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Abstract

Recurrent serious medical problems associated with the herpesvirus infections have
provided impetus for investigating complex interactions between the virus and the host
immune system leading to herpes pathogenesis. In spite of numerous immunological
studies on herpesvirus infection, the exact mechanism of immune modulation by these
viruses remains unclear. The herpes simplex virus (HSV) and cytomegalovirus (CMV)
are the prominent members of the Herpesviridae family collectively responsible for the
majority of herpes-related morbidity and mortality in humans. These viruses are therefore
the subjects of this study that was undertaken to improve our understanding of the nature
of immune response and the mechanism of viral modulation leading to suppression of
viral replication or evasion of the host immune response in vivo.

HSV and CMV belong to two distinct subfamilies of the Herpesviridae family but
share extensive similarities in their genetic organization, replication cycle, and the ability
to persist lifelong in immunocompetent hosts capable of eliciting effective antiviral
immune responses. The mechanisms by which these viruses overcome the immunological
barriers are poorly understood. The present study has examined the T helper responses to
HSV-2 and murine CMV (MCMYV) and provides new insights into the nature and the
modulation of the T helper responses by these viruses in vivo.

Of the total 61 samples examined in this study, a majority (~89 %) of them were
from individuals who exhibited at least one episode of active disease (AD) and were
therefore symptomatic. The results presented in this thesis provide evidence for two
successive immunological stages of HSV-2 disease in symptomatic individuals. The first

stage is characterized by a T cell proliferative response to HSV-2 antigen that is
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accompanied by Thl type T helper response; the samples in this stage are referred to as
responders. The second stage is marked by a selective absence of both T cell proliferative
and Thl helper responses to HSV-2, as indicated by diminished T cell proliferation and
Thl cytokine production by peripheral blood mononuclear cells (PBMC) cultures after
stimulation with HSV-2 antigen, despite normal responsiveness to anti-CD3 antibody.
The samples in this stage are referred to as non-responders. Among the 61 samples from
43 HSV-2 seropositive participants included in this study, 47 samples were responders
(~77 %) and 14 non-responders (~23 %), and samples from 3 individuals progressed
from responders to non-responders during the course of this study. Such loss of T cell
responsiveness to HSV-2 antigen in PBMC samples from symptomatic patients
represents HSV-2-specific immunodeficiency that may lead to mortality.

Infection with HSV-2 triggers a Thl type immune response characterized by high
levels of interferon-y (IFN-y) and low interleukin (IL)-4 production by PBMC cultures in
response to HSV-2 antigen, regardless of whether PBMC were derived from symptomatic
or asymptomatic responders, or from responders with AD or non-active disease (NAD).
The PBMC from symptomatic responders also produce high levels of IL-10 presumably
from non-T cell sources. Although IFN-y is known to suppress HSV-2 replication, its
levels in symptomatic responders are insufficient to prevent the onset of recurrence. The
PBMC from asymptomatic responders produce markedly higher levels of IFN-y (~3 fold)
and much lower (undetectable) levels of IL-10 than PBMC from symptomatic
responders, suggesting a protective effect of this cytokine combination. The precise
trigger for AD in HSV-2 seropositive individuals remains unknown. Neither Thl nor Th2

cytokine response by itself appears to constitute such a trigger.



B7-1/B7-2 costimulation of T cells by antigen-presenting cells is essential for T
cell activation by antigen. HSV-2 infection affects the expression of both B7-1 and B7-2
on monocytes, the key antigen presenting cells in vivo, potentially in two ways with
opposing outcomes. It abrogates or diminishes the IFN-y-upregulation of B7-1 (in 8 out
of 9 patients) and B7-2 (in 6 out of 9 patients) on monocytes. However, the infection also
augments the expression of B7-1 and B7-2 on monocytes through an IFN-y-independent
mechanism (in 9 out of 9 patients). Although the clinical significance of these opposing
effects is presently unclear, these may be related to the immunological mechanism or
strategy leading to recurrent disease in immunocompetent hosts.

Like HSV-2, infections with MCMYV in mice also led to a predominant Thl type
immune response characterized by high levels of IFN-y and low IL-4 production. Studies
with specific MCMV mutants, containing Tn3 transposon in the open reading frame of
M25, M27, M43, or m09 gene, led to the identification of M43 gene that specifically
suppresses IL-4 response. The Tn3 disruption of M43, but not M25, M27 or m09, gene of
MCMV led to a strong IL-4 response (p = 0.0002) despite the presence of a dominant
IFN-y response. These results provide insight into the possible role of a herpesvirus gene
that can profoundly modulate the nature of T helper response in vivo. The presence of a
homoloéous genetic element in other herpesvirus genomes may explain the dominant
Th1 immune response triggered by HSV-2 and possibly other herpesviruses. The obvious
mmportance of this finding, beyond herpesvirus immunopathogenesis, lies in the ability of
M43 and homologous genes to globally modulate the nature of cytokine response in vivo
and suppress Th2 cytokine-mediated diseases. The assessment of immunological, clinical

and pharmacological significance of M43 and related genes would require further studies.
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Chapter 1

INTRODUCTION

HSV and human CMV (HCMV), members of Herpesvirdae family, cause acute and
persistent infections which involves latency and recurrent disease. These viruses inflict
severe opportunistic infections in immunocompromised individuals such as AIDS and
transplant patients, and neonates (1-9). Both HSV and HCMV employ mechanisms to
overcome the antiviral immune responses of the host (10-25). To prevent complete
evasion there are counter balance mechanisms (26-37), making it difficult to understand
the immunopathogenesis of these infections. Previous studies have shown that CD4" T
cells play a major role in the pathogenesis of these infections (37-44). Further, these
infections alter T helper type-1 and —2 (Th1 and Th2) responses leading to predominant
Thl response (45-49) which play a vital role in viral clearance (38-43). In spite of
numerous extensive studies related to HSV and CMV diseases, the underlying cause of
alteration in Th responses during these infections are still unclear. Therefore, the main
objective of this study was to investigate the factors leading to modulation of Th
responses during infection with these herpesviruses. The results of present study provide
useful insight into potential mechanisms underlying the alteration in Th responses during
such infections. This chapter describes genomic organization, and biological and
immunological characteristics of Herpesvirdae family in general, and of HSV and CMV

in particular, followed by the hypothesis and objectives of the present study.



1.1 Herpesvirdae Family

1.1.1 General Description

Herpes viruses are highly disseminated in nature, and over 100 different types have been
identified. Among those that have been at least partially characterized, eight
herpesviruses have been isolated from humans. These are herpes simplex virus 1 (HSV-
1), herpes simplex virus 2 (HSV-2), human cytomegalovirus (HCMV), varicella-zoster

virus (VZV), Epstein-Barr virus (EBV), and human herpesvirus-6, -7, and -8 (50,51).

1.1.2 Common Architectural Features

The viruses included in Herpesviridae family have distinctive virion architecture. A
typical herpesvirus consists of an electron dense core containing a linear double stranded
(ds) DNA in the form of a torus (52). The core is surrounded by an icosadeltahedral
capsid 100-110 nm in diameter comprised of 162 capsomeres. An amorphous, sometimes
asymmetric material called tegument surrounds the capsid (50-53). The outer moét
covering of the virus, the envelope, has a typical trilaminar appearance. The herpesvirus
envelopé contains numerous protrusions of spikes. The spikes consist of glycoproteins.
The number and relative amounts of viral glycoproteins vary in different subfamilies. The
most interesting feature of herpesvirus DNAs is their sequence arrangement with the

presence and location of reiteration of terminal sequences greater than 100 bp (50,54,55).



1.1.3 Biological Characteristics

The herpesviruses are distinguished by their biological properties (50,54,55): 1) All
herpesviruses encode a large array of enzymes involved in nucleic acid metabolism (e.g.,
thymidine kinase, thymidylate synthetase, dUTPase, ribonucleotide reductase, etc.), DNA
synthesis (e.g., DNA helicase and primase), and possibly, modifying proteins (e.g.,
protein kinase). The exact array of genes encoding enzymes may vary somewhat from
one herpesvirus to another. ii) Their replication and assembly occur in the nucleus. iii)
The cell is lysed as a result of virus infection. iv) They have the capacity to enter a state

of latency in which only small subsets of the viral genes are expressed.

1.1.4 Nomenclature and Classification

The members of Herpesviridae family have been classified by the herpesvirus study
group of the International Committee on the Taxonomy of Viruses (ICTV) into three
subfamilies on the basis of biological properties. These subfamilies are the
alphaherpesvirinae, the betaherpesvirinae, and the gammaherpesvirinae. The
a{phaheijpesvirinae are characterized by a broad host range, and are highly lytic in
culture. The betaherpesvirinae have a restricted host range, grow more slowly in culture,
and cells infected with these often show enlargement. The gammaherpesvirinae mainly

infect lymphoblastoid cells (50,56).



