
[Frontiers in Bioscience 7, d752-764, March 1, 2002]

752

HERPES SIMPLEX VIRUS

Travis J Taylor, Mark A. Brockman, Elizabeth E. McNamee, and David M. Knipe

Harvard Medical School, Department of Microbiology and Molecular Genetics, 200 Longwood Avenue, Boston, MA 02115

TABLE OF CONTENTS

1. Abstract
2. Introduction
3. Virion Structure
4. Genome Organization
5. Stages of Productive Virus Infection
6. Virus Entry
7. Viral gene expression
8. Viral DNA Replication
9. Virion Assembly, DNA Encapsidation, and Egress
10. Latent Infection
11. Summary and Perspective
12. References

1. ABSTRACT

Herpes simplex virus (HSV) commonly causes
human infections in the orofacial region (HSV-1) and in
the genital region (HSV-2). Productive viral infection in
mucosal epithelial cells may result in clinical symptoms
and is followed by a latent infection within sensory
neurons. During productive infection a large number of
viral gene products are expressed while during latent
infection few or no viral proteins are expressed.
Reactivation from latency results in recurrent infections
and disease at or near the primary site of infection.
Understanding the details of the two stages of the HSV
life cycle is a particular focus of current research on
HSV. The virus interacts with and modifies numerous
host cell functions in both epithelial and neuronal cells,
and studies of HSV have enhanced our knowledge of
many fundamental processes in eukaryotic cells.
Ongoing research continues to uncover novel effects of
HSV on cells, and a complete understanding of HSV
infection during both productive and latent infection
should allow the design of new antiviral agents and
vaccines and increased knowledge of basic cell and
molecular biology. This review article is designed to
provide an introduction to HSV biology and key aspects
of the infection cycle.

2. INTRODUCTION

Herpes simplex virus (HSV) is a common human
pathogen, causing infections of orofacial mucosal surfaces
(HSV-1) and genital mucosal surfaces (HSV-2).
Productive infection results in the formation of vesicular
lesions in the mucosal epithelia, followed by spread of the

virus to sensory neurons and establishment of a latent
infection that may remain for the life of the host.
Reactivation of dormant virus results in recurrent disease at
or adjacent to the site of primary infection.  The common
cold sores caused by HSV-1 and the genital herpes lesions
caused by HSV-2 are not life-threatening conditions, but
serious pathology can result from infections of the cornea
(keratitis) or central nervous system (encephalitis), and
infection of newborns or immunocompromised individuals
can result in severe disseminated disease (1).

During productive infection, HSV takes over the
host cell and directs a new transcriptional program of viral
gene expression (2).  Extensive investigation of HSV
infection has provided several paradigms of eukaryotic
molecular biology.  One of the first functional eukaryotic
promoters was defined through studies of the HSV
thymidine kinase (TK) gene (3), and the HSV virion
protein VP16 is one of the best characterized and most
widely used transcriptional transactivators containing an
acidic activation domain (4, 5).  Because of its large
genome size, HSV encodes a large number of proteins with
discrete modulatory functions.  These viral factors regulate
the infectious process at multiple stages, including gene
expression, DNA synthesis, and virion assembly.
Numerous genes have been identified to be essential for
viral replication based on in vitro assays, although a great
number of HSV’s predicted 84 proteins may be required in
the context of a particular in vivo niche.  This review will
present the following key elements of HSV biology: 1)
virion structure; 2) genome organization; 3) the stages of
productive virus infection, including entry, gene
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Figure 1.  HSV virion structure and genome organization.  The HSV virion (A) is comprised of four major features: (1) the viral
double-stranded DNA, packaged as a tightly wrapped spool; (2) an icosahedral capsid shell; (3) a tegument layer containing
numerous viral proteins; and (4) a lipid membrane envelope studded with viral glycoproteins.  The major structural components
of the virion can be seen in an EM photograph (right) where the viral envelope is ruptured and folded back.  The HSV genome
(B) is organized into two components, long (L) and short (S).  Each component contains a unique region (U) flanked by inverted
repeat regions and are linked to generate a total genome size of approximately 150,000 base pairs.

expression, DNA synthesis, and virion assembly and
egress; and 4) latent infection.

