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Herpesvirus Infection of Target Cells"
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Kaposi’s sarcoma-associated herpesvirus (KSHYV), the most recently identified member of the herpesvirus
family, infects a variety of target cells in vitro and in vivo. This minireview surveys current information on the
early events of KSHYV infection, including virus-receptor interactions, involved envelope glycoproteins, mode of
entry, intracellular trafficking, and initial viral and host gene expression programs. We describe data sup-
porting the hypothesis that KSHV manipulates preexisting host cell signaling pathways to allow successful
infection. The various signaling events triggered by infection, and their potential roles in the different stages
of infection and disease pathogenesis, are summarized.

Kaposi’s sarcoma-associated herpesvirus/human herpesvirus
8 (KSHV/HHV-8) is a gamma-2-lymphotropic oncogenic her-
pesvirus implicated in the pathogenesis of neoplasm of two
distinct cell types, the endothelial cell-based Kaposi’s sarcoma
(KS) and B-cell primary effusion lymphoma (PEL) and the
body cavity-based B-cell lymphoma (BCBL) and multicentric
Castleman’s disease (MCD) (13, 16). KSHV’s ~160-kb ge-
nome shows homologies with gamma-1-herpesvirus Epstein-
Barr virus (EBV) and gamma-2-herpesvirus saimiri (HVS),
and of KSHV’s >90 open reading frames (ORFs), ORF4 to
ORF75 are so designated by their homology to HVS ORFs
(16, 38, 46). The genome contains gene blocks conserved with
other herpesviruses, as well as divergent regions encoding
more than 20 KSHV unique genes (K genes). Several KSHV-
encoded proteins are homologs of host proteins with immuno-
modulatory, antiapoptotic, signal induction, transcriptional
regulation, and other functions (16, 38, 46).

Entry into target cells by herpesviruses is a multistep complex
process involving series of temporal interactions between multiple
host cell surface molecules (that may vary according to cell type)
with multiple viral envelope glycoproteins. Binding to the cell
surface receptors is followed by penetration into the cytosol, ei-
ther by direct fusion of the viral envelope with the plasma mem-
brane or by internalization and transport in the cytoplasm by
endocytosis and fusion of the viral envelope with the endosomal
membranes. Viral capsid released in the cytoplasm is transported
to the nuclear periphery, where disassembly of capsid and release
of viral genome via the nuclear pore into the nucleus occurs (Fig.
1). Even though several host receptors have been identified for
human and animal herpesviruses, how these interactions with cell
surfaces facilitate the various subsequent steps of successful in-
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fection is not fully understood. Similarly, though several advances
have been made in our understanding of the KSHV genome,
gene functions, latency, and potential immune evasion strategies,
information regarding early events of KSHV infection of target
cells is somewhat limited.

OBSTACLES ENCOUNTERED BY KSHV DURING
TARGET CELL INFECTION

During infection, similar to other viruses, KSHV needs to
overcome several formidable obstacles imposed by the host
cells (Fig. 1). The first obstacle is the recognition of and bind-
ing to the appropriate surface receptors that are distributed
over a large area of the target cell (which is colossal compared
to the petite size of the virus) in an environment of rapid
movement of extracellular fluids. Second, though virus binding
with the receptor(s) could occur at lower temperatures, energy
is needed for the various phases of infection shown in Fig. 1.
Third, for the tiny viral particles, the crowded, highly packed
cytoplasm creates a difficult challenge for trafficking. Addi-
tional obstacles include apoptosis triggered by the engagement
of multiple receptors during virus binding and entry, induction
of various intrinsic, innate and adaptive immune responses
(including interfering RNA, toll-like receptors (TLR), inflam-
masome, interferons [IFNs], etc.), autophagy, and restriction
on virus gene transcription in the quiescent cells, including
p53, ND10 bodies, etc. (Fig. 1). These obstacles need to be
counteracted rapidly in a sustained manner not only during
early times of infection but also throughout the duration of
infection and during latency. Besides using its gene products,
due to its limited genome size, KSHV must have evolved to use
host cell molecules to overcome these obstacles. The take-
home message from the available evidence discussed here is
that KSHV manipulates the host cell’s preexisting signal path-
ways via its interactions with cell surface receptors early during
infection as one of the best strategies to overcome several
obstacles and to create an environment that is conducive to
infection.
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FIG. 1. Model illustrating the different phases of early events of KSHV infection of target cells and the obstacles encountered by the virus.

iRNA, interfering RNA.

For conceptual purposes, early events of KSHV infection
are discussed as six overlapping dynamic phases (Fig. 1, 2, and
3). Phase 1 involves the binding of viral envelope glycoproteins
to cell surface receptors overlapping with the induction of host
cell signal pathways (phase 2). This is followed by virus entry
(phase 3), movement of the viral capsid/tegument in the cyto-
plasm (phase 4), nuclear entry of the viral genome (phase 5),
and the overlapping expression of viral genes (phase 6a) and
host cell genes (phase 6b). To differentiate among and identify
the phase(s) in which KSHV-induced host signal molecules
play roles, an assortment of methods have been used (Fig. 2).
Phases 1, 3, 4, 5, and 6 are discussed first, followed by signaling
events (phase 2) triggered by infection and their potential roles
in different phases of KSHV infection.

KSHV INFECTS MULTIPLE TARGET CELLS IN VIVO
AND IN VITRO

Detection of KSHV DNA and transcripts in CD19" periph-
eral blood B cells, endothelial cells, CD45"/CD68* mono-

cytes, keratinocytes, and epithelial cells suggests a broad in vivo
cellular tropism of KSHV (16). KSHV DNA is present in a
latent form in the vascular endothelial and spindle cells of KS
tissues and latency-associated LANA-1 (ORF73), vCyclin D
(ORF72), vFLIP (K13), and kaposin (K12) genes are ex-
pressed in these cells (16). KSHV lytic cycle K5, which down-
regulates a variety of cell surface molecules, such as major
histocompatibility complex (MHC) class IA and IC, ICAM-1,
and PE-CAM, has also been detected in KS endothelial/spin-
dle cells. Lytic infection is also detected in <1% of infiltrating
inflammatory monocytic cells of KS lesions (16). Unfortu-
nately, the endothelial cell line carrying KSHV has not been
established from KS lesions, since KS cells grow poorly in cell
culture and viral DNA is lost within a few passages (16).
Human B cells and monocytes appear to be the major res-
ervoir of latent infection, and cell lines with B-cell character-
istics, such as BC-1, BC-3, BCBL-1, HBL-6, and JSC, have
been established from BCBL tumors (16). BC-1, HBL-6, and
JSC cells carry multiple copies of KSHV and EBV genomes in
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FIG. 2. Model illustrating the various methods used to analyze the different phases of early events of KSHV infection of in vitro target cells.
FITC, fluorescein isothiocyanate; FACS, fluorescence-activated cell sorter; IFA, immunofluorescence assay.

a latent state, and BCBL-1 and BC-3 cells carry only the KSHV
genome. Gene expression in PEL cells is limited to the latency
locus, and KSHV expresses LANA-1, vCyclin, vFLIP, kaposin,
and ORF10.5 (LANA-2) genes as well as 12 microRNAs (9,
16). Similar to EBV-carrying B-cell lines, about 1 to 3% of
PEL cells spontaneously enter the lytic cycle, and viruses in-
duced from these cells by chemicals serve as the source of virus
for various studies.

