). Although
most laboratory adapted X4 strains are unablegbcege in macrophages, productive infection
of tissue macrophages by primary X4 HIV-1 isoldtias been reported (Jayakumar et al., 2005).
In fact conformation of gp120 has been reported basis of differential capacity of X4 virus to
infect macrophages (Ghaffari et al., 2005). Anothmeport shows that susceptibility of
macrophages to X4 strains depends upon its adivatate (Bakri et al., 2001).

Reverse transcription of HIV-1 in macrophages asvelr than T cells. In fact virus uses
the cellular dNTP pool for its proviral DNA syntli®svhich is much limited in non-dividing
macrophages (Rich et al., 1992; Schmidtmayeroval.e2007). Nucleotide concentrations in
macrophages has been demonstrated to be 130-2b0ofeér than activated human CD4+ T
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cells (Diamond et al., 2004). In addition Vpx ha&eb reported critical for reverse transcription
of HIV-2 in MDMs. Vpxminus mutant directed the synthesis of viral DNé#mparably and
normally with WT virus in lymphocytic cells, no amggiable viral DNA was detected in MDMs
infected with the mutant (Fuijita et al., 2008). Mac import of newly synthesized viral DNA in
macrophages is independent of mitosis and regRil€scomposed of viral and cellular protein.
The PIC is transported to the nucleus through mang®res via an active, energy-dependent
mechanism (Bukrinsky et al., 1992). The viral pragepresent in the PIC including IN, MA, and
Vpr, contain sequences which serve as nuclearitat@n signals for nuclear import through
importin-a/B. Recently, it was shown that nuclear import of \gyr importine is crucial for
HIV-1 replication in macrophages (Nitahara-Kasahataal., 2007). Inner nuclear-envelope
protein, emerin, is another important factor foficg#nt interaction of viral DNA with host
chromatin in macrophages. Infection of macrophdgeking emerin resulted in insufficient
integration (Jacque and Stevenson, 2006). Anothetysreported little role for emerin in
dividing cells and demonstrate that this is notvarsally important for HIV-1 infectivity (Shun

et al., 2007) indicating a possible role for eménimacrophages only.

Transcription of HIV genome is regulated by intagpbf a number of host factors which
are differentially present in macrophages and Tsg&ohr et al., 2003). One of these factors
which regulate HIV transcription is CCAAT/enhancbmding proteins (C/EBPs) which
regulates transcription from LTR. C/EBPs proteird asites have been reported as unique
macrophage-specific regulatory mechanism for Hikéflication as these are required for HIV-
1 replication in macrophages but not CD4+ T céiler{derson and Calame, 1997). Consistently,
dominant negative isoform of C/EBP induced by Mycobacterium tuberculosis
lipopolysaccharide, or IFI8-inhibits HIV-1 transcription (Honda et al., 1998h line with
above studies, C/EBPgene expression was predominantly localized to ropages in
intestine of SIV infected macaques (Mohan et &08). Cell type specific regulation of LTR by
Sp-1 (McAllister et al., 2000) and AP-1 has alserbesported (Canonne-Hergaux et al., 1995).
Another study demonstrates that selectively reduaethRNA expression with a concomitant
decrease in Tat activity is responsible for thelidedn productive HIV-1 infection in MDMs
(Sonza et al., 2002).

Finally, the progeny virus is released from thespla membrane in lymphocytes while
in case of MDMs virions are accumulate in intrapj@smic vesicles where they are
accumulated (Orenstein et al., 1988). The rele&seras is thought to occur through fusion

between membrane of intracytoplasmic vesicles dasghpa membrane (Raposo et al., 2002).
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Virions assembled intracellularly retain infectyifior extended period of time (Sharova et al.,
2005) and virus has developed strategy to avoudifas@tion of these compartments unlike virus
free compartments in the same infected cell (Joetval., 2007). Thus understanding the
replication of HIV in macrophages may reveal neerépeutic targets and may help to eliminate

these viral reservoirs from AIDS patients.

5.4. Determinants of macrophage tropism

The permissiveness of macrophages to HIV-1 infaasaattributed to cellular factors as
well as viral determinants located in the glycopiotgp120. Natural variation in third variable
region of gp120, V3 loop, is associated with deseedafitness in primary macrophages (Lobritz
et al., 2007). Another study linked X4 or R5 traopisvith the charge of residues 11, 24, and 25
of the V3 loops from primary isolates and suggbkat & positively charged amino acid at these
positions defines X4; otherwise R5 tropism (Cardetal., 2007). Recently, role of Vpx to
counteract antiviral block to lentivirus replicatioin macrophages was reported through
targeting of VprBP-associated Cullin 4 ubiquitigdse to enable efficient reverse transcription
(Srivastava et al., 2008) and through damaged Dh#ihg protein 1 [DDB1] (Sharova et al.,
2008).

Monocytes and macrophages are differentially pesivésfor HIV-1 replication. In fact
different combinations of transcription factors g@et in different physiological or activation
stage may regulate HIV LTR in a distinct mannerplRation of HIV-1 in monocytes is limited
and efficient replication in MDMs requires full tfentiation (Rich et al., 1992; Schuitemaker
et al., 1992). A number of changes occur in celirdu differentiation from monocytes to
macrophages which might be linked with macrophagrenssiveness to HIV-1. Expression of
CCRS5 increases during differentiation of monocytartacrophages and is thought to mediate
macrophage susceptibility to HIV-1 infection (Tatét al., 1998). However, viral entry may not
be the only factor limiting viral replication in mocytes as postentry block in monocytes has
also been reported. HIV-1 based vectors pseudotyptdVSV-G envelope, which enter the
cells by endocytosis bypassing HIV-1 receptor/aeptor, were unable to transduce freshly
isolated monocytes (Neil et al., 2001). In additidnwas demonstrated that inability of X4-
tropic viruses to infect macrophages correlate \wald conformation of the CXCR4 present on
the macrophages which were unable to associate @i for efficient viral entry (Lapham et
al., 1999). APOBEC3 family has emerged as an inapbrpostentry restriction factor in the
recent years and has been reported as criticalrfacimonocyte resistance to HIV infection. It
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was shown that APOBEC3G and APOBEC3A expressionhayiely expressed in monocytes
and diminishes during differentiation into macrogpés. Consistently, APOBEC3A silencing
reversed the monocyte resistance to HIV infect®eng et al., 2007). Other cellular restriction
factor against HIV-1 infection is TRIM5 which binds to incoming retroviruses via its C-
terminal PRY/SPRY domain and recruits them to tt@gasome resulting in their degradation

before synthesis of viral DNA can occur (Huthoftlarowers, 2008).

In addition, expression pattern of cellular factoeguired for transcription from LTR
changes during macrophage differentiation. ®~p50 homodimers is constitutively expressed
in freshly isolated monocytes while their differi@tibn into MDMs and alveolar macrophages
results in activation of transcriptionally activésQdp65 heterodimers while decreasing p50
homodimers (Lewin et al., 1997). Similarly, HIV edtion resulted in activation of p50/p65
heterodimers in MDMs but not in monocytes (Lewirakt 1997). In addition the ratio of Sp1 to
Sp3 increases during differentiation of monocytesntacrophages (Kilareski et al., 2009).
Another important factor which is require for HIVe&plication in macrophages is Tat cofactor
Cyclin T1 which is induced during monocyte diffetiation (Yu et al., 2006). However, another
study was unable to rescue Tat transactivation fdaystent expression Cyclin T1 in
undifferentiated monocytes suggesting that CycThas the only limiting factor of HIV-1
infection in monocytes (Dong et al., 2009). It vediserved that the CDK9 expression remained
constant during monocyte differentiation but phasplation of CDK9 was enhanced, which
correlated with significantly increased HIV-1 infen in macrophages (Dong et al., 2009).
Thus differentiation of monocytes to macrophagesiltein enhanced expression of positive

regulators while decreased expression of negatigelators of HIV replication.

6. NF-kB signaling pathway and HIV-1
6.1. NF-kB regulated transcription from HIV-1 LTR

NF-kB is believed an important pathway for the regolatof LTR activity and is a
potential candidate for antiviral therapy. MB-activates the LTR transcription through two NF-
kB binding sites present in the enhancer of LTR ramtktion of NFkB sites abolishes the LTR
activity (Nabel and Baltimore, 1987xBa super-repressor mutant which interferes with -
activity has been reported to reduce HIV-1 repiwatin Jurkat cells (Kwon et al., 1998).
Inhibition of NF«B activity through dominant-negativa&cBa reduces HIV transcription in
macrophages as well (Asin et al., 2001). In addjtidIV-1 expressing a proteolysis-resistant
IxBo (IkappaB-alphaS32/36A) reduced viral expressiod aas highly attenuated in both
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Jurkat and peripheral blood mononuclear cells (@uiet al., 1999). Accordingly, it was
demonstrated that the replication of SIVmac239s/expressing a proteolysis-resistant inhibitor
of NF«B, IkB-alphaS32/36A, was inhibited in cell cultures andhe SIV macaque model of
AIDS (Quinto et al., 2004). In line with above finds, occupancy of HIV enhancer by p50/p65
heterodimer is required for LTR transcription inetgid cells (Jacque et al., 1996).

However some previous studies demonstrated displensale of NF«B in HIV-1
replication as deletion and mutation of NB-binding sites in HIV-1 promoter did not impair
viral replication (Leonard et al., 1989; Ross et 4991). In fact the LTR sequences are
optimized to suit a specific nuclear environmend aaquirement of NkeB in the transcription
of HIV-1 has been reported to be dependent uporuatmaf constitutive nuclear NkB in the
cells. HIV-1 replication seems to be more dependeniF«B in cells with high basal level of
NF-kB while independent of NkB in cells with low level of NR<B activity. A panel of T-cell
lines with different basal levels of NéB was infected with WT and NkB mutant viruses and
it was demonstrated that mutation of NB-sites significantly decreased the viral trangaip
in one T-cell line with a constitutively high levet NF«B, PM1, while another T-cell line with
a low basal level of NkB, SupT1, did not show any effect on viral transton or growth rate
(Chen et al., 1997). It is likely that other tramgtion factors, probably present in more amounts
in cells with low NF«B activity, are compensating for absence of #fFon LTR of mutant
viruses. Verhoeét al.isolated a fastly replicating mutant with one-raatide deletion in NkB
binding site from long-term culture of Tat-mutantug and found that the loss of NB-
binding activity correlated with binding of anothteanscription factors GABP (Verhoef et al.,
1999). Accordingly, introduction of GABP site inrus yielded a gain of fithess in SupT1 cells,
known to contain low level of NkB activity (Verhoef et al., 1999).

In fact, deletion of all NReB and Sp-1 binding sites resulted in incompetemalvi
replication (Leonard et al., 1989) indicating thatding sites of different transcription factors in
LTR possess functional redundancy which ensures viplication in different cell types and is
capable of changing depending on the particularbooation of transcriptional factors present
(Ross et al., 1991). Accordingly, cooperation betw®&F«B and Sp-1 has been reported to
result in activation of HIV-1 LTR (Perkins et al1993). Similarly, NF<B and AP-1
synergistically transactivates the HIV-1 LTR thrbuthe NF«B binding sites during signal-
dependent activation of HIV-1 replication in latgninfected U1l cells (Yang et al., 1999).
Moreover IRF-1 form a functional complex with NiB- at kappaB sites of LTR and is required
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for full NF-xB-mediated LTR transcription (Sgarbanti et al., @00NF«B occupancy at LTR
has also been reported to be modulated by FoxPiBn@scet al., 2007).