3. VIRION STRUCTURE

HSV-1 and HSV-2 are the common or
vernacular names for the species formally named human
herpesvirus 1 and human herpesvirus 2, respectively.
They are classified in the genus Simplexvirus in the
subfamily Alphaherpesvirinae in the family
Herpesviridae by the International Committee on the
Taxonomy of Viruses (ICTV).  HSV is a large (150-
200nm diameter) enveloped virus (2) with a distinct
virion structure characteristic of the herpesviruses (Figure
1A).  A mature HSV particle contains four structural
features (6): 1) an electron-opaque core containing viral
DNA, 2) an icosahedral capsid, 3) an intermediate phase
or ‘tegument’ that contains additional viral proteins, and
4) an outer membrane envelope studded with viral
glycoprotein spikes.  A linear, dsDNA viral genome (7, 8,
9) is packaged within the viral capsid shell as a tightly
wrapped toroid structure (10).  Additional viral proteins
are associated with the capsid and a lipid membrane
envelope surrounds this complex (11).

4. GENOME ORGANIZATION

The HSV genome (GenBank Accession #
X14112 for the HSV-1 sequence and #Z86099 for the
HSV-2 sequence) consists of approximately 150,000 base
pairs (8).  This large genome allows the virus to encode at
least 80 gene products.  The genome is composed of two
covalently linked segments, called Long (L) or Short (S),
based upon their relative length (Figure 1B).  These
segments each contain unique sequence regions (UL or US)
flanked by inverted repeat sequence (12).  The genes found
in the unique regions are present in the genome as a single
copy, but genes that are encoded in the repeat regions, such as
ICP0 or ICP4, are present in the genome in two copies. Viral
genes (and their protein products) are generally named by their
relative position from left to right in the UL or US region (for
example: UL1, UL2 or US1, US2).  However, many viral
proteins are also described by alternate names based upon their
functions, Infected Cell Protein (ICP) number, Virion Protein
(VP) number, or molecular weight.  This can be confusing
because many viral proteins are identified by multiple names
in the literature.  To assist the reader, alternate names of many
gene products have been designated in this chapter where
applicable.
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Figure 2.  The cycle of productive HSV replication in a cell.  The stages of HSV infection are: (1) Receptor binding and
membrane fusion; (2) Release of the viral nucleocapsid and tegument into the cell cytoplasm and transport of the nucleocapsid to
the nuclear pore; (3) Release of viral DNA into the nucleus; (4) Transcription and translation of the viral immediate early (IE)
and early (E) genes; (5) viral DNA synthesis; (6) Transcription and translation of the viral late (L) genes; (7) capsid assembly and
DNA packaging; and (8) egress of progeny virions.

HSV contains three origins of replication within
the genome that are named depending upon their location
in either the Long (oriL) or Short (oriS) region of the
genome.  OriL is found as a single copy in the UL segment,
but oriS is located in the repeat region of the Short
segment; thus, it is present in the genome in two copies.
Both oriL (13, 14) and oriS (15, 16) are palindromic
sequences consisting of an AT-rich center region flanked
by inverted repeats that contain multiple binding sites of
varying affinity for the viral origin binding protein (UL9).
Either oriL or one of the oriS sequences is sufficient for
viral replication (17, 18).

The viral genome also contains signals that
orchestrate proper processing of the newly synthesized
genomes for packaging into pre-formed capsids.  Progeny
genomes are generated in long concatemers that require
cleavage into unit-length monomers.  For this purpose, the
viral genome contains two DNA sequence elements, pac1
and pac2, that ensure proper cleavage and packaging of
unit-length progeny genomes.  These elements are located
within the direct repeats (DR) found within the inverted
repeat regions at the ends of the viral genome.

5. STAGES OF PRODUCTIVE VIRUS INFECTION

Productive infection of a cell by HSV involves
several key steps (shown in Figure 2), including entry, viral
gene expression, viral DNA synthesis, and assembly/egress
of progeny virions (2).