In vitro, KSHV has been shown to infect human B, endo-
thelial, epithelial, and fibroblast cells, CD34 " stem cell precur-
sors of dendritic cells, and monocytes (16). KSHV also infects
monkey kidney cells, BHK-21 cells, CHO cells, and mouse
fibroblast cells (1-4, 7, 8, 12, 16, 17, 23, 25, 27, 29, 30, 31, 35,
39, 43-45, 47, 53, 56, 57). In vitro infection by alpha- and
betaherpesviruses results in the rapid initiation of the lytic
cycle, virus progeny formation, and cell death. This is not
unexpected, since the majority of cells used in these studies do

not represent the in vivo target cells of latency. In contrast, in
vitro infection of human primary B cells by gamma-1-EBV
results in the establishment of latent infection, transformation,
and a B-lymphoblastoid cell line. Primary nonstimulated B
cells show poor infection with KSHV, and this infection does
not lead to immortalization. Instead, a lytic replication is re-
ported for activated B cells (44). Interestingly, in vitro KSHV
infection of adherent target cells does not result in a produc-
tive lytic cycle (16). Instead, KSHV infection of human endo-
thelial cells (human microvascular dermal cells [HMVEC-d]),
human umbilical vein endothelial cells (HUVEC), human
foreskin fibroblasts (HFF), human endothelial cells immortal-
ized by telomerase (TIME), and human embryonic kidney
epithelial cells (HEK 293 cells) results in the expression of
latency-associated genes, thus providing a reasonable model
for studying latency in vitro (7, 16, 29, 31, 47, 49, 57). Lytic
replication can be induced from these cells by chemicals or
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TABLE 1. KSHYV binding and entry in the various in vitro target cells
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Cell type Binding receptor(s) Entry receptor(s) Mode of entry
HFF HS a3Bl, a VB3, a VRS, xCT/CDIYS Endocytosis (major pathway; clathrin mediated)
HMVEC-d HS a3pl, aVB3, aVBS, xCT/CDY8 Endocytosis (major pathway; actin-dependent macropinocytosis)
HUVEC HS a3Bl, a VB3, a VRS, xCT/CDIYS Endocytosis (major pathway; actin-dependent macropinocytosis
and/or clathrin mediated)
HEK 293 HS a3B1, a VB3, aVBS5, xCT/CDI8 Endocytosis
Monocytes® HS, DC-SIGN Unknown Endocytosis
B cells HS, DC-SIGN Unknown Endocytosis
Keratinocytes Unknown Unknown Unknown

“ Activated macrophages.

by the lytic switch KSHV ORF50 (RTA) protein (7, 16, 29,
31, 57).

KSHV ENVELOPE GLYCOPROTEINS

Besides encoding the gB (ORES), gH (ORF22), gL
(ORF47), gM (ORF39) and gN (ORF53) glycoproteins that
are conserved among the herpesviruses (16, 38, 46), KSHV
also encodes the unique lytic cycle-associated glycoproteins
ORF4, gpK8.1A, gpK8.1B, K1, K14, and K15 (16, 38, 46).
Among these, ORF4, gB, gH/gl, gM/gN, and gpK8.1A are
associated with KSHYV virion envelopes (2, 5, 8, 12, 28, 34, 54,
58). KSHV gB synthesized as a 110-kDa precursor undergoes
cleavage and processing, and the envelope-associated form
consists of disulfide-linked multimers of 75- and 54-kDa
polypeptides with high levels of mannose and complex sugars
(2, 5, 55). As in other herpesviruses, the 120-kDa KSHV gly-
coprotein gH forms a noncovalent complex with the 41- to
42-kDa glycoprotein gL (21, 34), while the N-glycosylated
KSHYV glycoproteins gM and gN form heterodimers (28). The
KSHV gpKS8.1 gene codes for 228-aa-long gpK8.1A and for
167-aa-long gpK8.1B, which is generated by an in-frame dele-
tion of 61 amino acids (aa) from gpK8.1A. Both gpK8.1A and
gpK8.1B contain N- and O-linked sugars, and the 68- to 72-
kDa gpK8.1A is the predominant form detected in the virion
envelopes (12, 58).

KSHV BINDING TO THE TARGET CELLS (PHASE 1)

When analyzing herpesvirus interactions with target cells,
the common readouts used are viral gene expression or expres-
sion of the indicator gene from the viral genome, which occurs
after viral entry into the infected cell nuclei. However, when
studying agents blocking infection, since the downstream ef-
fects of agents blocking the entry or transport or signaling
could also block the cellular and viral transcription, it is critical
to determine whether the blockage is due to interference at the
binding stage or the entry stage, during transport in the cyto-
plasm or viral DNA delivery into the nucleus, or at the tran-
scription level. Hence, various methods have been designed to
evaluate the different phases of KSHV infection (Fig. 2).