As nuclear/cytoplasmic shuttling is required foficéént NF«B activity, it was shown
that inhibition of nuclear export by leptomycin Bsults in accumulation okB and p65 in
nucleus resulting in inhibition of HIV-LTR dependetranscription and HIV replication in
CD4+ T lymphocytes (Coiras et al., 2009). Anothecent study reports a novel NB-
independent control of HIV replication byB. It was observed thakBoa negatively regulates
the HIV-1 expression and replication by directlynding to Tat, which results decreases
transcriptional potential of Tat (Puca et al., 200rhibition of NF«xB pathway by multiple
approaches has been reported to inhibit HIV-1 cagbn. Inhibition of NF<B by RelA-
associated inhibitor (Takada et al., 2002) and [IKKibitor noraristeromycin has been reported
to inhibit HIV-1 replication (Asamitsu et al., 2008oreover, proteosome inhibitors known to
inhibit NF«B activation can block HIV transcription as well(¥t al., 2009). In addition a
number of viral proteins including Tat, Vpr, Nefdagp120 are associated with an increase in
the binding of NFRe¢B to its consensus sequences in the viral promieseriting in activation of
LTR and viral replication (Bossis et al., 2002; Manand Aggarwal, 2000; Varin et al., 2005;
Varin et al., 2003).

6.2. NF-kB regulated transcription from LTR by coinfections

HIV-infection is related with severe immune supgres and HIV infected individuals
are exposed to a number of opportunistic and ngoapnistic infections. As NkB is
activated in response to different pathogens, asteon and synergism between HIV-1, other
pathogens and their proteins may enhance HIV-licamn through activation of NkB and

may fuel the progression of HIV infection.

Activation of NF«B and HIV-1 transcription from LTR has been repdrite response to
a number of viral infections. HSV infection (Gimtgeal., 1988; Schafer et al., 1996; Vlach and
Pitha, 1992) and its IE proteins ICPO and ICP4 @das et al., 1992) and StpC protein
(Raymond et al., 2007) have been reported to detiMdV/-1 LTR activity. Role of NReB in
HSV-induced LTR activation was confirmed using &Klinhibitor (Amici et al., 2004).
Moreover HHV-6 infection (Ensoli et al., 1989), CME1/E2 proteins (Dal Monte et al., 1997)
and EBV EBNA2 (Scala et al., 1993) can also aatiatR activity through NReB binding
sites. In addition HBV (Gomez-Gonzalo et al., 208iddiqui et al., 1989), and influenza virus
(Flory et al., 2000; Sun et al., 2005a) have alBsentreported to activate HIV-1 LTR in T cells.
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In addition HTLV-1 protein Tax (Cheng et al., 1998)d FLICE (Sun et al., 2005b) can activate
HIV-1 replication in T cells in NReB dependent manner. Other viruses known to regtiife

1 transcription through NkB include human foamy virus (Marino et al., 1998)st Nile virus
(Kesson and King, 2001), VZV (de Maisieres et 4098) and vaccinia virus (Chang et al.,
1994). As HIV-1 and many of these viruses prefgratfiect distinct cell types, relevancy of the
results in HIV-1 disease process is always questiorlowever, the findings of transactivation
of HIV-1 LTR by CMV IE1 protein in U937 cells seemslevant as both viruses replicate in
macrophages (Kim et al., 1996).

An interesting study demonstrated that HSV virioontact with HIV-1 infected
macrophage was able to activate HIV-1 expressiaacutely infected MDMs. They show that
infectious or heat-inactivated HSV type 1 or 2 amms induced HIV-1 expression in NdB
dependent manner and neutralizing antibodies toH8¥ glycoprotein gB or gD markedly
attenuated these virion-mediated effects on HI\(ression in macrophages (Moriuchi et al.,
2000). In fact the viral proteins found in sergpatients for example HIV Nef protein and HCV
core protein (Fujii et al., 1996; Pivert et al.,0B) may have important implication in the

progression of AIDS process through a bystandehar@sm.

Other stimuli including bacteriycobacterium tuberculosi@Bernier et al., 1998a) and
Mycobacterium aviuniGhassemi et al., 2000; Ghassemi et al., 2003yojglgasma and its lipid-
associated membrane proteins [LAMPs] (Shimizu et28l04), and parasite Leshmania (Bernier
et al., 1998b) have also be reported to activatestiription from HIV-1 LTR.
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V. HIV/HCV coinfection

HIV-1 and Hepatitis C virus (HCV) are major heafiftoblems and establish persistent
infection in the host. Owing to same route of trarssion coinfection of HIV-1 and HCV is
common. However prevalence of HIV-1/HCV coinfectiomaries in different HIV
subpopulations ranging from <10% in homosexual miile >80% in injection drug users
(Sulkowski and Thomas, 2003).

1. Virological interaction between HIV-1 and HCV

1.1. Impact of HIV-1 on pathogenesis of HCV disease

HIV-1/HCV coinfection is believed to accelerate H@Wuced liver disease. Immune
suppression resulting from HIV-1 infection can emt& HCV replication and impair HCV
clearance. Higher HCV viral load has been repoitedoinfected patients as compared with
those infected with HCV alone (Bonacini et al., 99%herman et al., 1993). Interestingly, the
increase in viral load in coinfected patients datexl with decrease in intrahepatic CD4+ cell
count (Canchis et al., 2004). Moreover, HCV haslsstected in two major target cell types of
HIV-1 replication, monocytes/macrophages and lynigploells, in co-infected patients (Laskus
et al., 2000). Primary human macrophages havelssa shown to be permissive farvitro
HCV replication and preceding as well as near-siamgous HIV-1 infection make the
macrophages more susceptible to HCV infection (Lask al., 2004).

In addition progression of fibrosis is more rapidcoinfected patients as compared to
HCV mono-infected patients (Benhamou et al., 1988gham et al., 2001; Sulkowski et al.,
2007). Similarly, onset of cirrhosis has been reggbto be unusually rapid during HIV-1/HCV
coinfection. It was observed that mean intervaimfrestimated time of HCV infection to
cirrhosis was 23.2 years in HIV-negative while §&ars in HIV-positive patients (Soto et al.,
1997). Moreover, progression to hepatocellular inara occurs at a younger age and after a
shorter period of HCV infection in subjects coiritet with HIV (Garcia-Samaniego et al.,
2001). The reasons for acceleration of liver disgasHIV-1/HCV coinfected patients are not
clear. However, a number of mechanisms includirrgatliviral effects, dysregulation of the
immune system toward a profibrotic state, and m®eein rate of apoptosis have been proposed
(Kim and Chung, 2009). As several liver types idahg hepatocytes have been reported to be
permissive for HIV-1 replication, direct interaatidoetween both viruses in the liver is likely

(Blackard and Sherman, 2008; Xiao et al., 2008).rddwer indirect interaction between
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exogenous viral proteins of both viruses might dbaote in the pathogenesis of HIV-1/HCV
coinfection. The apoptosis of hepatocytes via sertainding of HIV-1 glycoprotein gp120 and
HCV envelope protein E2 has been demonstrated X{aR5 (Munshi et al., 2003).

1.2. Effect of HCV on pathogenesis of HIV-1 disease

Similar to the effects of HIV-1 on HCV infection,GY has also been reported to
increase the clinical progression of HIV-1 disease&wiss cohort study of 3111 HIV-infected
patients out of which 1157 were coinfected with HGWowed that the probability of
progression to clinical AIDS or to AIDS-related tleare independently associated with HCV
seropositivity. In contrast, smaller CD4-cell reeovy was also correlated with HCV
seropositivity indicating the possible role of law@D4+ count in accelerated progression to
AIDS (Greub et al., 2000). Other studies, althougth less number of patients, show similar
results (Daar et al., 2001; De Luca et al., 20@5€ns et al., 1999; Piroth et al., 2000). Another
study show that HIV disease progression differsH@N genotype and is especially faster in
individuals whose HCYV infection involves more thame HCV genotype (van Asten and Prins,
2004). In addition HCV infection influences thedwbility of HAART negatively. Around 30%
of patients discontinue antiretroviral therapy tméepatotoxicity and HCV increases the risk of
hepatotoxicity and discontinuation rates in coitdecpatients (Roe and Hall, 2008). Incidence
of HCV in patients with hepatotoxicity associatedthwantiretroviral therapy was 43%
(Sulkowski et al., 2002). The effect of HCV infextion HIV-1 replication is not known.

2. Hepatitis C virus (HCV)

HCV infection is an infection of liver resulting ichronic hepatitis and many of which
leads to cirrhosis and hepatocellular carcinomainfiects 170 million people worldwide
corresponding to 3% of world population. The virsigfficiently transmitted through large and
repeated percutaneous exposures to blood e.gfusams or transplantation from infectious
donors, illicit injection drug use. The transmissibas been reported to be less efficient by
single small-dose percutaneous exposures (e.gidemtal needle sticks) or by mucosal
exposures to infected fluids (e.g., from mother dbild, through sexual intercourse).
Interestingly, coinfection with HIV increases ttaa of transmission four- to fivefold (Lemon et
al., 2007; Pawlotsky, 2004).

HCV is a RNA virus classified in the familfaviviridae under the genus Hepacivirus.

HCV virion is roughly a spherical particle of 55-6&m in diameter with a icosahedral
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nucleocapsid surrounded by lipid-containing envelamntaining viral glycoproteins in the
shape of spike-like projections (Kaito et al., 19iral genome consists of a 9.6 kb single-
stranded, positive-sense RNA genome with a singkgel ORF which encodes a large
polyprotein with short 5 and 3’ nontranlational RNNTR) segments. Replication of HCV
occurs in the cytoplasm and the viral genome ach@ssenger RNA following its release in the
cytoplasm. Translation of ORF is mediated by bigdaf the ribosomal 40S subunit with an
internal ribosome entry site (IRES) present inBhRTR (Lemon et al., 2007).

The amino-terminal region of polyprotein comprigestuctural proteins (Core, E1, E2)
and central region include p7 and NS2 which areired for viral morphogenesis and release
but are not essential for RNA replication. Carbdegyminal that comprises the nonstructural
proteins (NS3, NS4A, NS4B, NS5A, and NS5B) requifed RNA replication. The large
polyproteins is co- and post-translationally preeesby cellular and viral proteases to produce

individual proteins (Lemon et al., 2007).