6. VIRUS ENTRY

Entry of HSV into a cell proceeds in a step-wise fashion and
involves the function of a number of viral envelope proteins,
including at least glycoprotein B (gB), gC, gD, and the gH/gL
heterodimer.  First, virus attachment is initiated by interactions
between virion gC and heparan sulfate moieties on the host cell
(19).  While this initial step enhances infection, it is not an
absolute requirement because gC is dispensable for viral
growth and replication in vitro  (19) and cells that do not
express heparan sulfate remain permissive at low levels (20,
21).  Second, virion attachment is stabilized by interactions
between the gD protein and one of a number of recently
identified cellular receptors, collectively referred to as Herpes
virus entry (Hve) proteins (22).  These cellular receptors are
members of two larger protein families: 1) the tumor necrosis
factor (TNF) family, including HveA  (23, 24); and 2) the
immunoglobulin superfamily, including HveB (25), HveC
(also known as nectin-1α) (26), and HIgR (also known as
nectin-2α) (27).  Finally, the viral envelope fuses with the
cellular membrane by an undetermined mechanism that
appears to require gD (28), gB (29), and the gH/gL
heterodimer (30).  Following fusion, the viral nucleocapsid and
tegument proteins are released into the cytoplasm of the host
cell.  The nucleocapsid and some tegument proteins (VP16,
VP1-2) are transported to the nucleus via microtubules (31)
while other tegument proteins remain in the cytoplasm
(vhs,US11).  Empty viral capsids have been observed
accumulating at the nuclear envelope following infection
and associate with nuclear pore structures (32).
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Table 1. Immediate early gene products involved in regulation of gene expression
Protein name Essential Functions

ICP0 NO • Promiscuous transactivator of all classes of HSV genes (44, 45, 46, 47)
• Essential for infection at low MOI (48)
• Binds to cellular proteins involved in protein degradation
• Has E3 ubiquitin ligase activity (49)
• Disrupts cellular ND10 sites (50, 51)

ICP4 YES • Essential for the transcription of all early and late genes (52, 53)
• Negatively regulates its own expression by binding to consensus sites within the ICP4

promoter (54, 55)
ICP27 YES • Essential for late gene transcription (56)

• Essential for high level expression of some early genes (57)
• Redistributes snRNPs and inhibits splicing (58, 59, 60)
• Shuttles between nucleus and cytoplasm (61, 62)

ICP22 NO Required for:
• Modification of the host RNA polymerase II (63)
• Optimal expression of ICP0 (64)
• High expression of some late genes  (65)

7. VIRAL GENE EXPRESSION

DNA viruses utilize the host cell in a variety of
ways to express the viral proteins necessary for viral
replication and spread.  Generally, the virus must express
two types of proteins, non-structural proteins necessary for
viral DNA replication and structural proteins that make up
the virion and envelope for packaging the viral DNA.  All
herpes viruses share the characteristic of a temporally
regulated cascade of gene expression (33).  Herpes simplex
virus genes are expressed in 3 temporal classes:  immediate
early (α), early (ß) and late (γ) genes.  While these classes
are convenient for use in nomenclature, it should be noted
that the progression of viral gene expression is likely to
take place gradually, rather than in distinct stages.
Immediate early genes are transcribed first after infection
and activate transcription of the early genes, whose gene
products replicate the viral DNA.  Viral DNA replication
stimulates the expression of the late genes, encoding the
structural proteins.

After viral DNA enters the nucleus, transcription
of the viral genes begins.  Host RNA polymerase II is
responsible for synthesis of all viral mRNAs (34, 35).
While cellular proteins are sufficient for the synthesis of
viral transcripts, viral proteins are necessary for the
initiation and enhancement of transcription of certain
genes. There are a number of essential viral proteins
involved at each of these steps.  These proteins act in
concert with an abundance of cellular proteins to produce
the full range of viral gene products needed for productive
viral infection.

The first genes transcribed during viral infection
are the immediate early (IE) or α genes.  Initiation of
transcription of these genes proceeds by recruitment of
cellular transcriptional machinery to IE gene promoters that
contain numerous host regulatory sequences.  IE gene
expression does not require prior HSV protein synthesis.
The virion protein VP16, however, plays an important role
in enhancing the expression of the IE proteins (36).  VP16
is known to interact with a number of cellular proteins,

including HCF, Oct-1, TFII-B and TFII-D (37, 38, 39, 40,
41, 42).  It is thought that the interaction between VP16 and
HCF in the cytoplasm causes the translocation of VP16 into
the nucleus (43), where it binds to the Oct-1 already bound
to viral DNA via consensus TAATGArATT sites upstream
of the RNA cap site.  This enhances the activity of the
cellular transcriptional machinery already assembled on the
IE gene promoters.  IE proteins include several
multifunctional proteins that play essential roles in the
regulation of later viral gene expression as well as in
control of the host cell (Table 1).