Heparan sulfate. KSHV’s broad in vitro cellular tropism may
be in part due to its interactions with the ubiquitous cell sur-
face heparan sulfate (HS) proteoglycan (3, 8), and this inter-
action with HS is similar to that of several other herpesviruses
(Table 1). KSHYV infection is inhibited by soluble heparin but
not by chondroitin sulfates A and C (3). Due to the low level

of expression of Extl, a key glycosyltransferase enzyme in HS
biosynthesis, HS is not expressed in appreciable levels in many
B-cell lines and in primary B cells (25). The refraction of
primary B cells for KSHV infection may be due to the lack of
HS as the expression of HS in BJAB cells (an EBV-negative
B-cell line) increased the binding of KSHYV to the cell surface
(25). Interestingly, BJAB cells from one laboratory did not
express any HS, while cells from another laboratory expressed
abundant HS, which could explain some discrepancies re-
ported for the infection of BJAB cells (25). KSHV gB,
gpK8.1A, ORF4, and gH bind to cell surface HS molecules (2,
8, 21, 33, 54, 55). Binding of soluble forms of gB and gpK8.1A
is saturable and can be blocked by soluble heparin (8, 54, 55).
KSHYV gpKS8.1A binds to heparin with an affinity comparable
to that of gB and gC of herpes simplex virus (8). KSHV’s
possession of four HS binding proteins reemphasizes the im-
portance of cell surface HS for attachment of many herpesvi-
ruses. KSHV interactions with HS may be the first set of
ligand-receptor interactions that concentrate virus on the ad-
herent human endothelial, epithelial, and fibroblast cells. This
is not surprising, as HS with its highly branched sugar chains is
probably one of the longest molecules in the cell surfaces, and
binding by charge interactions with HS probably provides the
initial first foothold (surfing) for KSHV in the rapid fluid
movement prevalent in the extracellular environment, thus
overcoming the first obstacle.

DC-SIGN. Dendritic cell-specific intercellular adhesion mol-
ecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN; CD209) is
reported to be used by many viruses to adhere to the target
cells. Similarly, DC-SIGN appears to be utilized by KSHV
during infection of human myeloid dendritic cells (DCs), mac-
rophages, and activated B cells (43, 44). KSHV binding and
infection were blocked by anti-DC-SIGN monoclonal anti-
body, by mannan (a natural ligand for DC-SIGN), and by
soluble DC-SIGN (43, 44). Pretreatment of cells with anti-DC-
SIGN antibodies did not completely block KSHV binding and
infection, a result which could be due to binding to HS and/or
other receptors that was not tested in these studies. Whether
activation of B cells also leads to increased expression of HS
and other KSHV receptors is not known. The identity of the
KSHYV envelope glycoprotein(s) interacting with DC-SIGN is
not known, and KSHV gB, with its high mannose level, is a
potential candidate.

Integrins. Among all the gB homologs of human herpesvi-
ruses sequenced to date, only KSHV-gB possesses an integrin-
binding RGD (Arg-Gly-Asp) motif at amino acids 27 to 29.
The RGD motif is the minimal peptide region of many extra-
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FIG. 3. Model illustrating the dynamic overlapping phases of early events of KSHV infection in endothelial and fibroblast cells and KSHV-
induced signal pathways and their role in infection. In phase 1, KSHV infection is initiated by binding to the cell surface via interactions with
heparan sulfate (HS) followed by temporal interactions with aVB5, a3p1, and « VB3 integrins and xCT (CD98) molecules which overlap with the
induction of host cell preexisting signal molecules (phase 2) that play roles in actin remodeling, the formation of endocytic vesicles, virus entry,
movement in the cytoplasm, delivery into the nucleus, and viral and host gene expression. KSHV interactions with cell surface integrins leads to
autophosphorylation of FAK at tyrosine 397, which creates a binding site for the SH2 domain of Src family kinases and leads to the subsequent
phosphorylation of PI3-K and Rho GTPases. FAK, Src, PI-3K, and Rho GTPases play roles in KSHV entry. In the absence of FAK, Pyk2 is
induced to compensate for the function of FAK. In phase 3, overlapping with phase 2, the virus enters the cells by endocytosis, and in phase 4,
viral capsid/tegument moves in the cytoplasm. RhoA activates Dia2, which in turn augments Src activation, all of which are probably essential for
the formation of endocytic vesicles and their movement in the cytoplasm. Capsid is released from the endocytic vesicles via fusion of the viral
envelope with the endocytic vesicles. The role of signal pathways in the acidification of endosomes and changes in viral envelope architecture are
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cellular matrix (ECM) proteins known to interact with subsets
of host cell surface integrins. Several studies demonstrate that
a3B1, aVBR3, and «VRS integrins play important roles in
KSHYV infection. A reduction (about 50%) in KSHV infection
of HMVEC-d and HFF cells by RGD peptides, antibodies
against RGD-gB peptide (RGDTFQTSSSPTPPGSSS) and fi-
bronectin demonstrated a role for integrins in KSHV infection
(4) The suggestion that 31 integrin is utilized by KSHV for
HMVEC-d and HFF cell infection came from evidence such as
the 30 to 50% reduction in infection by pretreating cells with
function-blocking anti-a3 and -B1 antibodies and by mixing
virus with soluble a3B1 integrin before infection, and the im-
munoprecipitation of virus-a3 and -Bl1 complexes by anti-
KSHYV gB antibodies (4). Though KSHV entry and infection
increased in CHO cells expressing human o3 integrin (which
forms a complex with hamster 1), this increase did not reach
the level of infection seen with endothelial and fibroblast cells,
suggesting that there are other receptors that are critical for
entry (4, 35).

Subsequent studies demonstrate that «VB3 and « VRS inte-
grins also play roles in KSHV entry of adherent target cells
(53) (Table 1; Fig. 3). KSHV-integrin interactions was also
demonstrated by KSHV gB-mediated adhesion of HMVEC-d,
HFF cells, CV-1 cells, and human fibrosarcoma cell line HT-
1080, which was inhibited by anti-a'V and -B1 integrin antibod-
ies (53). Variable levels of neutralization of HMVEC-d and
HFF cell infection were observed with anti-aVB3 and -aVB5
antibodies (53) Similarly, variable levels of inhibition of KSHV
entry into adherent human (HMVEC-d, HFF, 293) and mon-
key kidney (Vero) cells was observed by soluble a3B1, a VB3,
and oVB5 integrins. Though a cumulative inhibition was ob-
served with combinations of integrins, a complete block in
infection was not achieved, which may be due to KSHV’s first
interaction with HS. The role of integrin in KSHV infection of
B cells, monocytes, keratinocytes, and other cells has not been
studied (Table 1).

xCT. The 12-transmembrane glutamate/cysteine exchange
transporter protein XCT is reported to be a fusion entry recep-
tor in adherent cells (27). The xCT molecule is part of the cell
surface 125-kDa disulfide-linked heterodimeric membrane gly-
coprotein CD98 (4F2 antigen) complex containing a common
glycosylated heavy chain (80 kDa) and a group of 45-kDa light
chains; the xCT molecule is one of the light chains (14, 15, 26,
53). Nonsusceptible adherent target cells become susceptible
by the expression of recombinant XCT (27). As yet, the iden-
tities of KSHV envelope glycoprotein(s) interacting with xCT
molecule are not characterized (Table 1). Similarly, the role of
xCT in KSHYV infection of other target cells and whether xCT
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is also involved in fusion of the KSHV envelope with endocytic
vesicles need to be elucidated.