1.2 Herpes Simplex Viruses (HSV)

1.2.1 General Description

HSV, a member of alphaherpesvirinae subfamily, were the first of the human
herpesviruses to be discovered and are among the most intensively investigated of all
viruses. HSV has been isolated from nearly all visceral and mucocutaneous sites. Their
important features are their biological properties, particularly their ability to cause a
variety of infections, neurovirulence, to remain latent in their host for life, and to be

reactivated to cause lesions at or near the site of initial infection (1,57).

1.2.2 Sub-Types

More than 40 years after their isolation it was suggested that there were two serotypes of
HSV, HSV-1 and HSV-2 (58). Not until 1961 were practical plaque assays published,
and only much later was the genome size and the extent of homology between these two
viruses reported (59). In 1968, Nahmias and Dowdle (60) demonstrated antigenic and
biologic differences between HSV-1 and HSV-2. HSV-1 was shown to be more
frequenﬂy associated with nongenital infection (infection above the belt), whereas HSV-2
was associated with genital disease (infection below the belt) (61). Other differences in
the restriction digest pattern suggesting different organization of genes between the two

strains of HSV were demonstrated by restriction endonuclease technology (62).



1.2.3 Pathology

The changes that occur due to replication of HSV are similar for both primary and
recurrent infection but vary in the quantitative extent of cytopathology. The
histopathologic changes represent a combination of virally mediated cellular death and
associated inflammatory response. Changes induced by viral infection include ballooning
of the infected cells and the appearance of condensed chromatin within the nuclei of
cells, followed by subsequent degeneration of the cellular nuclei, generally within
parabasal and intermediate cells of the epithelium. Cells lose intact plasma membranes
and form multinucleated giant cells. With cell lysis, a clear fluid containing large
quantities of virus appears between the epidermis and dermal layer (61,63). The vesicular
fluid contains cell debris, inflammatory cells, and often times, multinucleated giant cells.
In dermal substructures there is an intense inflammatory response. With healing, the
vesicular fluid becomes pustular with the recruitment of inflammatory cells and, then,
scabs. Vascular changes in the area of infection include perivascular cuffing and areas of
hemorrhagic necrosis. These findings become particularly prominent when organs of the

body other than skin are involved (61).

1.2.4 Pathogenesis in Human

The pathogenesis of human disease is dependent on intimate, personal contact of a
susceptible individual with someone excreting HSV. The clinical manifestation and
course of HSV infections depend on the anatomic site of the infection, the age and

immune status of the host, and the antigenic type of the virus. First episode of HSV



disease, especially primary infections with either HSV-1 or HSV-2 in which the host
lacks HSV antibodies in acute phase serum are frequently accompanied by systemic signs
and symptoms, involve both mucosal and extra mucosal sites, are characterized by a
longer duration of symptoms and a longer time during which virus can be isolated from
lesions, and have a higher rate of complications than recurrent episodes of the disease.
Immunosuppressed patients, especially those with defects in cell-mediated immunity,
have both, more frequent and more severe disease (1,57,61,63-66). Neurovirulence and
latency are the two important properties of HSV that influence human disease. The
propensity of HSV to replicate in nervous system tissue can result in profound disease
with severe neurologic consequences. At least three HSV glycoproteins gB, gD, and gH
are involved in virus binding and penetration of cells. The fundamental principle of
disease pathogenesis, then, is the propensity of virus to replicate at mucosal surfaces, be
transported to dorsal root ganglia, and become latent (57,58,61).

After latency is established, a proper stimulus can cause reactivation to occur
causing virus to become evident at mucocutaneous sites and appear as skin vesicles or
mucosal ulcers. Transport of the virion is by retrograde axonal flow. Though unusual, the
primary ‘infection can spread beyond the dorsal root ganglia, thereby becoming systemic.
Such circumstances include disseminated neonatal HSV infection with multiorgan
involvement, multiorgan disease of pregnancy, and rarely, dissemination in patients who
require significant immunosuppressive therapy. Thus, the systemic disease is the
consequence of viremia in a host incapable of limiting replication to mucosal surfaces
{57,61). The general sites of infection and clinical syndromes associated with HSV-1 and

HSV-2 are gingivostomatitis, herpes labialisrhinitis, pharyngotonsilitis, pneumonitis,



herpetic  keratitis, herpes gladiatorum, herpes paronychia, herpes whitlow,
meningoencephalitis, and urogenital disease. HSV-2 is one of the most common sexually

transmitted diseases (58,61,64).

- 1.2.5 Animal Models for HSV

The commonly used animal models for HSV disease are mouse, guinea pig, and rabbit
(57,67,68). However, due to the advantage of size, cost, availability of defined inbred
strains and well-characterized immunologic reagents, the mouse has become the most
popular animal model for studying the immunobiology and pathogenesis of herpes

diseases (57).

1.2.6 Epidemiology

Herpes simplex viruses are distributed worldwide. HSV infections occur throughout the
year. Human are the sole reservoirs for transmission of HSV. HSV disease ranges from
the usual case of mild illness to sporadic severe and life-threatening disease in
immunopompromised individuals such as neonates, AIDS patients, and patients
undergoing transplantation. Although HSV-1 and HSV-2 are usually transmitted by
different routes and involve different areas of the body, there is a great deal of overlap
between the epidemiology and clinical manifestations of infections. However, several
serological assays, such as neutralization, indirect immunofluorescence, passive

hemagglutination, radioimmunoassays (RIA), enzyme-linked immunosorbant assay



(ELISA), can measure the relative selectivity of serum antibodies to the two subtypes
(58,61,68,69).

Primary HSV-1 infections usually occur in young children, less than 5 years of
age, and are most often asymptomatic. The mouth and lips are the most common sites of
HSV-1 infections; however, any organ can become infected with this virus. With clinical
illness, gingivostomatitis usually is the manifestation of the disease (58,61). Antibodies to
HSV-2 are not routinely detected until puberty, and antibodies prevalence rates are
correlated with past sexual activity. Many people who have Ab to HSV-1 or HSV-2 are
asymptomatic. Corneal infection with HSV is a major cause of corneal blindness in the
Western Hemisphere. The increased frequency of genital herpes in Western industrialized
countries coincides with increasing numbers of seronegative persons entering their
sexually active years; this finding suggests that prior HSV-1 infections may offer some
protection against the acquisition of clinically symptomatic genital HSV-2 disease (69-

71).

1.2.7 Genital Herpes

Genital Herpes is a sexually transmitted disease mainly associated with HSV-2.
Recurrent genital infection is the largest reservoir of HSV-2. Although most genital
infections are caused by HSV-2, a recognizable but variable proportion is attributable to
HSV-1. The distinction in virus type is significant, because genital HSV-1 infections are
usually both less severe and less prone to recurrences than genital HSV-2 infections.
From 1970 to 1985, annual incidence of HSV-2 infection in HSV-2-seronegative

individuals has increased by 82 %. Incidence in 1985 was higher in women than in men



(9.9 vs. 6.9 per 1,000), higher in Blacks than in Caucasians (20.4 vs. 6.3 per 1,000), and
highest in the group aged 20-29 years (14.6 and 22.5 per 1,000 in men and women,
respectively). Thus, by 1985, approximately 1,640,000 +/- 150,000 people (730,000 men
and 910,000 women) were being infected annually with HSV-2 in the United States
(69,70,72).

In primary disease, the incubation period is about 6 days and severe local
symptoms last for about 10 days. Genital HSV infections are characterized by
symptomatic recurrences that may occur 4 to 15 times per year, with lesions lasting for
periods of 3 to 12 days (65). Genital symptoms include pain, itching, erythema, swelling,
discharge, dysuria, and inguinal lymphadenopathy. General symptoms include malaise,
fever, headache, and root pains down the legs. Severe dysuria or neurologic dysfunction
may lead to urinary retention. Vesicles may occur on the external genitalia, rectum,
urethra, and the mucosa of the bladder.

Clinical lesions typically present with wavelike cfops of vesicles that coalesce to
form bullae or large tender ulcers involving the external genitalia. Genital infection with
HSV-2 in adult women may be a risk factor for cancer of the cervix. In some cases,
dissemination after primary genital infection lead to severe manifestations of disease,
such as necrotizing hepatitis with or without thrombocytopenia, leukopenia, disseminated
intravascular coagulopathy, and encephalitis (61,64-66). Genital HSV transmission is
usually due to asymptomatic viral shedding by individuals who are unaware that they are
infected and clinical screening fails to detect most infections. HSV-2 infection is also

implicated in the transmission and acquisition of HIV (73).



1.2.8 Neonatal Herpes

The most serious complication of urogenital infections in a pregnant woman is
transmission of HSV to the neonate. Maternal primary infection before 20 weeks
gestation in some women has been associated with spontaneous abortions. HSV causes
severe infections with congenital anomalies and a high mortality rate in human newborms.
Some of the survivors have crops of cutaneous vesicles that recur at 3 to 5 week intervals
for many years. The incidence of neconatal herpes is 1/2,500-1/5,000 births. Most
infections of the newborn are caused by HSV-2, but there is no clinical difference if there
is an infection with HSV-1. Skin lesions are the most common presenting manifestations
In newborns with progression to more generalized disease occurring in 70 % of infants

whose presenting sign is a skin vesicle (69-74).