Immediate early proteins ICP4, ICP27, and ICP0
promote the transcription of the early (E) genes.  Early
gene promoters contain binding sites for a variety of
cellular transcription factors, and it is thought that ICP4
activates E gene expression by interacting with some of
these transcription factors (66, 67, 68).  ICP27 also plays a
role in the synthesis of some E proteins, but it is not known
whether ICP27 acts at the transcriptional or
posttranscriptional level to exert this function (57, 69, 70).
ICP0 acts in concert with cellular proteins to both activate
transcription and to alter the host cell to create an
environment conducive to viral protein synthesis and DNA
replication. The E proteins are generally involved in viral
DNA replication and are described in detail below.  One
early protein with a role in transcriptional regulation is the
viral ssDNA binding protein, ICP8.  ICP8 is necessary for
transcription of late genes beyond its role in DNA
replication (71, 72).  This may involve rearrangement of
the viral genome to allow late-specific transcription factors
access to the promoters or initiation of a switch to
transcription from progeny genomes (73).

Prior to DNA replication, IE proteins initiate the
transcription of not only the E genes, but also a subset of
the late genes, called early/late, leaky late, or γ1 genes.  The
synthesis of these proteins, while later in the infection
cycle, is not strictly dependent on viral DNA replication.
However, their levels are significantly enhanced upon
initiation of DNA replication.  A second subset of late
genes, the true late or γ2 genes, is transcribed only after the
initiation of viral DNA replication.  The promoters of these
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Figure 3. Diagram of HSV DNA Replication.  1) The origin binding protein, UL9, binds to specific sites at an origin (either oriL
or oriS) and starts to unwind the DNA. 2) The single-stranded DNA binding protein, ICP8, is recruited to the unwound DNA. 3)
UL9 and ICP8 recruit the five remaining replication proteins to the replication forks. 4) DNA synthesis initially proceeds via a
theta replication mechanism, but then switches to a rolling-circle replication mechanism (5).

genes do not provide much evidence about the control of
their transcription, as there are no specific sequences
recognizable by viral transcription factors.

One of the important regulatory events in the
cascade of gene expression is the shutdown of immediate
early and early gene expression.  There are two defined
examples of this.  ICP4 represses itself by binding to
repressor elements in its own promoter (54, 55, 74, 75).
The decrease in ICP4 levels leads to a reduction of early
and late gene expression, as ICP4 is essential for those
functions.  ICP8 plays a role in reducing transcription from
the parental genome following viral DNA replication (76,
77, 78).  It is thought that one of the major triggers between
early and late gene transcription is a movement of the
transcription machinery from the parental genome to the
progeny genomes.  Therefore, if transcription from the
parental genome is limited, immediate early and early gene
expression is reduced.

In addition to stimulating the expression of its
own proteins, HSV shuts down host cell RNA, DNA and
protein synthesis (79).  Herpes simplex virus uses
numerous cellular proteins during its gene expression.
Presumably, to gain access to these proteins, the virus
disrupts host transcription, replication, and translation.  It
annexes these cellular components for use in the synthesis
of its own proteins.

HSV disrupts the cell in at least three ways.  First,
the virion vhs protein causes the degradation of existing

mRNAs early in infection (80, 81, 82, 83, 84).  Next,
multiple viral genes are involved to impede cellular
transcription and translation (85, 86, 87).  In one example,
ICP27 inhibits RNA maturation by redistributing splicing
factors (59, 60, 89).  Because very few viral transcripts are
spliced, this gives the viral mRNAs a competitive
advantage for translational machinery.  Another protein,
ICP22, has been shown to be required for modification of
host RNA polymerase II following infection (88), perhaps
altering the ability of this complex to transcribe from the
viral genome.  Finally, the virus selectively destabilizes a
variety of cellular proteins, especially those involved in
regulation of the host cell cycle (90, 91, 92).