CD98, a multifunctional protein involved in amino acid
transport, cell adhesion, fusion, proliferation, and integrin ac-
tivation, was initially identified as a molecule associated with
integrin 3. It is interesting to note that CD98 and integrin o3
were named fusion regulation protein 1 (FRP-1) and FRP-2,
respectively, as this interaction was shown to play important
roles in cell-cell fusion and virus-induced cell fusion (14, 15, 26,
53). CD98 has also been shown to be involved in membrane
clustering, B1 integrin-mediated signaling events, and stimula-
tion of a3B1-dependent adhesion of cells and the signal trans-
duction cascade of a VB3 integrin (14, 15, 26, 53).

Incubation of virus with HMVEC-d cells followed by immu-
noprecipitation with anti-integrin antibodies and Western
blots for CD98 and xCT revealed that «VBS5 interaction with
CD98/xCT occurred predominantly within 1 min postinfection
(p-1.) and dissociated by 10 min p.i. (53). The a3p1-CD98/xCT
interaction was maximal at 10 min p.i. and dissociated by 30
min p.i., while the « VB3-CD98/xCT interaction was maximal at
10 min p.i. and remained essentially unchanged at 30 min p.i.
Immunofluorescence colocalization studies with purified
KSHY also confirmed these data (53). Preincubation of KSHV
with soluble heparin and «3B1 significantly inhibited the asso-
ciation with CD98/xCT, thus suggesting that KSHV’s first con-
tact occurs with HS and that integrins are essential elements in
subsequent CD98-xCT interactions. These studies demon-
strated temporal interactions of KSHV with a family of func-
tionally related proteins, such as HS, integrins, and CD98-xCT
molecules, in endothelial, epithelial, and fibroblast cells (53).
The biological relevance of such temporal interactions and the
involved KSHV glycoproteins needs to be assessed further
(Table 1; Fig. 3).

Although the role of 331 in KSHV infection was uncertain
in two studies (17, 23), methodological differences could ex-
plain these discrepancies. For example, using an RTA-depen-
dent reporter 293 T-cell line, Inoue et al. (23) reported the
inability of soluble a3B1 integrin and RGD peptides to block
KSHYV infectivity. However, the validity of this observation is
questionable, since when cells pretreated with RGD peptide
were infected, or when cells were infected with a virus-integrin
mixture, centrifugation and Polybrene were used in these stud-
ies (23). Both centrifugation and Polybrene enhance virus in-
fection without the need to interact with specific receptors. It
is a well-known fact that Polybrene forming a complex with the
viral envelope is used for gene delivery into various target cells
to bypass the need for specific receptors.

In another study, a 15-mer AHSRGDTFQTSSGCG peptide

poorly understood. RhoA GTPase facilitates the transport of capsid toward the nucleus by inducing MT stabilization and regulating MT dynamics
via Dia2. The endocytic vesicles with virus or released capsid/tegument complexes bind to dynein motor components, transported along the MT
to reach the nuclear vicinity, and deliver the viral DNA into the nucleus. RhoA GTPases facilitate the transport of the capsid toward the nucleus
by inducing microtubule stabilization and regulating microtubule dynamics. KSHV-induced ERK and NF-kB play roles in the modulation of both
viral and host gene expression and to overcome the host restriction on transcription. Nuclear delivery of the KSHV genome into the infected cell
nucleus is followed by simultaneous induction of viral gene expression (phase 6a) and host gene expression (phase 6b). The overlapping viral
gene-induced host cell gene expression may exert an influence on subsequent viral and host gene expression. These studies demonstrate that KSHV
interactions with host cell receptors play vital roles in manipulating the host cell signaling pathway to create a conducive intracellular environment
for the establishment of a successful infection. The arrows indicate the stage of KSHV infection in which the induced signal pathways are shown

to play roles.
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of KSHV gB-mediated HT1080 adhesion, which was blocked
by aVB3 and aVBS5 antibodies and peptide-bound beads, de-
tected only a VB3 integrin (17). The GCG amino acids in the
peptide used in this study are not present in KSHV gB se-
quence and may potentially give rise to dimers and multimers
due to the cysteine residue (17). Though HT1080 cell infection
was inhibited by anti-a VB3 antibodies, anti-a3B1 and -a VB35
antibodies were not tested (17). Mouse keratinocytes lacking
a3B1 were infectible with KSHV, and expression of human a3
resulted in only a 55% level of infection in these cells. Even
though the level of VB3 in these cells and the ability of
anti-aVB3 to block KSHV infection were not tested, it was
concluded that a3B1 expression must have a dominant nega-
tive effect on « VB3 integrin. Since the dominant effect of a3p31
has been demonstrated only after specific ligand binding to
a3B1, it is not clear whether virus binding to a3B31 generates
such an effect, which itself is an interesting area to study. The
discrepancies of the usage of different integrins were expected,
since it is common for different cells to express different com-
binations of integrins, and a specific integrin could be one of
the receptors in some and not in all target cells of KSHV. Since
herpesvirus-cell receptor interactions are temporarily coordi-
nated events mediated by interactions of viral glycoproteins
with one receptor leading to conformational changes of viral
glycoproteins and allowing for interaction with the next recep-
tor(s), the detection of o3 and B1 in HFF or HMVEC-d incu-
bated with virus or purified gB (4, 53) could represent the
event occurring during virus-host cell interactions under phys-
iological conditions.

Further studies are required to determine the role of the
additional receptor(s) in different target cells of KSHV (Table
1; Fig. 3).

KSHV ENTRY INTO THE TARGET CELLS (PHASE 3)

KSHYV binds and enters a variety of human (BCBL-1, BJAB,
Raji, 293, HFF, Hela, endothelial), monkey (Vero, CV-1),
hamster (BHK-21, CHO), and mouse (Dul7) cells, as shown
by the detection of viral DNA, limited KSHV gene expression,
and green fluorescent protein (GFP) expression (Fig. 2) (1-4,
7, 18, 23, 25, 27, 29-31, 34, 35, 41-45). KSHV DNA is inter-
nalized rapidly in adherent cells, reaching a peak by 60 min p.i.
(29). Various evidence demonstrates that KSHV utilizes en-
docytosis as the predominant method of entry into B cells (3,
42), monocytes (43), fibroblast cells (HFF) (1), epithelial cells
(293 cells) (23), and endothelial cells (HMVEC-d and
HUVEC) (18, 41). Electron microscopy revealed KSHV viri-
ons in large endocytic vesicles within 5 min of HMVEC-d and
HFF cell infection, and fusion of the virion envelope with
endocytic vesicles was also observed (1, 41). Viral capsids were
detected near the vicinity of the nuclear membrane by 15 min
p.i., and anti-KSHV envelope gB and gpK8.1A antibodies co-
localized with virus-containing endocytic vesicles (1, 18, 41)
(Fig. 2).