1.2.9 HSV Immunology

In experimental animal models, polyspecific anti-HSV antiserums, monoclonal or
monospecific anti-HSV antibodies, natural killer (NK) cells, macrophages, and CDS§”
CTLs, CD4" Th cells can, under appropriate conditions, confer protection against

subsequent viral challenge (27-31,41-43,75-89).

1.2.10 Innate Immunity

In early studies, a vital role for NK cells in HSV clearance was suggested (75). In murine
model for HSV eye infection, activation of NK cells appears to play a role in preventing

direct anterior to posterior spread of the virus in the inoculated eye (90). Activated
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macrophages also help in viral clearance. IFN-y is also known to affect macrophage
function, for example, upregulating potential antiviral activities such as NO and TNF-a
production. It has been suggested that NO may act to inhibit HSV replication

(31,83,91,92).

1.2.11 Adaptive Immunity

1.2.11.1 Humoral Immunity

Analysis of antibody mediated reactions have elucidated host responses to viral
polypeptides and correlated these responses with the development of neutralizing
antibodies (66,87). In persons with a primary infection, humoral antibodies can usually
be detected at about 6 days, and reach a peak in about 2-3 weeks. In the newborn, IgM
antibodies to HSV can be detected within 1-4 weeks after birth and are present for 6
months or more (66,87-89). The role of humoral antibodies in the pathogenesis of
reactivation disease is less clear. The results of functional assays of humoral immunity
appear to remain relatively constant in patients with recurrent herpetic infections,
Whereas_the cellular immune responses to HSV Ag in vitro fluctuate throughout the
course of the disease. Also, the passive transfer of antibodies after intradermal challenge
with HSV does not offset paralysis or abrogates viral replication and establishment of
latency. Immunization with live HSV before viral challenge also yields no strong
correlation between neutralizing antibody titer and protection of local sensory ganglia

from viral colonization (87,93).
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1.2.11.2 Cell Mediated Immunity

Multiple cell populations, including NK cells, macrophages, a variety of T-lymphocyte
populations, and lymphokines generated by these cells, play a part in the host’s defenses
against HSV infections (27,29-32,41-43,57,76-81,94-96). In animals, passive transfer of
primed lymphocytes confers protection from subsequent challenge. Maximal protection
usually requires the activation of multiple T-cell subpopulations. /n vivo studies in mice
suggest that class I restricted T cells are important in limiting the spread of virus to the
brain, whereas class II restricted responses are needed to eliminate virus from the lungs
and liver, as well as to provide help for antibody production. /n vitro, HSV stimulates
proliferation and cytotoxicity by human class II restricted T cells from immune adults,
and class I restricted responses have been detected in the small number of patients
studied. Immunodepletion studies have shown the importance of CTLs in resolving
cutaneous disease. Adoptive transfer of HSV-immune CD8" or HSV-immune CD4™ T

cells reduce viral replication or provide protection upon challenges (29,61,76-78).

1.2.12 Th Responses in HSV Infection

Th cells Belong to the CD4" subset and their activation may be followed by proliferation
and selected lymphokine release. CD4" T-helper cells through their cytokines play a
major role in the development and effectiveness of both humoral and cell mediated
immunities (97-100). Both major subsets of Thl and Th2 cells participate in recovery
from HSV (42). There is predominance of CD4" T cells at cutaneous sites, in humans and
in Balb/c mouse model. In a mouse model for HSV, Th responses provide protection

against low doses of HSV. Such anti-HSV protection conferred by MHC class II-

12



restricted cells is long term. Successful immunity against higher doses of HSV requires
anti-HSV specific CD8" cytotoxic T lymphocytes (CTL) activity, which are also
regulated by CD4" T lymphocytes. Thus, the relative capacity of CD4™ T lymphocytes to
recognize and respond to Ag is a central factor in host immunity to HSV
(27,42,43,80,81,95,101). In mice, HSV glycoproteins gB and gD can elicit protective

immunity to lethal challenge of HSV by induction of Th lymphocyte responses (30,43).

1.2.13 IL-2 in HSV Infection

IL-2 is a major cytokine responsible for intercellular regulation of immunity. Murine
studies have indicated that IL-2 is primarily produced by a subset of CD4™ T
lymphocytes, termed Thl cells, during activation by specific Ag and mitogens. The
functions of IL-2 are quite broad, and include upregulation of helper and cytotoxic T
lymphocytes, NK cells, and macrophages (97-100,102).

Studies have shown that IL-2 treatment alone and together with HSV immune
lymphocytes or other cytokines can protect animals from lethal HSV infection, although
it does not prevent subsequent recurrences of HSV infection. This protection is associated
with different effector mechanisms, including augmentation of NK cell lysis, as
previously described. Lymphocytes derived from lymph nodes of HSV-infected mice
produce IL-2 after in vitro expansion and stimulation with HSV Ag (27,101). It has been
shown that removal of Ly2” cells prior to stimulation in vitro augments IL-2 production.
This suggests that CD8 suppressor T cells are operative in regulation of IL-2 production

during HSV infection (27).
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1.2.14 IFN- y in HSV Infection

Actual mechanisms by which viral clearance is achieved by innate or immune cells are
unresolved but considerable evidence suggest that interferons, especially IFN-y, is
intricately involved. In support of a protective effect, is the detection of a higher level of
IFN-y in stimulated peripheral blood mononuclear cells (PBMC) and in recurrent vesicles
of patients having greater interval between attacks (103,104). Initial studies demonstrated
that in vitro induction of IFN-y by HSV is immune specific. It was recognized, however,
that IFN-o was also produced by the HSV-stimulated PBMC from HSV seronegative and
seropositive individuals. It has been shown that the interferon produced in the stimulated
cultures is primarily alpha at 2 days and a mixture of alpha and gamma by 5 days. Further
studies showed that IFN-y production does not vary with the inducing strain of HSV. It
does depend on the concentration of monocytes in the cultures, which could be related to
the Ag processing functions of these cells (103).

It has been demonstrated that low levels of both spontaneous (unstimulated) and
HSV Ag-induced IFN-y in PBMC cultures correlate with time of recurrence of herpes
virus infection. Further evidence linking IFN-y with HSV infection is that high titers of
this cytokine are present in herpetic lesion fluids, and are predictive of longer disease-free

intervals between recurrences (80,81).

1.2.15 IL.-4 in HSV Infection

IL-4 has been described as an immunosuppressive cytokine produced by Th2 cells and

CDS8" type 2 T cells. Down-regulatory activities of IL-4 on the cell-mediated immune
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responses are well known. Numerous cell types proliferate and/or differentiate in
response to IL-4. IL-4 has also been shown to be the major regulator of lymphokine-
producing phenotype of CD4" T lymphocytes and to facilitate differentiation to Th2 cells
(105).

In a mouse model for HSV-1 encephalitis, it has been demonstrated that a small
amount of exogenous IL-4 increases the ssverity of encephalitis through the increased
production of I1L-4 from local CD4" T cells (106). It has also been reported that the
highly enriched gD-specific CD4" T cells are specific to the NH,-terminal 15-23 amino
acids of gD protein, bear TCR V8.2 determinants, and produce IL-4. In a mouse model

for HSV stromal Keratitis, IL-4 is shown to exacerbate the symptoms (44).

1.2.16 IL.-10 in HSV Infection

IL-10 is a pleotropic cytokine produced by Th2 cells, B cells, mast cells, and monocytes.
IL-10 possesses a broad spectrum of biological activities. IL-10 may contribute to the
polyclonal B cell proliferation and is a promoter of proliferation of IL-2 activated
cytotoxic T cells. IL-10 has potent inhibitory functions, which act partially via its
inhibitory effect on APC. Human IL-10 inhibits Ag-specific proliferation of ThO, Thi,
and Th2 cells, as well as Ag-stimulated cytokine synthesis by PBMC and NK cells in a
macrophage/monocyte dependent manner (107-109). These effects of IL-10 might at
least in part be as a result of its downregulation of expression of class II MHC and
expression of co-stimulatory molecules, which are necessary for T cell and NK cell
activation. IL-10 is a strong modulator of monocytes and downregulates the production

of prostaglandin E2 as well as production of pro-inflammatory cytokines such as TNF-a,
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IL-1, and IL-6. IL-10 inhibits the expression of B7 and ICAM-1 ‘molecules, while it
enhances the expression of soluble TNF receptors. IL-10 has been associated with the
immunopathogenesis of a number of diseases including HSV, septic shock,

lymphoproliferative disorders, and autoimmune diseases (44,107-110).

1.2.17 Strategies for Immune Escape

HSV appears to have mechanisms to overcome the immune responses of the host thereby
making it difficult to understand the immunopathogenesis of HSV disease. These
mechanisms include genes whose products prevent apoptosis in differentiated cells by
interacting with antibody and complement, and by preventing induction of CD8" CTLs
(10).