2.1 HCV cellular tropism

The major site of viral replication is liver witliné abundant presence of viral RNA.
Presence of viral RNA and viral proteins (core, N8B the infected hepatocytes has been
showed with highly sensitive isitu hybridization and immuohistochemistry techniquieal (et
al., 2006). Some studies have demonstrated theenmesof viral antigen, viral RNA and
negative-strand HCV RNA in PBMCs, biliary epithéla sinusoidal lining cells, lymph nodes,
spleen and brain indicating that HCV is not limitedhepatocytes (Laskus et al., 2000; Nouri-
Aria et al., 1995; Okuda et al., 1999; Pal et 2006). However the replication of HCV in
extrahepatic sites remains controversial and isfulbt established yet. A number of studies
demonstratedn vitro replication of virus in human hepatoma lines amanary cultured
hepatocytes but the viral production was not rolfBattenschlager and Lohmann, 2001). More
recently, some robust culture systems have beeelafmd (Lindenbach et al., 2005; Zhong et
al.,, 2005). In addition HCV can replicate in Ilympdho(Sung et al., 2003) and
monocyte/macrophage cultures (Laskus et al., 2004¢cent study demonstrate the presence of
HCV monocytic reservoirs in peripheral blood of HOkfected patients (Coquillard and
Patterson, 2009).

2.2 HCV core protein

Core protein is a major structural protein of HCWieh form the nucleocapsid. It is
generated from the amino-terminal of precursor paliein after cleavage by a host signal

91



Review of Literature

peptidase yielding the immature form of the proteimich is further processed by a host signal
peptide peptidase, yielding the mature form of phetein (Dubuisson, 2007). The proteins in
found in sera of infected patients (Laperche et28l05; Leary et al., 2006; Pivert et al., 2006)
and is released from tissue culture cell lineslgtakpressing the HCV core protein (Sabile et
al., 1999).

Core protein is important for viral replication @asparticipate in viral RNA synthesis
through its interaction with viral RNA polymeradéafng et al., 2009), in encapsidation of the
viral genome through interaction with 5-UTR (Fah a&., 1999) and in virus assembly. In
addition core protein has multiple effects on sligtmansduction, transcriptional activation,
apoptosis and cell cycle regulation. HCV core protactivates a number of cell signaling
pathways including NkB, AP-1, (Kato et al., 2000), JNK (Park et al., 2))0Raf1l/MAPK
(Aoki et al., 2000), STAT3 (Yoshida et al., 200¥ynt/B-catenin pathway (Fukutomi et al.,
2005), androgen-receptor signaling (Kanda et &l082, PI3K signaling (Alisi et al., 2008). It
has been reported to modulate the immune systesaghrinhibition of T cell responsiveness
and IFNe mediated antiviral activity (Irshad and Dhar, 2D0Bnportantly, core protein has
transformation potential as shown in cell cultuystems and this protein has been reported to

alter several pathway potentially implicated inabangenesis (Levrero, 2006).

2.3. Activation of NF-kB during HCV infection

HCV core proteins can activate or inhibit MB-activation which seems dependent upon
cell type and/or the genotype of the virus. HCVecarotein has been reported to enhance
lymphotoxinf receptor and TNIle-triggered NF<B activation. In addition HCV core protects
cells from Fas and TNE-nduced apoptosis partially through activatiomé+xB (Marusawa et
al., 1999; You et al., 1999). Another study showet HCV core protein interacts with TNFR1
signaling complex and potentiates ThfAduced NF«B activation through TRAF2-IKR-
dependent pathway (Chung et al., 2001). It was shbat overexpression of HCV core proteins
activates NFReB through TRAF2/6 and IKK dependent pathway as dominant negative form of
IKK B and TRAF2/6 significantly blocked HCV core protemduced activation of the NkB
pathway (Yoshida et al., 2001). In addition coret@in may enhance N&B activation due to
Hbx (Kanda et al., 2006) or alcohol (Kim et al.02]. In contrast some studies have reported
inhibition of NF«B in response to HCV core proteins. HCV core proieierferes with IKK
signalsome and IKK kinase activity resulting in NkB inhibition (Joo et al., 2005).
Accordingly some other studies have also reporedition of NFxB by HCV core (Lasarte et
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al., 2003; Shrivastava et al., 1998). The diffeeehetween different studies is not fully known
but genetic variation might be a reasonable expilam&Mann et al., 2006; Ray et al., 2002).

In recent years, constitutive activation of NB-has been reported to be implicated in
hepatic oncogenesis through transcriptional regulatof genes involved in cellular
transformation, proliferation, survival, invasiand metastasis (Arsura and Cavin, 2005). HCV
infection may also induce this process as higheguency of NReB nuclear staining has been
observed in HCV-infected liver tissues than in nakmssues (Tai et al., 2000). HCV core
protein activates NikB and protects cells from TNF induced apoptosish&patocytes
(Marusawa et al.,, 1999; Tai et al., 2000). Actigatiof NFxB by core proteins may have
important implications in HCV pathogenesis. HCVearduced NFR¢B activation could confer
resistance to TNle- -induced apoptosis in HCV core-transfected cellai (et al., 2000). In
addition it induces the expression of INOS, prod amti-inflammatory cytokines through NF-
kB (de Lucas et al., 2003; Dolganiuc et al., 2068}V core proteins may induce proliferation
of hepatoma cells through enhancement of TF&pression in NkB dependent manner (Sato
et al., 2006).

In addition to HCV core protein some other HCV pins can also activate N&B but
HCV core protein has been reported to have thengéist effect in reporter assay (Kato et al.,
2000). Other proteins of HCV known to activate NB-include non-structural protein 2 [NS2]
(Oem et al., 2008), NS3 (Hassan et al., 2007; Lal.eR008); NS4B (Li et al., 2009), and NS5A
(Waris et al.,, 2003). NS5A has been reported tcaeod HCV core protein induced NB-
activation (Liao et al., 2005a). In line with abostated studiesn vitro HCV infection of
primary hepatocytes has been reported to activ&&BNand upregulated NkB-responsive
genes (Guitart et al., 2005).
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1. Reagents

Anti-p50, anti-p65, anti-RelB, anti-c-Rel, anti-p5and anti-Bcl-3, and the single-
stranded NFReB oligonucleotide and mutated oligonucleotide weuechased from Santa Cruz
Biotechnology (Santa Cruz, CA). AniBa, anti-phosphowBa, anti-IKKa, anti-IKKB, anti-
IKK y, anti-p- IKKy, anti-p-IKKaf3, and anti-TRAF proteins were purchased from CigJh&ling
Technologies (Beverly, MA); anti-plKéK was purchased from Abcam (Cambridge, UK), anti-p-
IKKB was purchased from US Biological (Swampscatt, MAnd peroxidase-conjugated
secondary anti-rabbit and anti-mouse immunoglobulirere obtained from Jackson
ImmunoResearch (West Grove, PA). Antibodies agaittigtl Nef and HCV core protein were
provided by Chemicon/Millipore (Temecula, CA) andSUbiologicals, respectively.
Recombinant myristoylated Nef protein derived fr@R-2 HIV-1 strain was purchased from
Jena Bioscience (Jena, Germany) and recombinant et€& protein was purchased from US
biologicals (Swampscott, MA). A scrambled contrpb2, and Bcl-3 siRNA duplex were
purchased from Santa Cruz Biotechnology. All otheagents were obtained from Sigma-
Aldrich (St. Louis, MO) unless stated otherwiseripteeral blood and human AB serum of a
healthy donor was provided by Etablissement Frandai Sang (EFS), Bourgogne Franche-
Comté, France. Cell culture flasks and cell scrmpeere purchased from Nunc (Roskilde,

Denmark).

2. Cell culture
2.1. Isolation and culture of monocyte-derived macrophages

PBMCs were isolated by Ficoll gradient centrifugatias previously reported (Herbein
et al., 1998). Blood from a healthy donor was étutvith equal amounts of PBS (phosphate
buffered saline), overlaid on Ficoll medium (EumblLes Ulis, France), and centrifuged at
900xg for 30 min at 25°C. The PBMC band was removed wadhed twice with PBS. Cell
count was determined by Malassez cytometer (Pdip)l &trasbourg, France) and the cells were
resuspended in serum-free RPMI-1640 medium. This gedre plated in plastic cell culture
flasks and incubated at 37°C. After 2 h, nonadhecelis were removed in order to enrich the
culture for monocytes. Adherent cells were washgd sterile PBS and cultured in RPMI-1640
medium supplemented with 10% (v/v) human AB serymenicillin (100 I1U/ml), and
streptomycin (100 pg/ml) for 7-10 days to allow timeonocytes to differentiate into

macrophages.
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2.2. Cell lines

Promonocytic cells U937 were obtained from the Auozar Tissue Cell Culture
Collection (ATCC, Manassas, VA) and the promonacgell line U1 cells were a gift from Dr.
C. Van Lint (Université Libre de Bruxelles, Belgiiumrhe U1l cells are derived from cells
surviving acute infection of the U937 cell line,ntains two integrated HIV copies per cells
(Folks et al., 1988). U937 and U1 cells were calidd in RPMI-1640 supplemented with 10%
fetal bovine serum, 1% L-glutamine and 1% penioidlireptomycin. MRC5 human fibroblasts
were obtained from BioMérieux (Marcy I'Etoile, Fia). MRC5 human fibroblasts were
cultured in MEM supplemented with 10% FBS, penicill100 1U/ml), and streptomycin (100

pa/mi).

3. Preparation of viral stock
3.1. HCMV

Cell-free virus stock was prepared by propagatog trains of HCMV (high passage
laboratory strain AD169; a clinical isolate HCMV-DBB40/E; and TB40/F) in MRC5 human
fibroblasts as previously described (Coaquette let 2004). AD169 is a highly passaged
laboratory strain of HCMV originally isolated fromte adenoids of a child (Murphy et al.,
2003). The clinical isolate HCMV-DB used in thisudy was isolated from a cervical swab
specimen from a 30-year-old pregnant woman. Vitaiiss TB40/E and TB40/F were kindly
provided by Dr C. Sinzger, University of Tuebingdmuebingen Germany. Strains TB40/E and
TB40/F have been developed by 22 passages in exidbtbells and fibroblasts, respectively
(Sinzger et al., 1999b). MRC5 cells were infected3@°C with a viral isolate when the
monolayer was confluent and virus was collected nwingtopathic effects were >90%.
Supernatants were clarified by centrifugation atutesl at —80°C until use. Virus titers were
determined by plaque-forming assay in MRC5 humdmobklasts as previously described
(Arrode et al., 2002).

3.2. HIV

HIV-1 stock was prepared by propagation of HIV-188train in MDMs cultures as
described previously (Crowe et al., 2004). HIV 8B.& laboratory-adapted macrophage-tropic
strain of HIV-1 (Collman et al., 1992). MDMs culas were infected on days 7-10 following
isolation with viral stock overnight at 37°C in BSLlab. Fresh medium was added to the

culture the following day. Half of the supernataméis collected on day 7, 14, and 21

96



Materials and Methods

postinfection and the culture was supplemented fstbh medium. Supernatants were clarified
by centrifugation, filtered through a 0.4 filter, aliquoted, and stored at —80°C until use.
Concentration of capsid protein p24 in viral stockss measured by an ELISA assay
(Innogenetics, Gent Belgium).