It is reasonable to assume that KSHV uses endocytosis for
its entry, as endosomes offer a convenient and often rapid
system of transit across the plasma membrane and through the
obstacles of crowded cytoplasm.

Use of various chemical inhibitors suggests that KSHV uti-
lizes different modes of endocytic entry in fibroblast and en-
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dothelial cells. In HFF cells, KSHV DNA internalization (en-
try) is significantly inhibited by preincubating cells with
chlorpromazine blocking clathrin-coated pits, but not by nys-
tatin and cholera toxin B blocking endocytosis via caveolae and
by dissociation of lipid rafts, respectively. KSHV gene expres-
sion (infection) is also inhibited by blocking the acidification of
endosomes by NH,Cl and bafilomycin A in HFF and 293 cells
without affecting virus entry (1, 23). In contrast, chlorproma-
zine and filipin (caveolar endocytosis inhibitor) did not have
any effect on KSHV binding, entry, or gene expression in
HMVEC-d and HUVEC (41). KSHYV entry and gene expres-
sion in both types of endothelial cells were significantly
blocked by macropinocytosis inhibitors EIPA and rottlerin and
by cytochalasin D affecting actin polymerization (41). KSHV
induces the actin polymerization and formation of lamellipo-
dial extensions that are essential for endocytosis (18, 35, 41).
Inhibition of lipid rafts blocked the viral gene expression in
HMVEC-d but not in HUVEC or HFF cells (41, 42). Inter-
nalized KSHV in HMVEC-d and HUVEC colocalized with the
macropinocytosis marker dextran and not with the clathrin
pathway marker transferrin or with caveolin (41). Dynasore, an
inhibitor of dynamin, did not block viral entry into endothelial
cells but did inhibit entry into HFF cells (41) (Fig. 2). KSHV
was not associated with the early endosome marker EEA-1 in
HMVEC-d but was associated with the late endosome marker
LAMPI, as well as with Rab34 GTPase, a known regulator of
macropinocytosis (41). Silencing Rab34 with small interfering
RNA dramatically inhibited KSHV gene expression, as did
bafilomycin-mediated disruption of endosomal acidification
(41). These studies suggested that KSHV utilizes the actin
polymerization-dependent, dynamin-independent macropino-
cytic pathway involving Rab34 GTPase-dependent late endo-
some and low-pH environment for its infectious entry into
HMVEC-d and HUVEC (Table 1).

Anti-gB, -gH, -gl, and -gpK8.1A antibodies neutralize
KSHYV infection without affecting virus binding to the target
cells (2, 34, 54, 55). This suggests that these glycoproteins play
critical roles in the entry process, and it seems likely that the
minimal fusion machinery of KSHV comprises gB, gH, and gL.
Further work is required to determine the role of KSHV glyco-
proteins in the entry and fusion steps of infection.

KSHY MOVEMENT IN THE CYTOPLASM AND
DELIVERY OF DNA INTO THE NUCLEUS
(PHASES 4 AND 5)

KSHV-DNA accumulates rapidly in the infected HFF cell,
HMVEC-d, and HUVEC nuclei, reaching a peak by about 90
min p.. (29, 35, 37, 41, 52). Microtubules (MT) play important
roles in KSHYV infection, since depolymerization of MT, even
though it did not affect KSHV binding and internalization,
inhibited the nuclear delivery of viral DNA and infection in
HFF cells, HMVEC-d, and HUVEC (37, 41, 42). Similar to
HSV-1, KSHYV also utilizes dynein motors to reach the vicinity
of the nucleus (37). Overexpression of p5S0/dynamitin and so-
dium orthovanadate (Na;VO,), a well-described inhibitor of
dynein activity, significantly reduced the infected cell nuclei-
associated KSHV DNA (37). KSHV proteins involved in the
interaction of dynein motors need to be evaluated further.
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KSHV GENE EXPRESSION DURING PRIMARY
INFECTION OF ADHERENT TARGET
CELLS (PHASE 6A)

Quantitative real-time RT-PCR and a whole-genome array
detected high levels of KSHV early lytic ORF50 (RTA) tran-
scripts within 2 h p.i. of HMVEC-d and HFF cells, which
declined sharply by 24 h p.i. (29). In contrast, comparatively
low levels of latent ORF73 expression were detected within 2 h
p.i., increased subsequently, maintained at a steady state and
declined slowly by 5 days p.i. It is interesting that subsets of
lytic transcripts with antiapoptotic and immune-modulation
functions were also expressed soon after infection, and many of
these transcripts could not be detected at later time points.
Bechtel et al. (6) showed that 10 of the 29 RNAs detected in
the above studies (29) encoding ORFs such as K8.1, K12,
ORF58/59, and ORF54 were present in the purified virion
particles. However, other detected transcripts (29) were ab-
sent, suggesting de novo transcription of the remaining lytic
genes during the first hours of infection. Further examination
revealed a steady quantitative increase in early lytic K5, K8,
and v-IRF2 gene expression in the infected HMVEC-d and
HFF cells (29, 47, 50).

When one examines the functions of the expressed KSHV
lytic cycle genes, an interesting picture emerges. Since KSHV
ORF50 (RTA) can activate ORF73 promoter, the initiation of
latent gene expression must be mediated by ORF50. Since K5
has been shown to downregulate cell surface MHC class 1A
and IC, ICAM-1, B7-2, PE-CAM, and Cdld molecules, in-
fected cells may remain in a stealth state and could escape
from the host CTL and NK cells (16). KSHV lytic vIRF-2 has
profound inhibitory effects on alpha IFN (IFN-a) and IFN-8
gene transcription (16). KSHV lytic genes K4 (vMIP-1I), K6
(VMIP-I), and K2 (v-IL-6) were expressed briefly (29, 41, 50),
and these proteins have been shown to possess antiapoptotic
and immunomodulatory functions and to protect cells from
IFN and NK cell action (16). KSHV Iytic gene K7 and K6
proteins were also expressed briefly (29), and these proteins
possess antiapoptotic functions (16). Thus, the expression of
limited lytic proteins early during infection of HMVEC-d and
HFF cells must serve to overcome host cell restriction on
transcription as well as to provide a survival advantage for
KSHV-infected cells and the necessary factors and time to
establish and/or maintain latency during the initial phases of
infection.