HSV expresses an immediate early (ie) protein, ICP47, which blocks presentation
of viral peptides to MHC class I-restricted cells. ICP47 binds to transporter associated
with antigen processing (TAP) and prevents peptide translocation into the endoplasmic
reticulum (11). In humans, HSV is shown to interfere with the provision by monocytes of
co-stimulatory factors that are essential for T cell stimulation. This effect of HSV may be
due to secondary shut-off mechanisms that decrease host protein synthesis or secretion
after HSV infection (12).

Expression of HSV ICPO protein is shown to inhibit the induction of interferon-
stimulated genes that are required for antiviral response, indicating that ICPO is capable

of overcoming an already established antiviral state (13).
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1.3 Cytomegalovirus (CMYV)

1.3.1 General Description

The cytomegaloviruses are the principal members of betaherpesviruses subgroup of
Herpesviridae family. They are characterized by strict species specificity, salivary gland
tropism, slow growth in cultured cells, and have a cytopathology-involving characteristic
nuclear as well as cytoplasmic inclusions. CMVs share many characteristics, such as
virion and genome structure, and the ability to establish persistent and latent infection
(2,5,111). The importance of human CMV also designated as human herpesvirus 5, has
increased over the past two decades as immunosuppressive post transplant therapies, as
well as AIDS and other immunodeficiency states have become major medical concerns.
These conditions predispose individuals to primary CMV infection or to reactivation of

latent infection resulting in fulminant, life-threatening disease (4-8).

1.3.2 Genomic Organization

CMVs have the largest genome ranging from 180 Kbp in equine CMV to 230-240 Kbp
for humén, simian, guinea pig, and murine CMVs. There have been a number of reports
of cellular DNA or protooncogene sequences carried in the human or simian CMV
genome that is due to cross-hybridization of G + C-rich DNA or DNA containing
relatively simple dinucleotide repeats. The HCMV genome (AD 169 strain) and MCMV
(Smith strain) have been completely sequenced (111-114). HCMV is the only
betaherpesvirus known to have a class E genome structure consisting of complex

arrangement of unique and inverted repeats. HCMV strain AD 169 genome contains 208
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predicted open reading frames (ORFs) of greater than 100 amino acids (AAs) in length.
ORFs are designated by their location within the unique and repeated regions of the viral
genome (TRL, UL, IRL, IRS, and US) and are numbered sequentially (111-114). Few of
these predicted ORF products have been directly identified as proteins. The ORFs on the
HCMYV genome are largely collinear with those on the MCMYV genome, and these viruses
share a core set of herpesvirus-common proteins with other members of the herpes virus
family. Approximately 33 of the 208 ORFs of HCMV show a substantial level of amino
acid similarity to ORFs in HSV-1, VZV, and EBV. Additional ORFs are located within a
cluster that exhibits ORF length and orientation similarity in all herpesvirus genomes,
and other ORFs have low amino acid similarity but appear to perform similar function in
all herpesviruses, such that a total of 46 ORFs may be arranged as conserved blocks.
These conserved sequence blocks have a different order in the genomes of
betaherpesviruses, gammaherpesviruses, and alphaherpesviruses. The functions encoded
by these conserved blocks appear to have roles in DNA replication, DNA repair,
nucleotide metabolism, or virion structure (111-114).

Although analysis of individual gene functions in human or other animal CMVs is
not complete, the large coding capacity of HCMV includes functions that are essential as
well as functions that are dispensable for viral growth in cultured cells. Through
comparison of different strains, adventitious deletions, and deletion mutagenesis,
approximately 41 ORFs have been identified as being dispensable for growth in human

fibroblast (HF) cells (111,115-117).
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1.3.3 Life Cycle

To initiate infection, the virus attaches to the cell surface receptors, fuse its envelope to
the plasma membrane, and the de-enveloped capsid is transported to the nuclear pores.
DNA is released into the nucleus of the cell where transcription, replication of the viral
DNA, and assembly takes place. CMV transcription and protein synthesis is highly
ordered. The transcription is characterized by the expression of three gene classes: alpha
(immediate-early), beta (early), and gamma (late) genes, although there can be some
overlap between these classes. In an active infection, the immediate early (o) phase of
gene transcription commences upon entry into the cell during which time the positive and
negative regulators of early gene transcription as well as proteins necessary for gene
replication are expressed (111,118). The alpha genes are responsible for the initiation of
replication. Next delayed early (B) gene expression occurs. The onset of expression of
beta genes coincides with both the decline in the rate of expression of alpha genes and an
irreversible shut-off of host cellular macromolecular protein synthesis. The gamma genes
are heterogeneous and are differentiated from beta genes solely by their requirement for
viral DNA synthesis for maximal expression (111,118,119).

Assembly of the virus begins in the nucleus, with acquisition of the envelope as
capsid buds through the inner lamella of the nuclear membrane. Virus is transported
through the cytoplasm to the plasma membrane, where release of progeny virions occurs.
In addition to having an active replication cycle, CMV can also latently infect cells.
Neither the molecular mechanism involved in CMV’s transmission from active to the
latent state (and vice versa) nor the location in which latency takes place is well-

understood (111,118).
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1.3.4 Animal Models

HCMYV belongs to B family of herpes viruses whose members share the common feature
of being highly species specific. Strict species specificity makes it difficult to study
HCMV in any animal model. Several animals such as mouse, rat, guinea pig, rabbit, etc.,
have been used to investigate the pathogenesis and bioclogy of CMV infection (120-123).
Currently, the most accepted animal model for CMV infection involves using mice and
MCMV. HCMV and MCMYV share many homologous genes and have similar life cycles.
As with other herpes viruses, after primary infection, both HCMV and MCMYV persists in
the host for life in a latent state from which reactivation can occur. The genomes of both
HCMYV and MCMYV have been sequenced. Both HCMV and MCMYV have a highly
restricted host range and cause severe infection in the immunocompromised and
immunologically immature host, resulting in similar clinical syndromes. In addition, both
HCMV and MCMV are susceptible to the antiviral agent 9-(1,3-dihydroxy-2-
propoxymethyl) guanine (113,123-125). However, MCMV and HCMV have some
biological differences, as transplacental transmissidn of MCMV has not been
demonstrated and mouse models of fetal infection involve direct inoculation of MCMV
into the central nervous system or uterus (126,127). The similarities between the two
viruses as well as the availability of a vast pool of genetically defined strains of mice
have made MCMYV an attractive mode! for studying HCMV virulence and pathogenesis.
Therefore, a complete understanding of the biology of MCMV and the function of its

genes can provide insight into the pathogenesis of HCMV.
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1.3.5 Tn-Mediated Mutagenesis of MCMYV Genes

One of the most powerful approaches to identify the function of viral-encoded genes is to
introduce mutations into the viral genome and to screen viral mutants in both tissue
culture and animals to determine the in vitro and in vivo function of viral genés. The
methods to generate CMV mutants by site directed homologous recombination and
transposon-mediated insertion have been well-established (128-133). These approaches
certainly provide a very useful and convenient strategy to study the functions of viral

genes in tissue culture and in animals.

1.3.6 Epidemiology

Humans are the sole reservoir for HCMV. Transmission of the virus occurs by direct or
indirect person to person contact. Spread within susceptible populations 1s enhanced by
the prolonged excretion of infectious virus following primary infection. In fact,
prolonged replication of HCMV can follow primary infection in older children and
adults, and recurrences are associated with intermittent shedding of HCMV from many
sites in a seropositive young adults. HCMV infection is endemic and is present
throughout the year. The prevalence of HCMV is quite astounding. In developed
countries, as many as 80 % of children are infected before puberty. In developing nations,
this value increases to nearly 100 % (134,135).

Despite this extraordinarily high prevalence, one does not see an epidemic of
CMV-related illness because it is a disease of neonates and immunocompromised

individuals. CMV causes opportunistic infections in AIDS patients and patients
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undergoing transplantation. It has been estimated that 90-100 % of immunocompromised
population will develop active HCMV infection in their lifetime.  Ili-defined
socioeconomic factors predispose to higher infection rate, both by intrauterine and
extrauterine transmission. Between 0.2 % and 2.2 % of infants born in the United States
are infected in utero. Another 8 % to 60 % become infected during the birth or following
breast feeding (7,134). Sexual transmission of HCMYV represents another major route of
virus transmission in the adult population. HCMYV is shed from the genital tract from both
males and females (136). HCMV also causes ~40,000 cases of illness in neonates making
it the most prevalent congenital viral infection (134,137). Human CMV infection rates in
normal individuals have been best defined in pregnant women because of interest in
understanding intrauterine transmission of this virus. In different populations, primary
infection has varied from 0.7 % to 4 % per gestation among susceptible seronegative
women. Poor hygiene and closeness of contacts within population groups appear to be

important factors (134,135).