4. Measurement of viral replication
4.1. Real-time PCR for quantification of HCMV titer

Quantification of HCMV titer in cell culture supextants was performed by real-time
PCR as previously described (Coaquette et al., )20DKMIA was extracted from 100 ul of
supernatant using the KingFisher automatic instninf@hermo Labsystems, Finland) and a
QIAamp kit (Qiagen Inc., Valencia, CA) accordingth@ recommendations of the manufacturer.
After elution in 100 pl of buffer, 5 pl of the DN#vas used for PCR. HCMV DNA in the
samples was quantified by real-time PCR using Taqgreehnology on ABI Prism 7000
Sequence Detection System (Applied Biosystems, eFoflity, CA) according to the
manufacturer's recommendations. The sequences & primers used were 5
AACATAAGGACTTTTCACACTTTT and 5 GAATACAGACACTTAGAGCICGGGT. The
sequence of the TagMan PCR probes was FAM 5 CTGERCACGTATCCCAACAGCA 3
TAMRA. Reaction samples had a final volume of 25aptl contained 5ul of extracted DNA
and 20ul of the cocktail containing 12.5ul of ZagMan Universal PCR Master Mix (Applied
Biosystems), 800 nM of each primer, 200 nM TagMaobp. An internal positive control,
TagMan® Exogenous Internal Positive Control Reag&iC™ Probe (Applied Biosystems),
was included in each run to distinguish target hegs from PCR inhibition. A distilled water
sample and a positive control with 3,000 copieBlGMV DNA were processed in parallel with
samples. The amplification conditions were 50°CZaonin and 95°C for 10 min followed by 45
cycles of 95°C for 15 s and 60°C for 1 min. To getee the HCMV external quantitative
standard curve, PCR was performed on a plasmidcacong one copy of the target sequence
that had been serially diluted from>x2106 to 2x 102 copies/ml. Final quantification was
performed using comparative threshold value (CT}hoe using the ABI Prim 7000 SDS

software.

4.2. Measurement of HIV-1 replication

The HIV-1 replication was measured by determinimg ¢oncentration of capsid protein
p24 in the supernatants using an ELISA assay (lemetics, Gent Belgium). The wells of

97



Materials and Methods

microtiter plates have been coated with human paiyd antibodies to HIV. The test samples
were incubated together with mixture of biotinythtanti-p24 monocolonal antibodies in

microtiter plate. Next, well is washed and incubatgth peroxidase-conjugated streptavidin and
peroxidase substrate. Blue color produced by chgamdurn yellow when reaction is stopped
with sulphuric acid. Absorbance was measured okld®8A reader at 450 nm (PerkinElmer,

Tarku, Finland).

5. HCMV entry assay

Viral entry into MDMs and MRC5 fibroblasts was agsé as described previously
(Sainz et al., 2005). Cells were incubated at 3wfth HCMV-DB at MOlIs of 1 and 10 for 2
hours and washed three times with PBS. Cells weeged with 0.25% trypsin for 10 minutes to
release the virions that had adhered to the sutfatéad not entered the cell. The cells were
pelleted and washed once with serum neutralizat@uation and three times with PBS. DNA
was extracted from the cell pellet using the Kirsiler automatic instrument (Thermo
Labsystems, Finland) and a QIlAamp kit (Qiagen In¢alencia, CA) according to the
recommendations of the manufacturers. SamplesubéIDNA were analyzed by PCR using
primers specific for the MIEP of HCMV (sense, 5GG GAC TTT CCT ACT TGG- 3
antisense, 5 -CCA GGC GAT CTG ACG GTT- 3’). Theglobin PCR gene was used as an
internal control (sense, 5 - TCC CCT CCT ACC CCTRTTC TA - 3’; antisense, 5" - TGC
CTG GAC TAA TCT GCA AGA G - 3'). The amplificatioproducts were resolved by 2%
agarose gel electrophoresis and visualized byiathithromide staining.

6. Preparation of cellular extracts

Preparation of nuclear and cytoplasmic extracts pafrmed as previously described
(Varin et al., 2003). Cells were scraped from tteestc surface of the culture dishes and washed
with wash buffer (10 mM HEPES, pH 7.6, 10 mM KCIn#v MgCl,, 1 mM EDTA). Cell
pellets were then incubated on ice with cytoplassotation buffer (10 mM HEPES, pH 7.6, 10
mM KCI, 2 mM MgCh, 1 mM EDTA, 0.02% NP-40). Cytoplasmic extracts evepllected by
centrifugation and the nuclear pellets were wagiveck in wash buffer, spun, and incubated for
15 min on ice with nuclear isolation buffer (20 MMEPES pH 7.6, 420 mM NacCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 25% glycerol). Supernatants contagninuclear extracts were collected
by centrifugation and stored at —80°C. Total calukextract for western blot and co-IP
experiments was prepared by incubation of celigpalith RIPA buffer (150 mM NaCl, 1% NP-
10, 0.5% Sodium deoxycholate, 0.1% SDS, 50 mM it 8) for 15 minutes on ice.
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Supernatants containing total cellular extractsewallected by centrifugation and stored at —
80°C. Protease inhibitors (1 mM DTT, 1 mM PMSF, d/ml aprotinin, 1 pg/ml leupeptin, 1

png/ml pepstatin) and phosphatase inhibitors wededdo all solutions. Protein concentration in
cellular extracts was determined by the Bradfordho@ using a BioPhotometer (Eppendorf,

Hamburg, Germany).

7. Electrophoretic Mobility Shift Assay
To measure NkB activation, electrophoretic mobility shift ass@MSA) was carried
out as previously described (Davis et al., 2004iefly, nuclear extracts were incubated with 20

fmol of biotin-end-labeled 45-mer double-stranddeiB oligonucleotide,

5-TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGG-ddlded
letters indicate NReB binding sites in the MIEP of HCMV) in the presenaf binding buffer
[10 mM Tris, 50 mM KCIl, 1 mM DTT at pH 7.5 and 5@/pl Poly (di«dC)]. NF«B
oligonucleotide was labeled with biotin using theth 3° End DNA Labeling kit (Pierce,
Rockford, IL) and complementary pairs were annebletieating in boiling water for 5 min and
then cooling slowly to room temperature. DNA-prat@iomplexes were resolved from free
oligonucleotide on a 6% native polyacrylamide gelx Tris-borate-EDTA buffer using a Mini-
PROTEAN 3 Cell (Bio-Rad, Hercules, CA) and werensfarred to a Biodyne precut nylon
membrane (Pierce) using the Mini Trans-Blot Elguraretic Transfer Cell (Bio-Rad). Biotin-
end-labeled DNA was detected using the LightShifie@iluminescent EMSA kit (Pierce).
Control Epstein-Barr Nuclear Ag (EBNA) System (&r containing biotin-EBNA control
DNA and EBNA extract were assayed in parallel witle sample to ensure that the kit

components and the overall procedure was workiogepty.

8. Microwell colorimetric NF-kB assay

Microwell colorimetric NF«xB assay was performed as described previously (Resta
al., 2001) using the Trans-AM N#&B family Transcription factor assay kit (Active Miot
Carlsbad, CA). Briefly, cell extracts were inculshten a 96-well plate coated with an
oligonucleotide containing the NEB consensus binding site (5-GGGACTTTCC-3"). Actiach
transcription factors from extracts that bound #madly to the respective immobilized
oligonucleotide were detected using Abs to dB-{p50, p52, p65, RelB, and c-Rel subunits
followed by a secondary Ab conjugated to horselagisroxidase (HRP) in an ELISA-like

assay. Absorbance was read within 5 min on an Eller (PerkinElmer, Tarku, Finland) at
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450 nm. The specificity of the assay was validdtgdincluding both the WT and mutated

oligonucleotides in the reaction. Raji nuclear agtiwas used a positive control.

9. Western blot

Expression of different proteins in total, cytopas, and nuclear extract was examined
by western blot according to previously describedcedures (Varin et al., 2003). Cellular
extracts were resolved by 10% SDS-PAGE using a MROTEAN 3 Cell (Bio-Rad). The
proteins were electrotransferred onto a PVDF mendgraAmersham Biosciences,
Buckinghamshire, UK) using Mini Trans-Blot Electtapetic Transfer Cell (Bio-Rad). The
membranes were probed with primary Abs followed BNRP-conjugated secondary
immunoglobulin raised against the appropriate ggedands were detected using the ECL Plus
kit (Amersham). The band density was quantifiechgidmageJ 1.40 software (NIH) and the

results are shown as relative intensities.

10. Co-immunoprecipitation test

Total cellular extracts were precleared with 5(Ppdtein A Sepharose 50% suspension
(Amersham) for 1 h at 4°C. Immunoprecipitating amwhtrol Abs were added to the cleared
supernatant and the mixture was incubated overngght°C. Immune complexes were
precipitated with 50 ul Protein A Sepharose suspansvashed with PBS, and bound proteins
were eluted by incubating with 30 pul Laemmli sampidfer at 100°C for 5 minutes. SDS-
PAGE and western blot were performed as describedeausing primary Ab against interacting
protein.

11. Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assay (ChIP) assay performed on HCMV-infected

MDMs using EZ-Magna ChIP A (Upstate, Temecula, @&g¢ording to a previously described
procedure (Mahlknecht et al., 2004). Briefly, MDKGs5 x10° cells /reaction) were cross linked
with 1% formaldehyde, lysed, and nuclear extracesewsonicated to obtain DNA fragments
approximately 200-1000-bp long. After centrifugatiohe nuclear extracts were diluted 10-fold
with ChIP dilution buffer and 1% of the material svaaved as input. Nuclear extracts were
incubated with 5 pug control 19gG, anti-Bcl-3 or ap&2 Ab, and 20 ul of Protein A magnetic
beads slurry overnight at 4°C. Magnetic beads veeqgarated and washed using a magnetic
separator (Upstate). Immune complexes were elutddceoss-linking was reversed by adding
Proteinase K and incubating at 62°C for 2 h. Imnmuacipitated DNA and input were analyzed
by PCR using primers specific for the MIEP of HCM¢ described above. The amplification
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product was run in a 2% agarose gel and visualmedthidium bromide staining. Enrichment
of MIEP was measured by real-time PCR using the Risgm 7000 Sequence Detection System
(Applied Biosystems) according to the manufactgreecommendations.

12. Plasmid constructs and transfections

Plasmid constructs p52 (pUNO-hNFkBp52a), p50 (pUNO-kBp50), and p65 (pUNO-
hNFkBp65) were purchased from Invivogen (San Die@®). Bcl-3-expressing plasmid
(PCMV6-XL4-Bcl-3) was obtained from Origene (Rockej MD). Luciferase gene reporter
plasmid pLTR(1-789)-luc, and pLTR(1-789)mut-MB-luc were kindly provided by the Dr C.
Van Lint, Université Libre de Bruxelles, Belgium &K Lint et al., 1996) and pCMV-Luc was
purchased from PlasmidFactory (Bielefeld, Germaof)37 cells (2x10°) were transfected with
plasmids using the GenePulser XL electroporatiorstesy (Bio-Rad) according to
manufacturer’s instructions. MRC5 fibroblasts weensfected with p52, Bcl-3 and p52+Bcl-3-
expression plasmid using lipofectamine RNAIMAX aaiog to manufacturer’s instructions
(Invitrogen, Carlsbad, CA).