As is the case in cultures of KS lesion endothelial cells, in
vitro KSHV latent infection in primary fibroblasts and endo-
thelial cells is unstable. KSHV viral DNA is not efficiently
maintained in the infected cells, and the proportion of infected
cells decreases over time (7, 16, 20).

HOST GENE EXPRESSION IN THE INFECTED TARGET
CELLS (PHASE 6B)

Use of oligonucleotide arrays to examine the modulation of
HMVEC-d and HFF cell gene expression at 2 h and 4 h p.i.
(36) demonstrated that KSHV reprogrammed host cell tran-
scriptional machinery involved in regulating apoptosis, cell cy-
cle regulation, signaling, inflammatory response, and angio-
genesis (36). A subsequent cytokine array analysis showed that

MINIREVIEW 2195

KSHYV infection induced in an NF-kB-dependent manner sig-
nificant secretion of several endothelial cell angiogenic mole-
cules (angiogenin, vascular endothelial growth factor [VEGF],
angiopoietin, and SDF-1), growth factors (platelet-derived
growth factor [PDGF], fibroblast growth factor [FGF], and
granulocyte-macrophage colony-stimulating factor [GMCSF]),
chemokines (MCP-2, macrophage inflammatory protein
[MIP], and eotaxin), and proinflammatory COX-2/PGE2, in-
terleukin-2 (IL-2), IL-3, IL-8, GRO, and IL-16 and anti-in-
flammatory IL-4, IL-5, and IL-15 cytokines (47). The cytokines
and growth factors seen during KSHV primary infection of
endothelial cells are strikingly similar to the factors detected in
the KS lesions (16, 36, 47).

KSHYV INDUCES HOST CELL PREEXISTING SIGNAL
MOLECULES EARLY DURING INFECTION THAT
PLAY ROLES IN ENTRY AND ESTABLISHMENT
OF INFECTION (PHASE 2)

Integrin interactions with extracellular matrix proteins (li-
gand) activate a variety of signaling molecules, such as focal
adhesion kinase (FAK), c-Src, p130<4S, phospholipase C-vy,
phosphatidylinositol 3-kinase (PI13-K), PKC, and cytosolic pro-
teins, such as talin, vinculin, paxillin, and a-actinin, and assem-
ble into focal adhesions (FA), thereby linking integrins to
ECM proteins on the outside and the cytoplasmic actin cy-
toskeleton on the inside (10, 19, 48). These signaling events
mediate several functions, such as activation of the cytoskele-
ton, endocytosis, gene expression, cell motility, attachment, the
cell cycle, cell growth, apoptosis, and differentiation (10, 11, 19,
32, 48). During early times of infection, KSHV induces inte-
grin-mediated FAK phosphorylation that is followed by the
activation of a variety of focal adhesion-associated signal mol-
ecules, such as Src, PI-3K, Rho GTPases (RhoA, Rac, and
Cdc42), and Diaphanous 2 (Dia2), as well as several down-
stream effector molecules, such as AKT, Ezrin, PKC-{, MEK,
ERK1/2, NF-kB, and p38MAPK (4, 18, 30, 35, 37, 39, 41, 42,
47, 49, 50-53, 55-57) (Fig. 3).

When one asks why KSHV induces host cell preexisting
signal pathways during binding and entry stages of infection,
the probable answer is that these signaling pathways are most
likely required in the different energy-dependent stages of viral
infection (Fig. 3). When the available evidence linking signal
induction with endocytosis and other cellular functions is ex-
amined, the above answer appears to be correct. After ligand
interactions with receptors, associated kinases have been
shown to be activated by autophosphorylation on tyrosine res-
idues, leading to the recruitment of signal complexes to the
plasma membrane, which then rapidly translocates to clathrin,
caveolae, and other vesicles (10, 11, 19, 32, 48). Src-mediated
tyrosine phosphorylation of clathrin is believed to regulate
clathrin translocation to the plasma membrane, which is criti-
cal for its interactions with a number of other essential pro-
teins, such as AP2, Epsl5, and dynamin (10, 11, 19, 32, 48).
Src-dependent phosphorylation also regulates dynamin self-
assembly and ligand-induced endocytosis by releasing the in-
ternalized endocytic vesicles and also initiates the assembly of
the plasma membrane-associated Ras activation complex. By
interactions with Grb2, mSOS is recruited to the plasma mem-
brane to activate Ras. Rho and Rab GTPases activated by
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PI-3K and Ras are critical for the formation of various types of
endocytic vesicles and their movements as well as for micro-
tubule and microfilament reorganization (10, 19, 22, 24, 40).
Activated ERK1/2 has also been shown to be associated with
endocytic vesicles. The interlink between signal pathways with
endocytosis (11, 32, 48) together with the observation that
anti-integrin antibodies and soluble integrins neutralize KSHV
infection without affecting virus binding clearly indicate that
KSHYV could be manipulating the host cell signaling pathways
for its advantage, and the studies discussed below support this
suggestion.

KSHV-INDUCED FAK PLAYS ROLES IN VIRUS ENTRY
INTO THE TARGET CELLS

Within minutes of infection of HMVEC-d, HFF, 293, and
FAK™* mouse Dul7 fibroblasts, KSHV induces integrin-me-
diated tyrosine phosphorylation of pp125 FAK (4, 30, 35, 42,
50, 51, 52, 55). Soluble gB also induces FAK autophosphory-
lation (51, 55), and KSHV-induced FAK colocalizes with vin-
culin, paxillin, Src, and RhoA in the infected cells (4, 51, 52,
55) (Fig. 3). Though KSHV binding to Du3 (FAK/") and
Dul7 (FAK"/") was equal and could be inhibited by soluble
heparin, the efficiency of DU3 cells was much lower (30, 35).
Du3 cells showed an approximately 70% reduction in KSHV
DNA internalization and expression of FAK in these cells via
augmented viral DNA internalization, thus suggesting that
FAK plays a critical role in KSHV entry. FAK dominant neg-
ative mutant FAK-related nonkinase (FRNK) expression in
Dul7 cells significantly reduced KSHV entry (30). Reduced
virus entry in Du3 cells, delivery of viral DNA to the infected
cell nuclei, and expression of KSHV genes suggested that in
the absence of FAK, another molecule(s) may partially com-
pensate for FAK function. KSHV indeed induced the phos-
phorylation of the Pyk2 molecule that compensates for some of
the functions of FAK (30). Expression of an autophosphory-
lation mutant of Pyk2 reduced viral entry into Du3 cells (30).