1.3.7 Pathology

HCMYV characteristically infects ductal epithelial cells and rarely involves fibroblasts.
Experiments done in murine and guinea pig model has shown that salivary gland
involvement is probably chronic and most likely results from subclinical congenital and
perinatal infection. In humans, the virus prefers various type of cells including
macrophages, monocytes, endothelial cells, and arterial smooth muscle cells. With severe
disseminated disease, evidence of HCMV involvement can be found in virtually all organ

systems. Typically, HCMV-infected cells, as seen under light microscopy following
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routine histologic staining, are large with limited cytoplasm and prominent central nuclei.
The nuclei often contain marginated chromatin and prominent intranuclear inclusions
surrounded by a clear halo. The presence of multiple inclusions has given the term owl’s
eyes inclusions (121,122,135-140). Viruria is a consistent feature of HCMV infection in
all age groups and results from viral replication in the genitourinary tract (8). The other
organ systems involved are gastrointestinal, respiratory tract, and Central nervous system

(5,137,141-143).

1.3.8 Pathogenesis

Transmission of CMV occurs mainly through person-to-person contact and occasionally
through person-to-object-to-person contact. After primary infection the virus persists in
the body. Although, the exact localization of the latent virus is unknown it is clear that
during latency viral DNA is present in many organs. By immune suppression the virus
can reactivate from its latent state. During viraemia the virus is present in mononuclear
cells by which it is transported through the body. In neonates and in immuno-suppressed
animals the infection results in multiorgan failure, leading to death (120,121,127,137).
The infection of the endothelial cells in the microvasculature and mononuclear cells
seems to be important in the pathogenesis of the CMV-induced disease. In addition to the
direct complications attributable to the virus itself, CMV has modulating effects on the
immune response. Although in some instances the infection leads to immune suppression,
the virus infection can also accelerate inflammatory and immune responses (2,5,14,122).
Developmental disorders induced by congenital CMV infection mainly involve

the central nervous system. The specific components of the immune system that are
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responsible for preventing reactivation disease have not been identified. Reactivation
disease in humans involves multiple tissues, including the retina, liver, lungs, and
gastrointestinal tract (2,5,137,139,141,144). In apparently immunocompetent hosts, CMV
has been implicated in the genesis of atherosclerosis, rapidly progressive coronary artery
disease and endothelialitis in cardiac transplant patients, coronary stenosis after
angeoplasty, and inflammatory aortic diseases (122,140). Furthermore, CMV has been
proposed as an etiological agent in the pathogenesis of certain malignancy, and insulin-
dependent diabetes mellitus (145,146). Several in vitro properties of CMV, including
slow replication, restricted cell tropism, and limited cell to cell spread, may contribute to
its limited pathogenicity in normal hosts. The limited growth of HCMV in vivo also

reflects the apparent protective responses of a normal immunity (2,137).

1.3.9 CMYV Immunology

The role of the innate and adaptive immune systems in controlling acute MCMV

infection has been characterized (2,34,40,137,147-150).

1.3.10 Innate Immunity

NK cells are important in controlling virus until specific immunity develops. Although
less well documented, NK cell activity has been demonstrated against HCMV-infected
cells. NK cells play a significant role in the control of acute infection with MCMYV, and at
least one mechanism for NK cell protection is secretion of IFN-y (33,149). Macrophages

also play an important role in CMV pathogenesis. Macrophages under certain
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activation/differentiation conditions are permissive for HCMV or MCMV infection.

Macrophage activation occurs in vivo during MCMYV infection (31).

1.3.11 Adaptive Immunity

1.3.11.1 Humoral Immunity

Early reports suggested that the neutralizing antibodies do not play a primary role in
recovery because infection is generally cleared before any obvious increase in antibody
levels. Further, HCMV can be transmitted in the presence of passively acquired
antibodies. However, recent evidence suggests that neutralizing antibody may play a
protective role in tempering the severity of infection in some patient populations

(147,148).

1.3.11.2 Cell Mediated Immunity

Various aspects of cellular immunity are antigen recognition, lymphokine production,
and cytotoxic kill of the infected cells. These reactions are mediated by CD4" Th, CD§"

CTL, and NK cells (31-35,40,147-150).

1.3.12 CD8" T Cell Immunity in CMYV Infection

CDS8" T lymphocytes represent the major protective principle. In MCMV, cell-mediated
immune clearance of virus is largely carried out by cytotoxic T cells. The presence of
CMV-reactive cytotoxic T cells (CTLs) has been correlated with protection from CMV

disease. Adoptive transfer of CMV specific CTLs holds promise for therapy of post-
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transplant disease caused by CMV. In a murine model for CMV disseminated cytopathic
infection of the lungs, fatal outcome was observed only when reconstituting CD8" T cells
were depleted and persistence of protective pulmonary CD8" T cells infiltrate occurred
after clearance of acute infection. Humans mount a cytotoxic T cell response against
CMV that may be MHC class I or class II restricted. Human carry class I-restricted
cytotoxic T cells reactive to HCMV immediate early 1 gene product as well as to late

gene products (35,151,152).

1.3.13 Th Responses in CMYV Infection

Although, CD8" T lymphocytes have been suggested to be the major protective
principle, these cells can not prevent horizontal infection in the absence of CD4" T
lymphocytes. It has been reported that in the absence of CD8" T cells, CD4" cells can
fully replace their functions and provide virus clearance. Adaptive transfer of CD4" T
cells from the spleens of immune mice can have a modulating effect on viral infection,
either by a direct cytotoxicity or through helper role. It has been shown that the CD4" T
lymphocytes and not CD8" T cells play a pivotal role in controlling viral replication in
the salivéry gland. Levels of IFN-y mainly influence this control (34,37-40,150-154). Ag-
specific Th cells recognize processed Ag in association with class II MHC genes
expressed on the surface of macrophages as well as on other cell types; such as activated
B cells, dendritic cells, epidermal Langerhans cells, and human dermal fibroblasts. EBV
lymphocyte cell lines are also capable of presenting CMV Ag to CMV-specific Th clones
in MHC-restricted fashion. However, the efficiency of presentation is better by

autologous mononuclear cells than the lymphoblastoid cell lines. A defect in proliferation
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of Th cells not related to defective Ag presentation has been shown in infants who are
congenitally infected with CMV (151,155). CD4" T cells against HCMV proteins have
also been described, and significant response towards IE1, the major immediate early
DNA-binding protein has been reported. The precursor frequencies of IE1-specific CD4"
T cells are high in latently infected individuals, and cytokines such as IFN-y and TNF-«
found in the supernatant of CD4" T cells clones specific for IE1 significantly reduce

HCMYV replication (39,152).

1.3.14 Strategies for Immune Escape

The lifelong persistence of CMV in the face of a vigorous and repeatedly boosted
immune response must require a strategic interaction between the virus and the host
immune system. First, CMVs can abortively infect cells and establish latency. During the
latent state of infection, the viral gene expression occurs minimally which is believed to
prevents immune recognition. Secondly, CMV replicates at privileged sites in the body,
for example salivary glands where productive infection is maintained for longer periods
of time in a manner poorly controlled by CDS8" T cells. Thirdly, highly adapted viral gene
functions (eg. vIL-10) allow the virus to subvert detection by the immune system (14-20).

The CD4" Th cell immunity is suspected to be down regulated as HCMV is
shown to inhibit IFN-y induced upregulation of HLA class II expression (18). A
mechanism of JAK1 proteolysis by HCMV has been described to explain the inhibition
of IFN-y-mediated augmentation of HLA class II (19). In mice, MCM inhibits the
transcription of expression of MHC class Il-related genes. Escape of HCMV from HLA-

DR-restricted CD4" T cell response is mediated by repression of IFN-y-induced class II
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transactivator expression (14,19,155-158). It has also been reported that HCMV gpUL40
enhances the surface expression of HLA-E (MHC class I molecule) which is an inhibitor

of NK cells and thereby represent an escape route for HCMV (14,159).

1.3.15 Counter-Balance by Immune Mechanisms

Complete evasion from immune control would result in the uncontrolled replication of
the virus leading to the death of the host and limiting the dissemination of the virus.
Experimental evidence suggests that the viral immune evasion mechanisms operate in
vivo with only a limited efficacy. First, there is evidence that the degree of inhibition by
both MCMV and HCMYV is subject to regulation by distinct cytokines in vitro. Of these,
IFN-y is certainly the most potent and can efficiently restore Ag presentation of infected
fibroblasts, although this has also been reported for TNF-o and type I IFNs (14,36).
Second, adoptive transfer experiments have shown that the antiviral function of CDS8' T
cells has a strict requirement for IFN-y, suggesting that this cytokine also regulate Ag
presentation of infected cells in vivo. In addition, the quantitative assessment of antigenic
viral peptides from MCMV-infected organs has demonstrated the pivotal role of IFN-y
for Ag iarocessing. Final evidence for counteraction by host immune system is the
presence of certain cell types that are resistant to the subversive effects of CMV on MHC
class I. These cells are the professional antigen presenting cells such as macrophages

(32,36-39,158).
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1.4 T Cell Anergy and Costimulation

T Lymphocytes require two signals for optimal proliferation and induction of effector
functions. Signal one is delivered by the engagement of the T cell antigen receptor (TCR)
with the peptide-MHC complex. The second signal is antigen independent and provided
by the interaction between co-stimulatory B7 molecules expressed on antigen presenting
cells and their ligand present on T cells. MHC/Ag-TCR binding in the absence of

costimulation leads to Ag-specific anergy (160-162).