13. Quantification of luciferase activity

Luciferase activity in cell extracts was measursih@ luciferase assay system (Promega
Madison, WI) and a 20/20n Luminometer (Turner Bsgiseyns, Sunnyvale, CA). Firefly
luciferase catalyzes luciferin oxidation using AVI8** as a cosubstrate forming the product
oxyluciferin and converts the chemical energy aifkrin oxidation into light. Cells were rinsed
with PBS and lysed with 7@l of 1X cell lysis reagent (Promega Madison, Wilclferase
activity is measured after adding gDof extract in 10Qul of luciferase assay reagent and was

normalized to the total protein concentration axygressed as RLUIg of protein.

14. RNA interference

MDMs cultures (0.5x1C° cells) were transfected with a scrambled contrghs2+Bcl-3
or p50+p65 siRNA duplex (Santa Cruz Biotechnologyging lipofectamine RNAIMAX
(Invitrogen). MDMs were infected with the clinicalolate HCMV-DB at 24 h post transfection
and viral titers in culture supernatants were aeit@ed at the indicated times post infection by
real-time PCR, as described above. For monitoringckdown, total cellular extracts were
prepared daily for three days post transfectiompréssion of p52, Bcl-3, p50, and p65 protein
was analyzed by western blot as described aboaasiection efficiency was monitored using a
fluorescein-conjugated scrambled control duplex amrdeeded 50% in MDMs and 90% in
MRCS5 fibroblasts.
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15. Statistical analysis
Figures show the means and SDs of independent imgrgs. Statistical analysis was
performed by student'stest and differences were considered significamt € 0.05. Microsoft

Excel was used to construct the plots.
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Publication 1

Bcl-3-Regulated Transcription from Major Immediate-Early Promoter of
Human Cytomegalovirus in Monocyte-Derived Macrophages

Kashif Aziz Khan,* Alain Coaquette,* Christian Dawche, T and Georges Herbein*

*Department of Virology, Institut Fédératif de Recbhe 133, Equipe d’Accueil 3186, Franche-
Comté University, Centre Hospitalier Universitaile Besancon, Besancon, France; and
tinstitut National de la Santé et de la Recherckdibéle, Unité 563, Centre de
Physiopathologie de Toulouse Purpan, Toulouse céran

The Journal of Immunology, 2009, 182: 7784—7794.

The results of these studies were presented irap#re following conferences;

= Khan KA, Coaquette A, and Herbein G. (2007) Restricted growf Human
Cytomegalovirus (HCMV) in monocyte-derived macrogés is dependent on cell-type-
specific binding of NF-kappaB p52 homodimers.™ 1International CMV and Beta
Herpesvirus Workshop, May 13-17, 2007. INSERM Task, France.

= Khan KA, Coaquette A, and Herbein G. (2007) Signal trangsoludn macrophages in
response to human cytomegalovirus (HCMV) infectid®. Forum des Jeunes Chercheurs,

June 14-15, 2007. Université de Bourgogne, DijoanEe.

= Khan KA, Coaquette A, and Herbein G. (2008) Human cytonmegals (HCMV) gene
expression in primary macrophages® Eérum des Jeunes Chercheurs, June 12-13, 2008.

Université de Franche-Comté, Besancon, France.

= Khan KA, and Herbein G. (2009) Transcription du promoteas fprécore IE (MIEP) du
cytomégalovirus humain (HCMV) par le facteur protmeogenique Bcl-3. Journee
Scientific de I'lFR 133, Novembre 6, 2009, Chamééeecommerce et d’industrie, Besancon,

France.
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Human cytomegalovirus (HCMV) is an opportunistipesies-specific herpesvirus that
infects a large part of the population worldwided atauses asymptomatic latent infection in
healthy people. However, it can cause severe diseathe absence of an effective immune
response, especially in patients with AIDS andnmmunocompromised solid-organ and bone
marrow allograft recipients. Furthermore, HCMV ictien during pregnancy can cause
permanent birth defects. Breast feeding is the mmastmon route of transmission from mother
to child, however HCMV can be transmitted via thkacpnta and during delivery. An
association between HCMYV infection and the develepinof atherosclerosis and malignancy
has also been described. The presence of HCMV tedecells has been demonstrated in
virtually all organs and the virus targets a variet cell typesin vivo andin vitro, including
macrophages. HCMV DNA and antigens have been detectmonocytes during acute HCMV
infection and the macrophage is the predominairitrating cell type found in infected organs.
The monocyte-derived macrophages (MDMs) are peiveiser HCMV replicationin vitro but
the rate of viral production in these cells is a¢dasably lower than in fibroblasts, the standard
cell type, which produces high titers of infectiousus afterin vitro infection. The cellular
and/or viral factors responsible for the low prasiue of HCMV in primary human MDMs

remain unknown.

HCMV infection has been reported to activate thedBFsignaling pathway and like
many other viruses, HCMV contains MB- binding sites in its transcriptional responseredat
to exploit cellular NReB to drive its own transcription. NEB and upstream IKRK have been
demonstrated as requirements for efficient tramssein of the major immediate-early
promoter (MIEP), late gene expression, and virglication of HCMV. Because distinct NEB
complexes can be activated in different cell typpegsponse to similar stimuli, we hypothesized
that this mechanistic versatility might be involved the varied transcription of HCMV in
different cell types. NkeB is a family of DNA-binding proteins with five mdyars in mammals:
Rel (c-Rel), RelA (p65), RelB, NkB1 (p50 and its precursor p105), and KB2 (p52 and its
precursor pl100), and these proteins exist in varibomo- and heterodimeric complexes.
Binding of different dimers to NikB binding sites at comparable levels of recruitmesun
support different levels of transcription. Thuse firesence of distinct NEB dimers in different

cell types might contribute to varied levels ofaireplication in the different cell types.

Preliminary studies showed that HCMV could growpnmary MDMs culture but that
the viral titer in culture supernatants was lowsrt that observed in the supernatants of more

permissive MRCS5 fibroblasts. Electrophoretic mdpikhift assay and microwell colorimetric
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NF-xB assay demonstrated that HCMV infection of MDMsreased p52 binding activity
without activating the canonical p50/p65 complexorbbver, Bcl-3 was upregulated and was
demonstrated to associate with p52, indicating [B&2/3 complexes as the major component of
the NFxB complex in MDMs. In addition, we assayed the cosifion of NFxB early after
infection and found that the canonical p50/p65 Wi-complex was activated during early
phases of MDMs infection by HCMV, with a shift tbet p52/ Bcl-3 complex occurring later
during infection. Luciferase assays in promonocyig@37 cells transfected with an MIEP-
luciferase reporter construct demonstrated MIERvaobn in response to p52 and Bcl-3
overexpression. Chromatin immunoprecipitation asgayionstrated that p52 and Bcl-3 bind the
MIEP in acutely HCMV-infected MDMs. In contrast, MY infection of MRC5 fibroblasts
resulted in activation of p50/p65 heterodimers.afyn MDMs and MRCS5 fibroblast cultures
were transfected with p52+Bcl-3 and p50+p65-specdiRNA and infected with HCMV.
Knockdown of p50/p65 resulted in decreased grotH@MV-DB in MDM cultures on day 1,
while p52/Bcl-3 ablation resulted in decreased Ivgeowth on days 4-6 post infection. In
addition, p52/Bcl-3 knockdown did not block viragplication in MRC5 fibroblasts while
p50/p65 ablation resulted in decreased growth oMNEDB in fibroblasts. Altogether, our
results indicate that in HCMV infected MDMs, HCMV IEP is preferentially activated by a
p52/ Bcl-3 complex.

Our findings, presented herewith, suggest a motleICMV MIEP transcription
by NF«B in macrophages and in fibroblasts. HCMV infectafrfibroblasts leads to activation
of classical p50/p65 heterodimers, which are straciyvators of MIEP transcription. HCMV
infection of MDMs leads to activation of classig&lO/p65 heterodimers early after infection but
later during infection there is a dimer change &2/Bcl-3 complexes resulting from Bcl-3
activation and processing of p100 into p52. Theo@asion of Bcl-3 with p52 homodimers
activates MIEP transcription at low levels resgtinn persistent low-level growth in

macrophages.
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HCV Core and HIV-1 Nef Proteins Activate NF-kappaB and Synergistically
Enhance HIV-1 Replication in Primary Macrophages
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Manuscript under preparation

The results of this study were presented in patiafollowing conference;

= Khan KA, Dichamp I, and Herbein G (2009) Effects of HI\N&f and HCV core proteins
on transcription of HIV in macrophages.®1Borum des Jeunes Chercheurs, June 25-26,
2009. Université de Bourgogne, Dijon, France.
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Transcription of the HIV-1 provirus integrated ihet host genome is regulated by a
number of cellular transcription factors includiNg-«B, Sp-1, AP-1, NFAT, C/EBP, CREB,
YY1 etc. NF«B is activated in response to a number of stimdiuding viral infections and
viral proteins and translocates to the nucleusinad vith the NF«B binding sites present in
LTR to activate HIV-1 transcription. HIV Nef proteplays a critical role in AIDS pathogenesis
by activating NF<B and enhancing viral replication in infected celtspecially macrophages.
In addition, NF«B activation has been reported during hepatitisrGsHCV) infection and in
response to HCV core protein but the role of d-activation in HIV replication during HIV-
1/HCV co-infection is unknown. Hepatitis C virus @M) infection is common in HIV-1
infected patients and each of these infections aifgct the other. Several reports found that
HIV infection accelerates the development of seVigesr disease, and HIV facilitates infection
and replication of HCV in human macrophages Thué bouses can infect macrophages and
the intracellular interaction between them can fakdV-1 replication in macrophages of
HIV/HCV coinfected subjects. In addition viral peos HIV-1 Nef and HCV core proteins,
which are detected in the serum from HIV-1/HCV deated subjects, can also activate RB--
and in turn HIV-1 replication in macrophages.

We observedex vivqg highest levels of HIV-1 replication and NB- activation in
MDMs isolated from the peripheral blood of HIV-1/MCcoinfected subjects in comparison
with HIV-1 and HCV mononinfected patients. To ass#s potential role of HIV-1 Nef and
HCV core proteins in this phenomenon, we studier ttespective role with regard to NdB-
activation and HIV-1 replication in MDMs. We demdtnaged a direct interaction of HIV-1 Nef
and HCV core proteing vitro and ex vivowithin promonocytic U937 cells as measured by

coimmunoprecipitation assays.