8. VIRAL DNA REPLICATION

HSV DNA replication occurs in specialized
structures formed in the nucleus of infected cells that have
been called replication compartments (93).  Viral DNA
(94) and viral DNA replication proteins (57) are localized
adjacent to cellular structures called ND10 sites, and
replication compartments form at these sites as viral DNA
synthesis proceeds.  The linear input viral DNA circularizes
upon entry into the nucleus (57).  Viral DNA replication
initiates at one of the three origins of replication within the
HSV genome and is believed to proceed initially via a theta
replication mechanism (Figure 3).  Once DNA synthesis
begins, it is likely that a rolling-circle replication
mechanism takes over to produce the majority of the
progeny genomes in an infected cell (95).  Seven herpes
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Table 2.  Essential HSV DNA replication proteins
Protein Name Gene Activity
Origin-binding protein UL9 • Binds HSV origins (oriL and oriS)

• DNA helicase activity
Single-stranded DNA-binding protein
(ICP8)

UL29 • Binds ssDNA
• Stimulates DNA polymerase and

helicase-primase activities
Helicase-primase complex UL5/UL52

UL8

• DNA helicase activity
• DNA primase activity
• Stimulates activities of UL5/UL52

complex
DNA polymerase holoenzyme UL30

UL42

• DNA polymerase activity
• Exonuclease activity
• DNA polymerase accessory subunit
• Promotes processive DNA synthesis

genes (Table 2) were identified by genetic and biochemical
methods as essential for viral DNA replication (96).  These
seven genes encode protein products that function as an
origin binding protein (UL9) (97), a single-stranded DNA
binding protein ICP8 (UL29) (98), a helicase-primase
complex (UL5/UL8/UL52), and a DNA polymerase
(UL30/UL42) (99).  While the virus encodes many protein
products required for viral DNA synthesis, other cellular
factors, such as DNA ligases and topoisomerases, may also
function in the viral DNA replication process.

Origin Binding Protein (UL9, OBP).  The origin
binding protein is an 851 amino acid residue protein that
contains ATP-binding and DNA helicase motifs, both of
which are required for viral DNA replication.  UL9 binds
specifically as a homodimer to sites in the origin of
replication containing the DNA sequence
CGTTCGCACTT (100, 101). The binding of UL9 to the
origin is believed to cause a bend in the DNA allowing for
the distortion of the DNA structure to form a single-
stranded stem loop structure.   The ssDNA and UL9 may
recruit the single-stranded DNA binding protein, ICP8,
which in turn stimulates the helicase activity of UL9.

Single-Stranded DNA Binding Protein (UL29,
ICP8).  The major HSV DNA binding protein is a large,
multi-functional protein that consists of 1196 amino acid
residues.  ICP8 binds preferentially to single-stranded DNA
in a cooperative manner (102, 103).  ICP8 is required for
viral DNA synthesis and the efficient expression of late
genes.  In addition to its cooperative DNA binding activity,
ICP8 has a DNA helix-destabilizing activity (104) and can
also promote renaturation of complementary single DNA
strands.  ICP8 has been shown to interact with and
stimulate the helicase activity of UL9 (105), promote the
helicase-primase activities of the helicase-primase core
subunit UL5/UL52 in the presence of UL8 (106, 107), and
modulate the polymerase activity of UL30 (108).  The
ability of ICP8 to interact either physically or functionally
with several other viral replication proteins, and possibly
cellular proteins, supports the notion of ICP8 acting as a
“scaffolding protein” for viral DNA replication which acts
to recruit replication proteins to the correct site in the
nucleus.  This is also supported by the fact that ICP8 is
required for the formation of viral replication
compartments in the nucleus of infected cells (109, 110).

Helicase-Primase Complex, (UL5/UL8/UL52).
The helicase-primase complex is a heterotrimer composed
of the UL5, UL8, and UL52 gene products (111).   The 882
amino acid residue UL5 protein contains conserved ATP-
binding and helicase motifs.  The 1058 amino acid residue
UL52 protein has a divalent metal binding motif that is
found in other DNA primases.  The core helicase, primase,
and ATP-ase enzymatic activities are contained in a sub-
complex of UL5 and UL52.  The presence of the 750 amino
acid residue UL8, along with ICP8, stimulates the core
enzymatic activities.  The helicase activity has a 5’-3’
activity.