1.4.1 B7-1 and B7-2 Molecules

B7 surface receptors exist in at least three distinct forms B7-1 (CD80), B7-2 (CD86), and
B7-3. B7-1 and B7-2 isoforms are expressed on a variety of APC including B cells,
dendritic cells, Langerhans cells, and monocytes. Expression of B7-1 and B7-2 on
monocytes and dendritic cells can be rapidly induced following activation (163,164). The
most extensively characterized pathway of costimulation has been the interaction of
CD28 and CTLA4 on the T cell with B7-1 on APC. The B7-1 molecule is also known as
the CD80 differentiation antigen. Engagement of T cell CD28 by monoclonal antibody
(MoAbD) or by interactions with CD80 results in enhanced production of cytokines by
activated T cells and enhance stimulation of anti-tumor immunity. Blockage of this
costimulatory pathway during T cell activation results in development of antigen-specific
tolerance referred to as anergy. Interactions between CD28 on T cells and CD80 on
activated B cells also regulate B-cell differentiation. CD80 is expressed by activated B

lymphocytes, interferon-treated monocytes, activated T cells, and HTLV transformed T
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cells. T cells also express a cell-surface molecule called CTLA-4 (cytotoxic-T-
lymphocyte antigen-4 or CD152) that is structurally related to CD28, which also binds
CD80 (163-165).

Occupancy of CTLA4 negatively regulates the activation of mouse T
lymphocytes. In humans the interaction of CTLA4 with its functional ligands, B7-1 or
B7-2, can down-regulate human T cell responses, probably by intracellular signaling
events and independent of CD28 occupancy (166,167). The co-stimulatory effects of both
B7-1 and B7-2 are dependent on CD28 cross-linking, based on complete inhibition of
proliferation by CD28 antibody Fab fragments. Both B7-1 and B7-2 can maintain long
term expansion of CD4" T cells. Co-stimulation with B7-1 and B7-2 induces high levels
of cytokine secretion by T cells, and the effects of B7-1 and B7-2 can not be
distinguished. Both B7-1 and B7-2 can elicit IL-4 secretion from CD4" T cells while,
anti-CD28 Ab induced substantially less IL-4 secretion. Furthermore, both B7-1 and B7-
2 can stimulate high levels of IFN-y and IL-4 from CD4"CD45RO" T cells, while neither
B7 receptor can co-stimulate IFN-y and IL-4 secretion from CD4"CD45RA™ T cells. B7-
1 and B7-2 can, however, co-stimulate CD4 CD45RA™ T cells to secrete IL-2. It has been
suggested that there are no intrinsic differences between B7-1 and B7-2 in their ability to
co-stimulate CD4" T cells (168).

B7-2 belongs to the Ig superfamily and consists of an extracellular region
containing a V- and a C- type Ig-like domain, a hydrophobic transmembrane domain, and
a cytoplasmic tail (163). Comparison of the expression and function of B7-1 and B7-2
indicate that: (i) B7-1 and B7-2 can be expressed by multiple cell types, including B

cells, T cells, macrophages, and dendritic cells, all of which are therefore candidate
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populations for delivering co-stimulatory signals mediated by these molecules; (ii)
Stimulating B cells with either LPS or anti-IgD-dextran induce expression of both B7-1
and B7-2, and peak expression of both co-stimulatory molecules occurs after 18-42 hours
of culture (expression of B7-2 on these B cell populations is significantly higher than
expression of B7-1 at all times assayed after stimulation); (iii) Blocking B7-2 co-
stimulation inhibits antigen driven T cell proliferation and cytokine production, without
affecting early consequences of TCR signaling such as induction of CD69 or IL-2
receptor alpha (IL-2R alpha) and; (iv) Expression of both B7-1 and of B7-2 can be
regulated by a variety of stimuli. Moreover, expression of B7-1 and B7-2 can be
independently regulated by the same stimulus, adding to the complexity of mechanism
for regulating costimulation and immune response (163,167,169). In a mouse model for
HSV-2, the blockage of B7 costimulation leads to enhanced disease signifying the role of

B7 costimulation in HSV pathogenesis (170).

1.4.2 B7 and Th Differentiation

The relative statement of B7 isoforms B7-1 and B7-2 on antigen presenting cells have
been suggested to be important in determining the nature and extent of the immune
response (171-173). Immunoregulatory cytokines may affect the development of
Th1/Th2 response by altering the levels of B7 isoforms on APC. IL-10 and IL-12 have
been reported to elicit their biological effects via binding of B7 isoforms with their ligand
CD28 on T cells (174,175). It has also been shown that Th2 cytokines IL-4 and IL-10

inhibit the expression of B7-2 and moderately enhance the expression of B7-1 (176).
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Further, it has been suggested that Thl inducing cytokine IFN-y enhances the expression
of both B7-1 and B7-2 isoforms on APC (176).

B7-1 (CD80) and B7-2 (CD86) have been implicated as differential determinants
of Th1- vs. Th2-type cytokine profiles (167). Using TCR transgenic T cells stimulated by
peptide in association with splenic APCs (obtainea from knockout mice that selectively
lack expression of either the CD80 or CD86 molecules), it has been suggested that CD86
and to a lesser extent CD80, can make significant contributions to the production of both
IL-4 and IFN-y (168). However, neither molecule plays an obligatory role in priming for
the production of either effector cytokine. Furthermore, B7-1 and B7-2 contribute to the
magnitude of T cell activation, but do not appear to selectively regulate Thl vs. Th2
differentiation (168). It has been shown that B7 is a critical and potent stimulator of Th2
differentiation, and that anti-CD28 prevents this effect (172). It has been suggested that
the interaction between T helper precursor (Th P) cells and B7-2 favor the development
of Th2 cells (172). It has also been reported that the relative expression of B7 isoforms,
B7-1 and B7-2 may be critical in determining the nature and extent of the immune
response and both B7-1 and B7-2 are potent and similar co-stimulators of T lymphocytes
(173). Therefore, B7-1 and B7-2 may determine the nature of immune response by

differential expression on APC (164,171,176).
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1.5 Hypothesis and Objectives

Primary infection with HSV-2 or HCMYV leads to specific antiviral immune response that
effectively suppresses the viral replication but does not eliminate the virus from the host.
The virus persists in the host in a latent form or in selective tissues where its replication
remains undetectable by the immune system. The latent virus is however periodically
reactivated causing recurrent disease. The immunological basis for such reactivation of
viral replication is unknown. CD4" T helper response to HSV-2 and CMV plays a pivotal
role in the development of immunity and control of replication of these viruses in vivo.
The broad objective of this thesis is therefore to determine the nature of T helper immune
responses to HSV-2 and CMV and the viral factors associated with the modulation of
such responses in order to understand the immunological basis for the imperfection in the

immunity to these viruses. The specific objectives of this thesis are discussed below.

1.5.1 Determination of T Cell and Cytokine Responses
to HSV-2 during HSV-2 Infection

As discussed before, the appearance and the nature of T helper response are central to the
development of effective cellular and humoral immunity against pathogenic viruses such
as HSV (41,42,80,81,91,92). The observations of generalized immunosuppression during
HSV infection (10-12) and an association between frequent HSV recurrences and certain
HLA types (177) suggest an immunological basis for herpesvirus reactivation. Both the T
helper response to viral antigens and nature of such response determine the development
and the duration of protective immunity to viruses. For example, a transient or permanent

Joss of T helper response to a viral region that is essential for replication or pathogenesis
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is expected to abrogate protective immunity transiently or permanently, respectively.
Likewise, transition from Th1 to Th2 type immune response may also alier the course of
protective immunity to HSV. However, changes in T helper response during the course of
HSV infection have not been fully investigated. In case of HSV-2 infection, it is not
known whether episodes of viral recurrence or remission of genital lesions are associated
with changes in the immunity to a specific viral antigen or Th1/Th2 transition. A possible
association between Thl or Th2 immune response during HSV-2 latency, reactivation or
disease progression in humans has not been examined. A critical balance in the regulation
of Th1/Th2 cytokines may be necessary for the maintenance of a symptom-free remission
period. The first objective of this study was therefore to examine the proliferative
response to HSV-2 antigen and to analyze the production of Thl (IL-2, IFN-y) and Th2
(IL-4, IL-10) cytokines in HSV-2-stimulated PBMC cultures from HSV-2 seropositive

individuals categorized into various disease stages according to disease symptoms.