Our results indicate a synergistic and sustaindecebf HIV-1 Nef and HCV core
proteins on NFB activation in primary macrophages. The compaosittd NF«B assayed by
EMSA and microwell colorimetric NikB assay showed that NdB complexes in response to
HIV-1 Nef and HCV core proteins consisted of canahip50/p65 complexes. Consistently,
degradation ofdBa, and phosphorylation of IK& IKKp was observed in response to both
HIV-1 Nef and HCV core protein indicating the aetitvon of canonical NkB pathway. In
addition, HIV-1 Nef and HCV core proteins stimukhtsynergistically the HIV-1 LTR in
luciferase assay. Subsequently both proteins sigtieally enhanced HIV-1 replication in both
chronically infected promonocytic U1 cells and a&tyiHIV-1 infected MDMs.
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Therefore, our results indicate that HIV-1 Nef a&h@dV core proteins activate NEB in
MDMs through activation of IKK complex and synergito activate LTR activation resulting in
enhanced HIV-1 replication in chronically infecteells U1 and in the acutely HIV-1-infected
MDMs. Thus HCV infection of macrophages and comgin present in blood can stimulate the
effects of Nef on HIV-1 replication in HIV-1/HCV aufected patients. Our findings underline
the key role of both HIV-1 Nef and HCV core protim the formation of HIV-1 reservoir in
mononuclear phagocytes in HIV/HCV coinfected pdten
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Is HIV infection a TNF receptor signalling-driven disease?
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Trends in Immunology, 2008, 29 (2): 61-67.
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The progressive depletion of both CD4+ and CD8eells and the formation of viral
reservoirs are two of the hallmarks of human imndafiziency virus (HIV) infection. Recent
studies indicate that TNF receptor signalling keg player in HIV pathogenesis as several HIV
encoded proteins target multiple components of glyealling pathway. This article proposes a
new model that highlights the role of HIV proteinghe modulation of TNF receptor signalling
and could explain both the formation of viral resérs and immune suppression during HIV
infection and could thereby further enhance oureustdnding of the pathogenesis of HIV-

mediated disease.

At early stages of HIV infection levels of proinitanatory proteins and C-C chemokines
are low and viral encoded proteins, particularlyf, Ngpr and Tat, mimic the TNFR signalling
fuelling the formation of viral reservoirs throughistained viral growth and interference with
apoptotic machinery. These viral proteins activlie-kB in monocytic cells and primary
macrophages resulting in the positive regulatiothefHIV LTR. In the meantime, Vpr protein
blocks the production of proinflammatory cytokiressd chemokines, and soluble Nef and Tat
proteins favor the recruitment of both T cells andnocytes/macrophages, further indicating a
critical role for viral proteins in taking contraf HIV-1 replication. At a later stage of the
disease, at the onset of AIDS, proinflammatory kiytes such as TNF and C-C chemokines are
produced abundantly due to chronic immune stimutatand viral proteins, rather than
mimicking TNFR signalling, will in fact enhance TNRediated T cell apoptosis. At that point
late produced HIV-1 proteins such as gp120 and ¥p detected. The T cell proapoptotic
effect results from both increased cell surfaceresgion of TNF and TNFR molecules,
especially TNFR1, in the context of high level obipflammatory cytokines triggered by gp120
and from impaired anti-apoptotic effect mediateal VNFR/TRAF1 pathway triggered by Vpu.
This will result in accelerated T cell apoptosigian increased release of mature infectious

virions from the infected cells, thus favoring themune failure.

Therefore, targeting TNFR signalling pathway migbnfer a critical advantage to HIV

via increased viral replication in the contextmimune suppression.

143



Results

Publication 4

Macrophage signalling in HIV-1 infection
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The human immunodeficiency virus-1 (HIV-1) infecties characterized by sustained
activation of the immune system. As macrophagesgalith other cell types, are permissive to
HIV-1 infection, the virus can activate the immusgstem through modulation of the cell
signaling pathways. HIV-1 does not rely exclusivety host machinery, but rather on codes for
several accessory, regulatory and structural prsteacting as molecular switches during the
viral life cycle, and playing significant functions viral pathogenesis, notably by modulating
cell signalling. Even signalling pathways can bedolated in uninfected macrophages by the
soluble gp120 protein, virion gpl120, or by solubl®/-1 proteins such as Nef, Tat, and Vpr
which are detected in serum of HIV-1 infected pate possibly released by infected/apoptotic
cells. Soluble exogenous HIV-1 proteins are ableetiter macrophages, and modulate both

cellular machinery and viral transcription.

Both accessory regulatory and structural HIV-1 @irtg interact with cell signalling
pathways in infected macrophages. Regarding irttéaesignalling induced by Nef treatment
of MDMs, it has been reported that Nef modulates éRpression of a significant number of
genes, as early as 2 hours after treatment. Neltsaa rapid activation of IKK/NReB, MAPK,
and IRF-3 signalling pathways and induces prommsphorylation of the three MAPK, i.e.,
ERK1/2, JNK, and p38. NkB activation induced by Nef is responsible for aation of HIV-1
replication. In addition, production of cytokinesjch as macrophage inflammatory protein-1
alpha (MIPL), MIP13, TNFo, IL-1p, and IL-6 involved in the inflammatory response.
Similarly, exogenous Tat activates MB; JNK, and AP-1. Thus exogenous Nef and Tat may
modulate intracellular signalling pathways dowrestneof TNFRs, and thus mimic the effects of
TNFa on primary macrophages. High concentrations of yf\&srwell as the carboxy-terminal
Vpr peptide, are cytotoxic to macrophages but a fncentrations, rVpr was shown to
enhance the activity of several transcription fesstoncluding AP-1, c-Jun, and, NéB resulting
in activation of HIV-1 LTR and viral replication imacutely and latently infected cells. In
addition Vpr has the ability to interfere with ciitoe production in macrophages and PBLs.
Furthermore, HIV-1 proteins, e.g., gp120, may elegtr effects by interacting with cell surface
membrane receptors, especially chemokine co-ree@y activating the signalling pathways,
such as NReB, MAPK, and JAK/STAT, HIV-1 proteins promote viraleplication by
stimulating transcription from the LTR in infectedacrophages; they are also involved in
macrophage-mediated bystander T cell apoptosis.

The macrophages play critical role in HIV-1 disegsegression through loss of T

lymphocytes and formation of viral reservoirs. Thke of HIV-1 proteins in the modulation of
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macrophage signalling is discussed in the papdr regard to the formation of viral reservoirs
and macrophage-mediated T cell apoptosis during-Hiwfection. A better understanding of
the manner by which HIV-1 modulates signalling iaarophages may be instrumental in the
development of new therapeutic approaches, ultimatstricting or decreasing the size of

cellular virion reservoirs in HIV-1-infected patisn
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The primary goal of any virus is to replicate itsngme in an appropriate host cell in
order to produce progeny virions for the infectafmew target cells. In this ongoing battle, the
viruses redirect numerous cellular mechanisms dwstuthe defense tools of the infected cell, to
their own benefit. Human immunodeficiency virusayp (HIV-1), is a member of lentivirus
genus that, unlike simpler oncoviruses, do not exlgiusively on host cell machinery but code
for additional accessory and regulatory proteirsg ttt as molecular switches during viral life
cycle and play important functions for viral patkagsis. In addition to structural proteins (Gag,
Pol, and Env), HIV-1 encodes a group of six acagssegulatory proteins. Among these, the
Tat and Rev are considered essential for viraigapbn while defects in other accessory genes
(Nef, Vif, Vpr, and Vpu) are known to impair virusplication but do still allow the production
of the new virion. However, it becomes increasinglgar that these proteins exert important
functions in their relevant target cells viva and most of the HIV accessory proteins seem to
exert multiple independent functions, including mladion of viral replication events and cell
apoptosis. Among these exogenous Tat, Nef, andpxgieins have been detected in the serum
of HIV-1 infected patients possibly after releasmnt infected/apoptotic cells. Hence, they have
the potential to enter the cells to modulate cafluhachinery as well as viral transcription. In
addition, they may exert their effects by interactvith cell membrane surface receptors. The
biologic effects of exogenous proteins may be exkrh neighboring or distant tissues, not
infected by the virus, and may have significantssmjuences for the pathogenesis of HIV-1
infection. The role of these proteins in viral fegtion, T cell apoptosis and formation of viral

reservoirs during HIV-1 infection is discussedhistchapter.

The role of exogenous HIV-1 proteins (Tat, Nef, &pf) seems to be, in part, similar in
HIV-1 pathogenesis. They may stimulate transcriptimm LTR and HIV-1 replication after
entering infected cells while enhancing expressibcoreceptors for HIV-1 in order to favor the
entry of virus into uninfected cells. In additiom direct cytotoxic effect on a variety of cells,
they can potentiate bystander cell killing by exsien of apoptosis-inducing ligands while they
are responsible for antiapoptotic signals in irddctnacrophages and latently infected T cells
resulting in formation of viral reservoirs at thense time. In addition they may contribute to
HIV-1 pathogenesis by enhancing secretion of ingmartcytokines from macrophages.
Moreover, exogenously added proteins might modulage intracellular signaling pathways
downstream of TNF receptors that seem to mimietfextof TNF-o. Interaction and synergism
between different exogenous proteins may enhanteefutheir pathogenic effects.
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So extracellular proteins present in sera of AlR8Bgmts may have important impact on
HIV-1 pathogenesis and therapeutic targeting as¢hgroteins might help to limit the depletion
of bystander T cells and the formation of virale®®irs in HIV-infected patients.
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Macrophages constitute an important cellular conepbrof the immune responses
against viruses. They serve as antigen presengiigyand also secrete inflammatory mediators
to activate innate and adaptive immune cells. koilg HIV-1 infection, effector functions of
macrophages such as phagocytosis, chemotaxiscetitiar killing, inflammatory responses
and antigen presentation are impaired. Furthermmeerophages serve as reservoirs of HIV in
chronically infected patients and contribute to ragpnately one percent of the plasma viral
load. In addition, the clearance of apoptotic cbiiHIV-1 infected macrophages contributes to
persistent viremia in patients infected with HIVMultiple contributing factors may favor the
macrophage as a resilient host of HIV-1 supportungal infection and promoting viral
replication and persistence. In addition, monodytierentiation into macrophages leads to an
apoptosis resistant phenotype characterized bygufaton of antiapoptotic molecules and
lower levels of proapoptotic molecules. The develept of these stable antiretroviral resistant

cells represents the major obstacle in achieviognaplete sterile cure.