DNA Polymerase Holoenzyme (pol, UL30/UL42).
The DNA polymerase holoenzyme is a heterodimer
consisting of the 1235 amino acid residue catalytic subunit
(UL30) and its 488 amino acid residue accessory factor
(UL42) (112).  UL30 serves as the polymerase as shown by
its homology with other known DNA polymerases (113).
UL30 also has an intrinsic 3’-5’-exonuclease activity, which
allows for proof-reading while the polymerase is copying
the DNA.  The presence of UL42 increases the processivity
of UL30.  The interaction between UL30 and UL42 is
required for viral DNA replication.

The DNA polymerase holoenzyme has served as
a target for the development of anti-viral compounds.  One
reason for this is the broad substrate specificity exhibited
by the catalytic UL30 subunit compared to other cellular
polymerases.  Another target is the specific, essential
interaction between UL30 and UL42.

In addition to the seven essential viral replication
proteins, HSV expresses several other early viral gene
products, such as thymidine kinase (UL23) (114),
ribonucleotide reductase (UL39/UL40) (115), and uracil N-
glycosylase (UL2) (116).  These proteins are considered
"nonessential" for viral DNA replication. This term,
however, may be somewhat misleading.  While these gene
products are dispensable for replication in some cell culture
models, they are required for growth in certain tissues in
vivo or for productive infection of non-dividing cells.
Many of the "nonessential" genes found in HSV encode
protein products that function in nucleotide metabolism.
These activities may be critical in vivo because nucleotide
pools, which are present in abundance in actively dividing
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cells, are limiting in resting cells, such as neurons.  As
such, these proteins may give the virus a growth advantage
either during productive infection in certain tissues or
during reactivation from latency in neurons.  The thymidine
kinase protein is a popular target for the development of
anti-viral therapies.  In addition to its normal role of
phosphorylating nucleosides for use in viral DNA
synthesis, thymidine kinase will phosphorylate, and thus
activate, anti-viral nucleoside analog drugs, such as
acyclovir (117).  These analogs are then incorporated into
viral DNA genomes.

9. VIRION ASSEMBLY, DNA ENCAPSIDATION,
AND EGRESS

Assembly of the viral capsid requires synthesis of
numerous late proteins and occurs within the nucleus.
Because some capsid proteins lack nuclear localization
sequences (NLS) (i.e. VP5, VP26, VP23), these proteins
must form complexes with NLS-containing proteins (i.e.
VP19C or pre-VP22a) in the cytoplasm for transport into
the nucleus.  A mature HSV capsid is comprised of an outer
shell containing penton-shaped subunits of the major capsid
protein, VP5, and hexons of VP5 and VP23 (118, 119).
These subunits are connected by triplex structures formed
by the two minor capsid proteins, VP19C (UL38) in one
copy and VP23 (UL18) in two copies.  Two non-structural
genes encoding multiple proteins, UL26 (VP21 and VP24)
and UL26.5 (pre-VP22a, VP22a), are also necessary for
efficient capsid formation.  VP21, pre-VP22a, and VP22a
are scaffolding proteins.  VP24 is a serine protease required
for capsid maturation.  Capsid assembly does not require
any cellular factors and can be completed in vitro using
purified viral protein components (120).

Empty capsid shells are loaded with viral DNA
by a process that simultaneously resolves concatemers and
packages genome-length monomers within the capsid (121,
122) to form a nucleocapsid.  The mechanism of DNA
cleavage and packaging is not well understood; however, it
is known to require site-specific breaks to the concatemers
at specific distances from the pac1 and pac2 sites (123,
124).  This process also requires numerous viral gene
products, including UL6, UL15, UL25, UL28 (ICP18.5),
UL32, UL33, UL36 (ICP1-2), and UL37.