1.5.2 Analysis of B7 Expression on Monocytes during
HSV-2 Infection

Co-stimulatory actions of B7 molecules play an important role in T cell activation and
generation of immune response to antigens (160-164,172-176). The antigenic stimulation
of T cells in the absence of B7 co-stimulation leads to T cell anergy. The expression of
B7 isoforms, B7-1 (CD80) and B7-2 (CD86), on APC such as monocytes may therefore
regulate immune response in vivo. Further, immunoregulatory cytokines such as IFN-y
and TL-10 are also known to affect the development of specific Th1/Th2 response by

altering relative levels of the two B7 isoforms on APC (172-176). These cytokines may
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regulate the expression of B7 isoforms on monocytes during HSV-2 infection and thus
modify the nature of immune response to HSV-2. Further, several viral genes are known
to directly influence the development or nature of immune response in vivo. Therefore,
the second objective of this research was to determine the effects of IFN-y, IL-10, and

HSV antigens on B7-1 and B7-2 expression on monocytes of HSV-2 infected individuals.

1.5.3 Examination of Cytokine Response during CMV
Infection and Effect of Specific Viral Genes

Members of the Herpesviridae family share several common structural and functional
features that include a common genetic organization, high degree of nucleotide sequence
homology in several genes, an orderly expression of immediate early, early, and late viral
genes in the host, and cycles of latency and reactivation in hosts (50,51,111). The nature
of immune response of these viruses has not been closely compared. To understand the
underlying principles that govern the immunity to herpesviruses, the knowledge of the
common features of immune response to these viruses is essential. Such knowledge must
be corroborated by identification of viral genes that contribute to the common features of
the immune response. These goals can be achieved by comparing the nature of T helper
response to viruses belonging to different subfamilies of the Herpesviridae family, and by
adopting animal models where mutant viruses with specific gene disruption can be used.
Thus, the third objective of this study was to determine the cytokine response to MCMV
infection in mice and identify specific viral genes associated with the generation of Thl

or Th2 type immune response in vivo by using well-characterized MCMV mutants.
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Chapter 2

MATERIALS AND METHODS

2.1 Patients and Collection of Samples

This study was approved by the Research Ethics Board of the Ottawa Hospital,
University of Ottawa, Ottawa, ON, Canada. Thirty-six individuals with recurrent genital
herpes, seven asymptomatic HSV-2 seropositive individuals, and six HSV-seronegative
healthy controls participated in this research. All the HSV-2 infected individuals recruited
for this study were previously tested for AIDS and other sexually transmitted diseases
and were otherwise healthy. The selection of individuals for this study was based on their
symptoms, clinical history, and absence of HIV and any other sexually transmitted
diseases. For asymptomatic seropositive cases spouse or sexual partners of patients with
genital HSV disease were examined and blood drawn for analysis.

At the first patient visit, informed consent was obtained, clinical information was
recorded, a blood and a genital swab sample were taken, and patients agreed to report all
genital HSV-2 outbreaks to the clinic staff. Additional blood and genital swab samples
were taken from those patients who were seen several times at different disease stages.
Blood samples were obtained in polyethylene tubes containing heparin. All swabs were
placed in 1 ml of Kult-Sure™ viral collection and transport medium (NCS Diagnostics
Inc., Etobioke, ON, Canada). According to the routine clinical grouping and based on the

previous study (65) the participants were divided into following four groups:
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(1) Active disease patients (AD) had clinically detectable genital lesions within 2
weeks preceding examination.

(i1)  Patients with non-active discase (NAD) were in a recurrence-free period and had
a history of genital lesions but absence of clinically detectable lesions in the 2
weeks preceding the examination.

(ii1)  Asymptomatic seropositive patients (AS) had no clinical history of genital lesions
but had serologic evidence of anti-HSV-2 antibodies by Western blot analysis.

(iv)  Asymptomatic seronegative subjects (NEG) were healthy adult controls.

The demographic information for each group is provided in Table 1 on the following

page.
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2.2 Preparation of HSV-1, HSV-2, and Control Ag

HSV-1 and HSV-2 antigen were prepared as described earlier (178). Human fetal lung
cells HFL # 62 were obtained from American Tissue Culture Collection (Rockville, MD).
These cells were cultured in T150 tissue culture flasks (Falcon labware, Oxnard, CA)
containing heat inactivated fetal calf serum (Gibco BRL, Grand Island, NY). Confluent
monolayers of HFL# 62 were infected with HSV-1 or HSV-2 (kindly provided by Dr. K.

Rosenthal, McMaster University, Hamilton, Canada).

When the majority of cells exhibited cytopathic effect, the cells were harvested
and the culture supernatants were transferred into 50 ml centrifuge tubes (Falcon labware,
Oxnard, CA) and centrifuged at 600 x g for 15 minutes. The cells were sonicated and the
cell lysate was combined with the supernatant. The tubes were centrifuged to pellet the

cell debris.

The supernatants were incubated at 56 °C for 2 hours to inactivate the virus. Viral
inactivation was confirmed by inoculation of the antigen preparation in tissue culture.
The antigen preparation was then aliquoted and stored at -80 °C. The control antigen was
prepared-using uninfected HFL # 62 cells and same procedure as described above for the

HSV antigen.
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2.3 Isolation and Culture of PBMC

Blood samples were collected in polyethylene tubes containing heparin as anticoagulant.
The PBMC  were isolated by densify gradient centrifugation in Ficoll-Hypaque
(Pharmacia, Uppsala, Sweden) as described earlier (179). In 50 ml polystyrene tubes
(Coming, Oxnard, CA), blood was layered on half the volume of Ficoll-Hypaque ie 15
ml for 30 ml of blood. The tubes were centrifuged for 30 minutes at 400 x g. The cell
layer consisting mainly of mononuclear cells was collected, washed three times in sterile
phosphate buffered saline (PBS; GIBCO Laboratories, Grand Island, NY) and
resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM; Sigma Chemical
Company, Saint Louis, MO), containing 10 % fetal calf serum (FCS; GIBCO
Laboratories, Grand Island, NY), 100 U/ml penicillin, and 100 pg/ml gentamicin. All

cultures were incubated at 37 °C in 5 % CO; in a humidified incubator.

2.4 Cell Proliferation Assay

PBMC (1 x 10° cells/ml) were stimulated with anti-CD3 antibodies (OKT-3), American
Tissue Culture Collection (ATCC, Rockville, MD; 1:200 final dilution) for 48 hours and
with HSV-1 or HSV-2 antigens (1:10 final dilution) and the control antigen i.e.
supernatant from the cells not infected with the HSV-1 or HSV-2 virus (1:10 final
dilution) for 5 days. Stimulation experiments were done in triplicate in a final volume of
200 pl in 96 well plates (Falcon Labware, Oxnard, CA). The cells were then pulsed with

0.5 uCi [*H] thymidine (Amersham, Arlington Heights, IL) and cultured for a further 16
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hours followed by cell harvesting and measurement of [°H] thymidine incorporation
(liquid scintillation counter, 1450 Microbeta Wallac, Turku, Finland).

The stimulation index (SI) was calculated as a ratio of [’H] thymidine
incorporation {cpm) by PBMC stimulated in the presence of antigen/mitogen to that of
PBMC cultured in the absence of antigen/mitogen or PBMC cultured in the presence of
HSV antigen to that cultured in the presence of control antigens. SI of more than 3 was

considered a positive response.

2.5 Collection of Supernatant for Measurement of

Cytokines

To determine the ability of PBMC from HSV-2-seropositive individuals and heathy
controls to produce Thl (IFN-y and IL-2) and Th2 (IL-4 and IL-10) cytokines, the PBMC
(1 x 10%ml) were stimulated with either HSV-1 or HSV-2 antigen or control antigens
(1:10 final dilution) in 24 well tissue culture plates (Falcon Labware, Oxnard, CA). The
supernatants were harvested after 5 days and stored at —70 °C. The choice of antigen
concentration and number of days of HSV stimulation was based on dose-response and
time-response experiments showing that PBMC exhibit maximal [’H] thymidine

incorporation 5 days after stimulation with HSV-1 or HSV-2 antigens.
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2.6 Measurement of Thl and Th2 Cytokines
during HSV-2 Infection

The standard enzyme linked immuno sorbant assay (ELISA) described previously (179)
was employed to measure the Thl (IFN-y and IL-2) and Th2 (IL-4 and IL-10) cytokines
in the supernatants obtained after stimulation of PBMC from HSV-2 seropositive and

seronegative individuals.