Progressive depletion of both CD4+ and CD8+ popardatof T cells is a characteristic
feature of HIV-1 infection and plays an importaoter in AIDS pathogenesis. Apoptosis or
programmed cell death has been proposed as thelyingdemechanism of this T cell loss in
HIV-1 patients. In addition to spontaneous apopgtasdi circulating CD4+ and CD8+ T cells,
activation induced apoptosis have been reportedynmph nodes of HIV-1 patients. The
accelerated apoptosis may be explained by CD4 -tirdsseg by glycoprotein 120 leading to
aberrant T cell signaling, cytokines, Fas/FasL raxtgon, superantigen activity encoded by
HIV-1 products, or the involvement of accessoryjscalcluding macrophages. Soluble factors,
especially those produced by macrophages play portant role in the induction of cell death.
Macrophages are cellular reservoirs for HIV-1, amd particularly implicated in the death of
CD4+ and CD8+ T cells during HIV-1 infection. Welweview here the different mechanisms
that can explain the macrophage-mediated T celhd@aHIV-I infection and the role of the
CD4+ and CD8+ T cell death in HIV pathogenesis Wwhieclude the escape to the immune
response and the increase of the spread of thetionie

Both direct and indirect mechanisms are involvedhm CD4+ T cell depletion. HIV-1
infected macrophages in lymph nodes confer a dggttal to neighboring primed uninfected T
lymphocytes leading to their apoptosia. vitro culture models demonstrate that uninfected
CD4+ T cells undergo apoptosis upon contact witV-kifected cells. These observations
support the hypothesis that a direct cell contativben a susceptible CD4+ T cell and antigen-

presenting cells like macrophages that potentiabkpresses apoptosis-inducing ligands is
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required. The lymphocyte apoptosis during HIV-lestion is dependent upon the expression of
a family of ligands and receptors (FasL, TNF, Tumecrosis factor-related apoptosis-inducing
ligand [TRAIL/APO2L], Fas, TNFR). FasL is expressed the cell surface of uninfected
macrophages, and that its expression is upregufatexving HIV infection, resulting in the
selective killing of uninfected CD4+ T lymphocytés.addition to enhanced apoptosis of CD4+
cells, CD8+ T cell apoptosis has also been obsemedlV-infected individuals. Increased
apoptosis could contribute to HIV pathogenesssthe premature elimination of effector CD8+
T cells. Mechanisms of CD8+ T cell apoptosis in HiWolve cellular interactions between
macrophages and T cells and is mediated by interaadf membrane bound TNF on

macrophages and TNFR2 receptor on CD8+ T cells.

A better understanding of the mechanisms underlyirg!l apoptosis during the HIV-1
infection could allow the development of new thenaical approaches to block the disease

progression in HIV-infected persons.
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Discussion and Perspectives

NF-xB is activated in response to a number of viraéetibns. On one hand, N&B
activation during viral infection can be exploited the viruses for its own replication while on
the other hand NKkB activation can modulate the cellular genes of nojltage resulting in
modulation of its function or change in its phempaty The overall goal of this thesis was to

assess the role of NEB in the transcription of HCMV and HIV-1 in primamngacrophages.

In fact NF«B is a master regulator of transcription and it barexploited by the virus in
multiple ways. On one hand, we show that multiplE-d8 subunits are activated during
different phase of HCMV infection, which may resuit viral replication at multiple paces
during different phases of viral infection. HCMMf@ation of macrophages leads to activation of
classical p50/p65 heterodimers early after infectit later during infection there is a dimer
change to p52/Bcl-3 complexes and transcriptioregulation of MIEP of HCMV in
macrophages. Low-level transcription of MIEP bysthbvel complex results in persistent low-
level viral growth in macrophages. On the otherdhame show that NikB is activated by
multiple stimuli which in turn activate transcrigti of HIV-1. Our results demonstrate activation
of p50/p65 complexes in response to treatment afrophages with HIV-1 Nef and HCV core
proteins and in turn transcriptional regulatiorHd¥-1 LTR in macrophages.

|. Pathogenesis of HCMV infection: Role of NF-kB signaling

HCMV gene expression occurs in a cascade whichistsnsf IE, DE, and L genes. The
IE gene products are necessary for viral replicatiwrough expression of subsequent viral
genes. Expression of IE genes is regulated by M#&dyity of which is the outcome of
interplay between a number of cellular transcriptfactors and viral proteins which regulate
MIEP either in a positive or negative way. MIEP tan binding sites for a number of cellular
transcription factors including N&B, AP-1, CREB/ATF, SP1, serum response factor, HLK-
and retinoic acid/ retinoid X receptor. Transcoptifactor NF«B is an important transcription
factor which is activated in response to HCMV itilee and in response to different viral
proteins. NF«B is required for IE gene expression and successgfall replication in fibroblasts
(DeMeritt and Yurochko, 2006). Inhibition of NEB activity through IKK inhibitors and
transfection of dominant negative phenotype ©B Ihas been reported to inhibit MIEP
transactivation and HCMV replication (Caposio et 28D07b; DeMeritt et al., 2004). Role of
NF-kB in MIEP transcription and HCMV replication in ntaphages remain unknown.

We observed that infection of MDMs with the clirlicaolate HCMV-DB and the
laboratory strain AD169 resulted in low-level sustal growth and concluded that HCMV was
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able to infect MDM cultures but that the viral tgen the culture supernatants were much lower
than the viral titers of infected fibroblasts. Mastportantly, data presented in this study show
activation of p52/ Bcl-3 complexes in MDMs follognHCMV infection and activation of
MIEP. Although this is the first report of regutati of the MIEP of HCMV by p52/ Bcl-3
complexes, others have reported activation of abaumf human genes by Bcl-3, including P-
selectin (Pan and McEver, 1995), cyclin D1 (Westihh et al., 2001), Bcl-2 (Viatour et al.,
2003), inducible NO synthase (Dai et al., 2007)d apidermal growth factor receptor
(Thornburg and Raab-Traub, 2007) through #-sites.

In fact NF«B activation in response to HCMV infection couldhswst of two steps: the
early phase represents release of preformed stdfe5-«B in response to the binding of viral
glycoproteins gB and gH with cell membrane receptarhile the second phase represel@s
novo synthesis of NReB proteins (DeMeritt and Yurochko, 2006). Our résulemonstrate the
activation of p50/p65, expression of p65, and ligdof p50 and p65 to MIEP early after
infection but not later in infection, underscoriagscenario in which the first phase of NB-
activation in MDMs involves canonical p50/p65 coey#s — leading to initiation of HCMV
gene expression, as reported by others studies ¢b&Mt al., 2004; DeMeritt et al., 2006).
Later during infection, there is a shift toward thevolvement of p52 homodimer/ Bcl-3
complexes — leading to sustained low-level growtiHEMV in MDMs. So Bcl-3 regulated
low-level transcription might lead to persistenwvitevel growth of HCMV in macrophages and
can influence cellular genes expression pattenvedls Persistent infection of macrophages has
strong implicationsn vivo as high endothelial tropism is associated withebetiral growth in
macrophages (Sinzger et al.,, 2006). So persisteémiiigcted macrophages may act as a viral
reservoir and may transmit the virus to other pssiae cell types including endothelial cells,
epithelial cells, and fibroblasts present in thanity of infected macrophages.

The concept of low-level persistent infection hawadler implications beyond the
infection of macrophages. Presence and replicatiolCMV in cancerous and chronically
inflamed tissues has been reported in recent ye#tighly sensitive techniques
(immunohistochemistryin situ hybridization and PCR techniques) have detectedHGEMV
proteins and DNA in tumor cells of a number of @mscincluding glioma, colon, prostate,
breast, and some skin cancers but not in the attjaealthy tissues (Michaelis et al., 2009b). In
addition, the presence of HCMV has also been refart several chronic inflammatory disease
tissues using the same sensitive detection techsifftoderberg-Naucler, 2008). The replication

appears to be a low-level, persistent infectioeasing low titers of virus, which have been
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suggested as "microinfection” (Soderberg-Nauclé€dQ8). As low-level transcription from
MIEP of HCMV by Bcl-3 results into low-level growtbf virus in macrophages (Khan et al.,
2009), it is possible that the same phenomenon tnighnvolved in transcription of HCMV in
cancer cells under the control of Bcl-3, whichighty expressed in many type of cancers. Thus,
instead of a lytic infection, HCMV microinfectiors ipotentially a valuable source of multi-

faceted pro-tumoral proteins and micro RNAs.

It is well established that HCMV infection resutt depression of immune system and
thus avoid recognition by the immune system. Mdcage being an essential tool of immune
system is an ideal target of the virus. As HCMVeurtfon of macrophages is productive and
expresses all stages of viral proteins, it is labithat virus and viral protein may affect
macrophage functions. Macrophage contributes ta defense and targeting of the immune
cells by HCMV infection may lead to generalized iommlogic hyporesponsiveness associated
with HCMV disease. HCMV infected macrophages hada#dered adhesion and decreased
phagocytosis of yeast/fungus through a bystandehamesm (Gafa et al., 2005; Gredmark et
al., 2004b). In addition, it was observed that HCkduces migratory properties of monocyte
(Frascaroli et al., 2006) and macrophages (Frasadral., 2009). Effects on macrophages were
also observed in uninfected neighboring macroph#igesigh release of macrophage migration

inhibitory factor (MIF) and reorganization of thgtaskeleton (Frascaroli et al., 2009).

In addition HCMV infection of macrophage has beeported to negatively affect
macrophage differentiation which in turn can leadmimune suppression. HCMV infection of
monocyte was demonstrated to inhibit macrophaderdiftiation through IFN: (Noraz et al.,
1997). Subsequent studies done by Gredmark dit@k that HCMV inhibits cytokine-mediated
differentiation of monocytes to macrophage. Celisked macrophage morphology and showed
impairment in migration in response to chemoattnatst (Gredmark et al., 2004b). This effect
was transient as restimulation of HCMV treated noytes with cytokines induced
differentiation. This effect of HCMV did not regeirvirus replication and was linked with
binding of virus particles and gB protein to thdél sarface molecule CD13/aminopeptidase N
(Gredmark et al., 2004a; Gredmark et al., 2004bjps8quently the same group shows that
HCMV inhibits human neural precursor cells differation into astrocytes (Odeberg et al.,
2007). As it is well established that permissivenés viral replication is correlated with
differentiation state of the cell, shut down offerentiation pathway may favor the latency of
virus in monocytes. These studies suggest an @ftigtrategy of cytomegalovirus for immune

evasion and could be associated with generalizeadume suppression observed in HCMV
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patients. In direct contrast, another study regfat HCMV induce differentiation of monocytes
into macrophages as a strategy for viral dissemoinand persistence (Smith et al., 2004a).
They propose the model in which HCMV infects mortesyand activates NiB and PI3K
which induces transendothelial migration of monesyffollowed by its differentiation to
macrophages permissive for replication of the aaginput virus (Yurochko, 2008). The reason
for discrepancy might be based on differences peamental conditions but it is common in all
studies that viral replication is not necessarydiects of HCMV as replication deficient virus
can induce the same effects. Another explanatiothfe controversy might be the heterogeneity
of macrophages. It can be hypothesized that HCMYpmesses the differentiation of
macrophages resulting in immune suppression wlsiegua subset of cells for dissemination

strategy.

The switch in NR<B family members after HCMV infection of MDMs coutésult in
modulation of monocyte/macrophage gene expres&sultmg in functional and phenotypical
changes for example an M2 phenotype. Bcl-3 has beported to inhibit LPS-induced
inflammatory response from macrophages throughOl(Kuwata et al., 2003; Wessells et al.,
2004). Another recent study reported that resatutid inflammation was associated with
expression of Bcl-3 in macrophages and changedmttenotype of macrophage (de Kozak et
al., 2007). M2 phenotype of macrophage, unlike Mtindlammatory phenotype, produces
higher levels of anti-inflammatory cytokines e.g:110, expresses lower levels of HLA class I,
and produce less IL-12 and NO. M2 phenotype is &fsient in antigen presentation and is

related with resolution of inflammation (Gordon 020).