The route of virion egress from an infected cell
remains somewhat controversial.  It has been observed that
the nucleocapsid can bud through the inner nuclear
membrane (125), acquiring some tegument proteins and a
glycoprotein studded envelope in the process, but two
pathways have been proposed from this point.  A re-
envelopment model (126, 127) suggests that enveloped
virions fuse with the outer nuclear membrane, thereby
releasing free nucleocapsids into the cytoplasm that re-
envelope by budding into the Golgi compartment.  These
re-enveloped particles are secreted from the cell by a
vesicular route.  A lumenal pathway model (128) proposes
that enveloped virions traffic from the inner nuclear space
to the Golgi in vesicles or within the lumen of the
endoplasmic reticulum (ER), and are released from the cell
by a normal secretory route.  Recent evidence using

electron microscopy and ER-retrieved glycoproteins lends
considerable support to the re-envelopment model as the
major route of virus egress (129, 130).

10. LATENT INFECTION

One of the hallmarks of all herpesvirus infections
is the ability of the virus to establish a latent infection that
can last the lifetime of the host.  Unlike a persistent
infection, in which the virus is constantly replicating at
some level, during HSV latency, no viral progeny are
produced and only very limited gene transcription is
detected.  The major site of HSV latent infection is sensory
neurons in ganglion tissue, either trigeminal ganglia for
HSV-1 or sacral ganglia for HSV-2. After the initial
primary infection, generally at an oral or genital mucosal
surface, the virus travels along the innervating neuronal
axon to the neuronal cell body (Figure 4A).  Once within
the neuron, the virus enters a quiescent state in which the
lytic gene products are not produced.  During latency, the
HSV genome remains in the nucleus of the neuron as
circular, extra-chromosomal DNA (131, 132).  In neurons
latently infected with HSV, the only abundant viral RNA
detected is a family of transcripts referred to as the latency-
associated transcripts or LATs, which will be discussed in
greater detail below.  This transcriptional silence may allow
the virus to remain hidden in the cell by avoiding immune
surveillance.  The virus remains in this state for the lifetime
of the host, or until the proper signals reactivate the virus
and new progeny are generated.  Progeny virus then travel
through the neuron axis to the site of the primary infection
to re-initiate a lytic replication cycle (133) (Figure 4B).
The signals and mechanisms involved in this process are
poorly understood, but it appears that certain physical
stresses, such as illness or exposure to ultraviolet light,
increase the chance of reactivation.

Latency Associated Transcripts (LATs).  The LATs
are the only major viral transcripts detected in latently
infected neurons.  The full-length 8.3-kilobase (kb) primary
LAT transcript accumulates to low levels in latently
infected neurons.  The 2.0-and 1.5-kb introns derived from
the full length LAT, however, are abundant and very stable
(134, 135, 136).  The role of LATs in latency is not well
understood, partly because the LATs are not absolutely
required for the establishment and maintenance of latent
infection or reactivation in most animal model systems.
While no LAT-encoded protein has been conclusively
demonstrated to date, the LAT transcripts may have other
functions or activities. It has been shown that LAT negative
viruses have increased immediate early gene expression in
neurons, suggesting that LATs may limit viral gene
expression (137) and promote a latent state.  It has been
hypothesized that LATs act by an antisense mechanism
because a portion of the 8.3-kb LAT partially overlaps with
the ICP0 and ICP4 mRNAs (138).  An alternate view is that
LATs may protect neurons from apoptosis, thus allowing
for neuronal survival during latent infection (139).  Several
views on the function of the LATs exist; thus, the
fundamental mechanisms by which viral gene expression is
restricted in neurons remain to be elucidated.
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Figure 4.  Stages of HSV infection. (A) HSV replicates initially in epithelial cells at the genital or oral mucosal surface.  The
virus enters innervating sensory neurons where it travels up the axon to the neuronal cell body. Once in the neuron, the virus
establishes a latent infection that may last the lifetime of the host. (B) Upon the proper stimulus, the virus can reactivate, travel
back down the axon, and establish another round of lytic replication.

11. SUMMARY AND PERSPECTIVE

The rudimentary outlines of the mechanisms of
productive infection of epithelial cells and latent infection
of neurons by HSV have been defined.  Clearly, much more
knowledge must be gained before we understand how this
virus behaves so differently in these two cell types.
Nevertheless, this challenge is of great significance because
new information may lead to better antiviral drugs, more
productive vaccines, more effective viral vaccine and gene
therapy vectors, and increased knowledge of gene
regulatory mechanisms in differentiated cells.
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