Since FAK activation is central to many paradigms of out-
side-in signaling by integrins, actin assembly, and endocytosis,
KSHYV must have evolved to take advantage of these signaling
pathways to promote entry and the subsequent steps of infec-
tion.

KSHV-INDUCED Src AND PI-3K PLAY ROLES IN VIRUS
ENTRY INTO THE TARGET CELLS

The converging point of FAK and Pyk2 induction is the
activation of Src kinases, which leads to the activation of PI-3K
and Rho GTPases. The Src family of tyrosine kinases, includ-
ing Src, Lyn, Fyn, Yes, Lck, Blk, and Hck, play critical roles in
various signal transduction pathways. After the Src-SH2 do-
main binds to FAK-Tyr**’, the activated Src kinases then phos-
phorylate a number of FA components. KSHV infection in-
duces a robust Src response within minutes and colocalizes
with FAK (52), and KSHV-gB also induced FAK-dependent
Src phosphorylation in adherent target cells (51).

PI-3K consists of a p85 regulatory subunit and p110 catalytic
subunit, and phosphorylation of specific tyrosine residues on
the p85 subunit is an indication of PI-3K activation as it re-
cruits substrates to the dimer, where they are phosphorylated
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by the p110 catalytic subunit. PI-3K is one of the important
downstream effector molecules of FAK and Src activation, and
KSHYV infection induced PI-3K early during infection (35, 50).
Src is an upstream mediator of PI-3K, since phosphorylation of
Src by KSHV-gB was not affected when cells were incubated
with nontoxic doses of the PI-3K inhibitors LY294002 and
wortmannin. Src kinase-specific inhibitor SU6656 completely
blocked KSHV gB-induced p85-PI-3K phosphorylation (51),
thus demonstrating that PI-3K is downstream of Src. In FAK-
null Du3 cells, no significant PI-3K p85 phosphorylation was
stimulated by KSHV-gB, and in contrast, p85 phosphorylation
was observed for FAK-wt Dul7 cells (51).

These studies suggest a critical role for FAK and Src in the
induction of PI-3K during KSHYV infection (Fig. 3).

Involvement of Src in the KSHV entry process is shown by
evidence such as the failure of KSHV to enter Src-negative
mouse fibroblast cells (52), the increase in Src activity by lipid
raft disruption, resulting in enhanced virus entry (42), and the
RhoA GTPase-facilitated KSHV entry into adherent target
cells in a Src-dependent manner (52). Similarly, the role of
PI-3K in entry was shown by reduced viral entry by PI-3K
inhibition (50).

KSHV-induced PI-3K was also essential for the induction of
Rho GTPases (51, 52), suggesting that PI-3K must play an
active role in KSHV entry via its role in the activation of Rac,
Rho, Cdc42, and Rab5 GTPases, which are essential for actin
reorganization, providing the mechanical force required for
endosome formation and propulsion of endocytic vesicles and
acting as a structural platform to stabilize the half-life of sig-
naling molecules.

Induction of PI-3K involved in AKT activation very early
during infection also indicates that this may also help in block-
ing apoptosis induced by viral binding and entry stages (Fig. 3).

KSHV-INDUCED RhoA GTPases PLAY ROLES IN VIRUS
ENTRY, MICROTUBULE ACETYLATION, THICKENING
OF MICROTUBULE BUNDLES, AND NUCLEAR
DELIVERY OF VIRAL DNA

RhoA, Rac, and Cdc42 Rho GTPases are master regulators
of several biological processes via a variety of signaling path-
ways, including cytoskeleton rearrangement and morphological
changes (19, 22, 24, 40, 48). Immediately following infection,
KSHY induces PI-3K Rho GTPase-dependent cytoskeletal re-
arrangements and the formation of structures such as filopodia
(CDC42), lamellipodia (Rac), and stress fibers (RhoA) in the
target cells (18, 35, 41, 53). Soluble gB induced the FAK-Src-
PI-3K Rho GTPase signaling pathway and extensive cytoskel-
etal rearrangement in target cells (51). KSHV-induced RhoA
colocalized with Src in the infected cells (51). Ezrin, which is
required to cross-link the actin cytoskeleton with the plasma
membrane and to induce the morphological changes, was also
induced by KSHV via Rho GTPases (51) (Fig. 3).

The dominant negative form of RhoA GTPase and treat-
ment of target cells with Clostridium difficile toxin B (CdTxB),
a specific inactivator of Rho GTPases, significantly blocked
KSHYV entry. Inhibition of Src activation by CdTxB and reduc-
tion of RhoA activation by Src inhibitors suggest that KSHV-
induced Src is involved in RhoA activation, which in turn is
involved in a feedback-sustained activation of Src (52) (Fig. 3).
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Noticeable aggregation and thickening of microtubules (MT)
in the infected cells was also observed (37, 42). KSHV capsids
colocalized with the microtubules; this colocalization was abol-
ished by the destabilization of microtubules with nocodazole
and PI-3K inhibitor affecting the Rho GTPases (37, 42). The
inactivation of Rho GTPases by CdTxB significantly reduced
microtubular acetylation and, subsequently, the delivery of vi-
ral DNA to the nucleus (37, 52). Nuclear delivery of viral DNA
was increased in cells expressing a constitutively active RhoA
mutant and decreased in cells expressing a dominant negative
mutant of RhoA (37, 52). Similarly, Escherichia coli cytotoxic
necrotizing factor activating the Rho GTPases significantly
augmented the nuclear delivery of KSHV DNA. Collectively,
these studies suggest that KSHV induces Rho GTPases, mod-
ulates stabilization of microtubules, and promotes the rapid
trafficking of viral capsids toward the nucleus (37, 42).

Rho GTPases activate formin family Diaphanous 1 and 2
molecules that form part of the signal transduction cascade,
leading to rearrangement of the cytoskeleton (22, 24, 40).
KSHY induces the activation of RhoA GTP-dependent Diaph-
anous 2 with no significant activation in Rac- and Cdc42-
dependent PAK1/2 and stathmin molecules (37, 42). Dia2 co-
immunoprecipitated and colocalized with activated Src in the
infected cells, which were inhibited by Src inhibitors (52). To-
gether with the reduced virus entry in RhoA dominant nega-
tive cells, these results suggest that activated RhoA-dependent
Dia2 probably functions as a link between RhoA and Src in
KSHV-infected cells and mediates the sustained Src activation
and that KSHV-induced Src and RhoA play roles in facilitating
entry and nuclear delivery of viral DNA.

These studies also demonstrated for the first time the mod-
ulation of the MT dynamics by virus-induced host cell signaling
pathways to aid in the trafficking of viral DNA (Fig. 3).