Data on the effects of HCMV on macrophage activaisolimited but some studies show
a possible link between HCMV infection and M2 mautrage phenotype. HCMV infection of
primary macrophages (Khan et al., 2009) and morocegtl lines (Nordoy et al., 2003) result in
induction of IL-10. The finding that HCMV encodeshamologue of IL-10 (Kotenko et al.,
2000) is another argument in this regard. Moredd@MV infection of MDMs results in
impairment of surface expression of HLA class lllecoles and T lymphocyte immune
surveillance. HCMV infection of macrophages resllite reduced expression of HLA Class lI
molecules and macrophages were unable to stimalapeecific CD4+ T-cell response (Fish et
al., 1996; Odeberg and Soderberg-Naucler, 200i)il&ly, MCMV specifically downregulates
MHC class Il surface expression through transienitvation of host IL-10 very early in the
course of infection (Redpath et al., 1999). Viralligcoded IL-10 (cmvIL-10) and latency-
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associated cmvIL-10 transcript (LAcmvIL-10) hascalseen reported to downregulate HLA

class I and Il molecules (Jenkins et al., 2008 nSeeet al., 2002).

Transcriptome analysis of HCMV infected monocyté®ves that HCMV results a
unique M1/M2 polarization signature in which madrage exhibits characteristics of a
proinflammatory M1 as well as anti-inflammatory M#acrophage (Chan et al., 2008a; Chan et
al., 2009). It was found that 65% of genes striethgociated with M1 polarization were up-
regulated, while 4% of genes associated with Mamxdtion were up-regulated including anti-
inflammatory cytokines IL-10 and IL-1Ra (Chan et &008a). The same group revealed that
HCMYV induced differentiation of monocytes to madnages is dependent upon NB-and
PI(3)K. Transcriptome analysis demonstrated th&,48% and 31% of HCMV-induced M1-
associated genes were dependent orkBLFRPI(3)K or both activities, respectively; whil@d%
of HCMV-induced M2-associated genes required bdixBR and PI(3)K activities (Chan et al.,
2009). Thus the macrophage phenotype in respongdg¢CidV might be the result of the
differential activation of NReB dimmers during different phases of HCMV infectiar
macrophages (Khan et al., 2009). Similarly M2 phyo® has also been observed in solid organ
tumors. These macrophages are called tumor-assdcraticrophages (TAM) and they are
correlated negatively with progression of cancelikenlymphocytes (Sica et al., 2008). A
macrophage phenotype has also been reported in mgmamor of mice which was neither
M1 nor M2 (Torroella-Kouri et al., 2009). NEB is believed as a central regulator of TAM
polarization. TAM produces less level of proinflamory cytokines and show inhibition of p65
nuclear translocation (Biswas et al., 2006). As nolcages and HCMV are present in the tumor
microenvironment which may lead to their possibiiaction, it would be interesting to study

if HCMV play any role in signals required for M2 griotype of TAM present in tumors.

Altogether, the activation of multiple NEB dimers after HCMV infection of MDMs
might influence the outcome of HCMV infection by dudating the expression of both viral and

cellular genes.

II. Role of NF-kB signaling in pathogenesis of HIV-1/HCV co-infection

Transcription of HIV-1 provirus integrated in thegh genome is regulated by a number
of cellular transcription factors especially at #ely phase and results in the production of early
viral gene products. HIV-1 transcription is drivey LTR which is responsive to a number of
transcription factors including Nk&B, Sp-1, AP-1, NFAT, C/EBP, CREB, YY1 etc.

Transcription factor NkeB is an important player of immunity and inflamnaatti It is activated
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in response to a number of stimuli including virdections and viral proteins. Activated NdB-
translocates to the nucleus and binds with thexRbinding sites present in LTR to activate
HIV-1 transcription. Involvement of NkB in successful viral replication has been repoited
different cell types including T cells, thymocytesicroglial cells, and macrophages (Rohr et al.,
2003). Expression okBa repressor mutants interferes with NB-activity and reduces HIV-1
replication in T cells cultures vitro (Kwon et al., 1998). Inhibition of HIV replicatiomas also
been reported by inhibition of NkEB activity through IKK inhibitors (Victoriano et al2006).
HIV Nef protein plays a critical role in AIDS pathenesis by activating NEB and enhancing
viral replication in infected cells, especially maghages. In addition, NkEB activation has
been reported during hepatitis C virus (HCV) inif@ctand in response to HCV core protein but
the role of NF«B activation in HIV replication during HIV-1/HCV emfection is unknown.

Our results indicate a synergistic and sustaindecebf HIV-1 Nef and HCV core
proteins on HIV-1 replication in primary macrophagé/e observed that both proteins activated
canonical NR¢B pathway as demonstrated by activation of p50xfiGplexes, degradation of
IxBa, and phosphorylation of IK& IKKB. In addition, HIV-1 Nef and HCV core proteins
stimulated synergistically the HIV-1 LTR in lucibese assay. Subsequently both proteins
synergistically enhanced HIV-1 replication in battronically infected promonocytic Ul cells
and acutely HIV-1 infected MDMs.

Previous studies have shown that Tlstimulates HIV-1 replication in chronically
infected promonocytic Ul cell line through actieatiof NFKB and transactivation of the
proviral LTR. Recent studies demonstrated that fdatures observed in promonocytic cells
U937 and macrophages in response to exogenous Hidteins are similar to those observed
following TNF-o treatment (Khan et al., 2007). Different HIV-1 s have been reported to
activate NF«B and in turn activate LTR driven transcription.dgenous SIV and HIV-1 Nef
proteins activates the transcription factors fB-in promonocytic U937 cells and stimulates
HIV-1 LTR via NFKB activation resulting in enhanced viral replication the chronically
infected promonocytic cells U1l (Varin et al.,, 200$ubsequent studies from our laboratory
showed that Nef and TNé&-synergistically activate NkB and AP-1 in U937 cells and MDMs
resulting in enhanced stimulation of LTR and imtwiral replication (Herbein et al., 2008). In
addition, synthetic Vpr protein activates KB-in the promonocytic cell line U937, in primary
macrophages and stimulated transcription from pLLTR-in U937 cells. Moreover, synthetic
Vpr stimulated HIV-1 replication in chronically efted Ul promonocytic cells and acutely

infected primary macrophages (Varin et al., 20@nilarly, exogenous Tat protein has been
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shown to amplify the activity of TNE-(Westendorp et al., 1995) but the mechanism obmact
is not the same. HIV-1 Tat induced activation ofk&; AP-1, INK required p5% while TNF-
induced activation was found to be [f5éndependent (Manna and Aggarwal, 2000).

HIV-infection is related with severe immune suppies and HIV infected individuals
are exposed to a number of opportunistic and ngoapnistic infections. As NkB is
activated in response to different viral infectipimgeraction and synergism between viruses and
their viral proteins may enhance HIV-1 replicatitmough activation of NkB and may fuel
the progression of HIV infection. A number of vinafections have been reported to activate
HIV-1 LTR through activation of NkB. Although activation of HIV-1 transcription hagdn
reported by influenza virus infection (Flory et,&000), HHV-6 infection (Ensoli et al., 1989),
HSV infection and its IE proteins ICPO and ICP4 (hytdis et al., 1992), HVS StpC protein
(Raymond et al., 2007), and HTLV-1 encoded protéans(Cheng et al., 1998) and FLICE (Sun
et al., 2005b), HBV HBXx protein (Siddiqui et al989) and CMV E1/E2 (Dal Monte et al.,
1997) proteins but relevancy of the results in Hi\disease process is always questioned as
many of these viruses preferably infect distind types.

Our results have important implications in the pesgion of AIDS process as HIV-1
Nef and HCV core proteins are found in blood okatéd patients (Fuijii et al., 1996; Pivert et
al., 2006). HIV-1 Nef and HCV core proteins presenblood may contribute in the replication
of enhanced HIV-1 in macrophages. In addition togenous viral proteins, the interaction of
HCV and HIV-1 is possible in macrophages as bothsés have been reported to replicate in
macrophages (Laskus et al., 2000). An interestindysdemonstrated that HSV virion’s contact
with HIV-1 infected macrophage was able to activHi®/-1 expression in acutely infected
MDMs. It was demonstrated that infectious or heattivated HSV type 1 or 2 virions induced
HIV-1 expression in NRkeB dependent manner and neutralizing antibodiesh® HSV
glycoprotein gB or gD markedly attenuated theserimediated effects on HIV-1 expression
in macrophages (Moriuchi et al., 2000). Similathe findings of transactivation of HIV-1 LTR
by CMV IE1 protein in U937 cells seems relevantbash viruses replicate in macrophages
(Kim et al., 1996).

On one hand, activation of NéB by HIV Nef and HCV core protein result in enhasce
HIV-1 replication while on the other hand it maygué in activation of cellular genes as well.
HIV-1 infection of macrophages induces cytokine aheémokine through NkB (Choe et al.,
2002). Treatment of MDMs with rNef increases thanscription of genes for several

inflammatory factors including macrophage inflamamgtproteins lalpha and 1lbeta, IL-1beta,
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IL-6, and TNF-alpha through N&B (Olivetta et al., 2003). NkB is also responsible for
production of IL-8 from macrophages by Vpr prot¢lRoux et al., 2000). Another important
function of NF«B in the macrophages is the survival signals whiebults in enhanced
formation of viral reservoir. NkB is activated during HIV-1 infection of myeloidItsewhich
protects them from TNF and cycloheximide inducedpapsis (DelLuca et al., 1998). Absence
of apoptosis in macrophages by HIV was correlatét wpregulation of Bcl-x(L) through NF-
kB dependent mechanism (Choi and Smithgall, 2004ljeé&nard et al., 2004). Similarly, HCV
core protein has also been reported to suppresptagi® through activation of NkB
(Marusawa et al., 1999; Tai et al., 2000). Thuhhwbteins may favor the formation of viral

reservoir through activation of viral transcriptiand inhibition of apoptosis.

Altogether, our results indicate that HIV-1 Nef ad@V core proteins activate NéB in
MDMs and synergize to activate LTR activation résgl in enhanced HIV-1 replication in
chronically infected U1l cells and in the acutelywHI-infected MDMs. Thus HCV infection of
macrophages and core protein present in blood tienulate the effects of Nef on HIV-1
replication in HIV-1/HCV coinfected patients. Oundings underline the key role of both HIV-
1 Nef and HCV core proteins in the formation of HI\feservoir in mononuclear phagocytes in
HIV/HCV coinfected patients.

[1l. Conclusion

NF-xB is an important tool used by both ends in the between the host and the virus.
Host uses NReB to mount antiviral immune response while virusgsck this for its own
benefit. It is worth noting that some viruses tésgdF«B signaling at multiple steps through
multiple viral products to ensure effective modidatof this important pathway which is then
exploited by the viruses. In other words host seserent viral proteins by different signaling

molecules for mounting defense mechanism in aniefft manner.

In conclusion, our findings show that NdB- is activated during HCMV infection and
HIV-1/HCV coinfection of macrophages which is exp#d by viruses in different manners for
persistent viral replication in macrophages. Thesalts have important implication in terms of
viral persistence and formation of viral reservairsnacrophages during HCMV infection and
HIV-1/HCV coinfection. Moreover, NkB activation during viral infections might influeac

the outcome of disease by modulating the expresdioallular genes as well.
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