KSHV-INDUCED ERK1/2 AND NF-«kB PLAY ROLES IN
VIRAL GENE EXPRESSION

KSHYV induced a robust ERK1/2 induction as early as 5 min
p.i.; this induction was observed even with a low multiplicity of
infection of live and UV-inactivated KSHV in serum-starved
cells and in the presence of serum (35, 37, 50, 56). PI-3K and
PKC-{ were recruited as upstream mediators of the KSHV-
induced ERK pathway. A biphasic ERK1/2 induction was ob-
served with high levels at earlier time points that returned to
the basal level at 4 h p.i., and a second phase of a moderate
level of activation from 12 to 72 h p.. was observed (47).
Studies with purified soluble proteins suggest that gpK8.1A
and, to a lesser extent, gB are involved in ERK activation (50).
Soluble gpK8.1A induced the MEK1/2-dependent ERK1/2 but
not ERKS and p38 MAPK in HMVEC-d and HFF cells (50).
KSHYV also induced NF-«kB as early as 5 to 15 min p.i. of
HMVEC-d and HFF cells, and translocation of p65-NF-«B
into nuclei was detected. IkB phosphorylation inhibitor Bay11-
7082 reduced this activation significantly (47). A sustained
moderate level of NF-kB induction was seen during the ob-
served 72 h p.i.; in contrast, p38 MAPK was activated only at
later time points (39, 47, 56), and AKT was activated in a cyclic
manner. Studies with UV-inactivated KSHV suggested a role
for virus entry stages in ERK1/2 and NF-«kB induction and a
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requirement for KSHV viral gene expression in sustained in-
duction (47, 50).

Pretreatment of cells with MEK inhibitor U0126 signifi-
cantly inhibited the expression of KSHV ORF73, ORF50, K8,
and v-IRF2 genes (35, 50). Several MAPK-regulated host tran-
scription factors, such as c-Jun, STAT1, MEF2, c-Myc, ATF-2,
and c-Fos, were induced early during KSHV infection, and
ERK inhibition significantly blocked c-Fos, c-Jun, c-Myc, and
STATT activation in the infected cells. AP1 transcription fac-
tors binding to the RTA promoter were readily detected in the
infected cell nuclear extracts, which were significantly reduced
by ERK inhibition (50, 56). Though inhibition of NF-«B did
not have any effect on KSHV entry into cells, the expression of
viral latent ORF73 and lytic ORF50 genes was significantly
reduced (47). Inhibition of NF-«kB significantly affected Jun D,
Jun B, phospho-c-Jun, cFos, and FosB activation (47).

Together, these studies suggest that very early during infec-
tion, KSHV induces ERK1/2 and NF-kB to modulate the ini-
tiation of viral gene expression and host cell genes (Fig. 3), a
perfect way to overcome restriction on viral gene transcription.

LIPID RAFTS PLAY ROLES IN KSHV INFECTION OF
ENDOTHELIAL (HMVEC-d) CELLS

Pretreatment of HMVEC-d cells with the LR-disrupting
agent MBCD or nystatin significantly inhibited the expression
of KSHV ORF73 and ORF50 genes without affecting virus
binding (42). Though increased viral DNA internalization was
observed, the association of internalized viral capsids with MT
and the infected nucleus-associated viral DNA were signifi-
cantly reduced (42). Disorganized and disrupted MT and thick,
rounded plasma membranes in MBCD-treated cells were ob-
served. LR disruption did not affect KSHV-induced FAK and
ERK1/2 phosphorylation; in contrast, it increased the phos-
phorylation of Src, significantly reduced KSHV-induced PI3-K,
RhoA GTPase, and NF-kB activation, and reduced the colo-
calization of PI3-K and RhoA GTPase with LRs (42). KSHV
RhoA GTPase-mediated acetylation and aggregation of MT
were also reduced, thus suggesting that LRs of HMVEC-d cells
play critical roles in KSHV infection and gene expression,
probably due to their roles in modulating KSHV-induced
PI3-K, RhoA GTPase, and Dia2 molecules essential for post-
binding and entry stages of infection, such as modulation of
microtubular dynamics, movement of virus in the cytoplasm,
and nuclear delivery (42). Increased Src activation and in-
creased KSHV entry by lipid raft disruption suggests that Src
activation is probably tightly regulated by an LR-associated
factor(s), probably to control the quantity of KSHV entry into
HMVEC-d cells. Disruption of LR did not affect infection of
HUVEC or HFF cells, and the reason for the cell type varia-
tions is not clear (41, 42).

SUMMARY AND PERSPECTIVES

The interactions of eukaryotic cells with extracellular environ-
ments are largely mediated by ligand-induced signaling mole-
cules, and the ensuing multitudes of biological processes are me-
diated by highly interlinked networks of signal pathways. KSHV
induction of FAK, Src, PI3-K, Rho GTPases, and Dia2, required
for the formation of endocytic vesicles and their movement and
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microtubular stabilization, and activation of ERK1/2 and NF-xB
to modulate viral and host genes revealed a novel paradigm: by
interacting with integrin and a family of functionally related mol-
ecules at the cell surfaces early during infection, KSHV utilizes
the ligand mimicry as an opportunistic mechanism to subvert host
signal molecules for its entry and successful infection, and KSHV
interactions with host cell receptors have not evolved to act as a
mere conduit for viral DNA entry but have evolved to overcome
obstacles in the host cells and to create an appropriate intracel-
lular environment that is conducive to successful infection
(Fig. 3).

However, what is currently known is just the tip of the
iceberg, and there are many important gaps in the early events
of KSHYV infection of target cells that remain to be filled. The
determinants of KSHV tropism in different target cells and
modes of entry remain incompletely defined. Further extensive
studies are also required to comprehend fully the utilization of
host machinery by KSHV. These studies include but are not
limited to the biochemical and proteomic approaches to deci-
pher the interaction of KSHYV viral glycoproteins with recep-
tors, their association with signal molecules and lipid rafts, and
their roles in infection. Such studies would provide a better
understanding of KSHV biology and an insight into whether
signal molecules could be targeted to block KSHV infection of
target cells. KSHV modulation of host genes that govern vital
cellular processes, such as apoptosis, transcription, host de-
fense, inflammation, extracellular matrix remodeling, and an-
giogenesis during the early time of infection is exciting, since
transcriptional reprogramming probably serves vital roles in
overcoming obstacles to establish a successful infection. Fur-
ther understanding of signal induction and host cell molecules
modulated by KSHV will provide information in generating
designer drugs that can successfully block the potential entry
routes hijacked by KSHV.
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