2.6.1 IL-2

IL-2 was quantitated by sandwich ELISA using the human IL-2 QuantikineTM reagents
(R&D Systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, the
primary anti-human IL-2 antibody (#MAB602, R&D Systems Inc., Minneapolis, MN)
was used at a concentration of 4 pg/ml for coating the 96-well plates at 4 °C overnight.
The plates were washed with 0.05 % Tween 20 in PBS and blocked with 10 % FCS in
PBS for 2 hours at room temperature. Recombinant human IL-2 was used as a standard.
Anti-IL-2 biotinylated antibody (#BAF202, R&D Systems Inc., Minneapolis, MN) was
used at a concentration of 25 ng/ml as detection antibodies. Streptavidin-peroxidase
conjugated with horseradish peroxidase was used at a final dilution of 1:1000. The color
reaction was developed by adding the stop solution containing o-phenylenediamine
dihydrochloride and hydrogen peroxide. The plates were read at 450 nm using the

ELISA reader. The sensitivity of IL-2 assay was 8 pg/ml.
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2.6.2 TFN-y

Measurement of IFN-y produced by PBMC was performed by a sandwich ELISA using
monoclonal antibody (MoAb) that recognizes distinct epitopes. Briefly, the primary anti-
human IFN-y antibody (clone 25718.11, R&D Systems Inc., Minneapolis, MN) was used
at a concentration of 4 pug/ml for coating the 96-well plates (Nunc Immune-modules,
Denmark) at 4 °C overnight. The plates were washed with PBS-Tween 20 and blocked
with 5 % skim milk in PBS-Tween 20 (0.05 %). Recombinant IFN-y (Endogen, Woburn,
MA) was used as a standard. Anti-IFN-y biotinylated antibody (#BAF285, R&D Systems
Inc., Minneapolis, MN) was used at a concentration of 200 ng/ml as detection antibody.
Streptavidin-peroxidase conjugated with horseradish peroxidase (Jackson Immuno-
Research, West Grove, PA) was used at a final dilution of 1:1000. The color reaction was
developed by o-phenylenediamine dihydrochloride (OPD, Sigma) and hydrogen
peroxide. The plates were read at 450 nm on ELISA reader. The sensitivity of IFN-

v assay was § pg/ml.

2.6.3 IL-4

IL-4 was quantitated by sandwich ELISA using the human IL-4 Quantikine reagents
(R&D Systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, the
primary anti-human IL-4 antibody (#MAB604, R&D Systems Inc., Minneapolis, MN)
was used at a concentration of 4 pg/ml for coating the 96-well plates at 4 °C overnight.
The plates were washed with 0.05 % Tween 20 in PBS and blocked with 10 % FCS in

PBS for 2 hours at room temperature. Recombinant human IL-4 was used as a standard.
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Anti-]L-4 biotinylated antibody (#BAF204, R&D Systems Inc., Minneapolis, MN) was
used at a concentration of 12.5 ng/ml as detection antibody. Streptavidin-peroxidase
conjugated with horseradish peroxidase was used at a final dilution of 1:1000. The color
reaction was developed by adding the stop solution containing o-phenylenediamine
dihydrochloride and hydrogen peroxide, and the plates were read at 450 nm. The

sensitivity of IL-4 assay was § pg/ml.

2.6.4 IL-10

Measurement of IL-10 produced by PBMC was performed by a sandwich ELISA using
monoclonal antibody (MoAb) that recognize distinct epitopes. Briefly, 96-well plates
(Nunc Immunomodules, Denmark) were coated with purified anti-IL-10 mAb (clone
JES3-9D7, PharMingen, Mississauga, ON, Canada) used at a concentration of 5 pg/ml
and incubated overnight at 4 °C. The plates were washed with PBS-Tween 20 and
blocked with PBS-10 % FCS. Recombinant IL-10 (PharMingen, Mississauga, ON,
Canada) was used as a standard. Anti-IL-10 biotinylated antibody (clone JES3-12GS8,
PharMingen) was used at concentration of 4 pg/ml as detection antibody. Streptavidin-
peroxidage (Jackson Immuno-Research, West Grove, PA) was used at a final dilution of
1:1000. The color reaction was developed by o-phenylenediamine dihydrochloride (OPD,
Sigma) and hydrogen peroxide. The plates were read at 450 nm. The sensitivity of IL-10

assay was 8§ pg/ml.
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2.7 Detection of Viral DNA by PCR Assay

To determine the correlation between viral shedding and Th cell response, detection of
HSV-2 DNA in genital and oral swabs was done by PCR and ELISA quantitation
(experiments performed by Dr. Peihua Cheng). Viral DNA was isolated by using a
monophase solution containing guanidine thiocyanate and phenol (TRI Reagent solution,
Molecular Research Center Inc., Cincinnati, OH), as described previously (180). HSV
was detected in the DNA isolated from clinical samples by PCR analysis using both a gel
system (178) and the Digene Sharp Signal System (Digene Diagnostics Inc., Beltsville,
MD, USA) and HSV-1 and HSV-2 primers, as described previously (178).

The colorimetric Digene Sharp Signal System was used for the detection and
quantitation of the amplified PCR products as per the manufacturer protocol (Advanced

Biotechnologies Inc., Columbia, MD). Briefly, 10 pul of DNA isolated from the clinical

samples was added into a 90 pl of PCR reaction mixture solution. Meanwhile, 10 pl of
serial 10 fold dilutions of the standard HSV-1 or HSV-2 DNA copies (1x10" copies/ul)
provided by the manufacturer were added to 90 ul of PCR reaction mixture solution to
make standard quantitative curves.

HSV-l and HSV-2 types were distinguished via distinct 3’ primers, p3-1 and p3-
2, which are specific for HSV-1 and HSV-2 respectively (181-183). The 5' HSV primer
recognized the common sequences for both HSV-1 and HSV-2. For quantitation of HSV
copies, the 5’ end of HSV primers were biotinylated (Digene Diagnostics Inc.). PCR was
carried out for 30 cycles in a programmable DNA thermal cycler (480; Perkin—Eirner), as
follows: DNA denaturation at 94 °C for 60 second, primer annealing at 65 °C for 1

minute 30 second, and primer extension at 72 °C for 2 minutes. For the last cycle, the
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DNA molecules were allowed to extend for 10 minutes at 72 °C. The amplified PCR
products were detected by electrophoresis on a 1.5 % agarose gel and were stained with
ethidium bromide. The sequence of primers p3-1 and p3-2 were as follows: Primer p3-1,
sense 5'-CCT CGC GTT CGT CCT CGT CCT CC-3' and primer p3-2, sense 5'-CCT
CCT TGT CGA GGC CCC GAA AC-3'. By using these primers, the presence of HSV-1
and HSV-2 was distinguished on the basis of the PCR product size, 469 and 391 bp,
respectively (181-183).

To determine that the DNA isolated from the clinical samples was not degraded,
PCR for B-actin gene was performed. The primers for B-actin were as follows: sense (n-
1038) 5’-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3’ (n-1067), and
antisense (n-1876) 5’-CTA GAA GCA TTT GCG GTG GAC GAT GGA GGG-3’ (n-
1905). Clinical samples from patients with genital lesions but negative by PCR were
spiked with HSV-2 DNA to rule out the presence of PCR inhibitors.

The amplified PCR products were transferred onto nylon filters (Amersham) and
were hybridized with the oligonucleotide probe HSV-P3 (181-183). The sequence for
HSV-P3 is as follows: sense (nt 1561) 5°-GGC GTA GTA GGC GGG GAT GTC GCG-
3’ (nt 1583). This oligonucleotide probe was labeled with alkaline phosphatase using the
E-Link™ and E-Link Plus™ oligonucleotide labeling kit according to the manufacturer
recommendations (Genosys, Woodlands, TX). The filters were prehybridized with 10 ml
of prehybridization buffer for 4 hours at 42 °C. Hybridization was performed at 42 °C
overnight with 10 ml of prehybridization buffer containing 20 pl of the alkaline
phosphatase labeled oligonucleotide probe. After successive washes with 2 x SSC plus

0.1 % SDS, 0.5 x SSC plus 0.1 % SDS, and buffers A (100 mM Tris, pH 7.4, 150 mM
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NaCl), buffer B (2 % blocking buffer in A), and buffer C (100 mM Tris pH 9.5, 100 m
NaCl and 50 mM MgCl,), the damp filters were sprayed two or three times with
LumiPhos 530 (Boehringer Mannheim) and were exposed to X-ray film (X-Omat,

Kodak) at 37 °C for between 30 minutes and 2 hours.

2.8 ELISA Quantitation of PCR Products

Quantitation of the amplified PCR products obtained as above was performed as per the
manufacturer’s recomendation (Digene Sharp Signal System, Advanced Biotechnologies
Inc.). Briefly, 25 ul of PCR reaction mixture containing 5'-biotinylated products was
hybridized with 25 pl (500 pmolliter) of specific single-stranded RNA probe
complementary to the biotinylated strand of the PCR product at 65 °C for 30 minutes.
The resultant RNA:DNA hybrids were captured through biotin onto the surface of
streptavidin-coated microwells. The hybridized contents were transferred onto the
streptavidin-coated microwells and incubated at 25 °C for 30 minutes on a rotary shaker
(1200 rpm/min). The immobilized hybrids were then reacted with detection reagent
containing anti-RNA-DNA antibody conjugated to alkaline phosphatase at 25 °C for 30
minutes ~on a rotary shaker followed by washing with a wash buffer. The PCR products
were detected with a colorimetric substrate (para-nitrophenylphenol, PNPP) at 37 °C for
2 hours. The microwell plates were read at 405 nm using the microplate ELISA reader.
The intensity of the color generated was proportional to the amount of biotinylated PCR
product in each reaction. Ten-fold dilutions of the PCR controls were utilized to calculate

the amount of HSV-1 and HSV-2 DNA copies contained in the clinical specimens.
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2.9 Western Blot Analysis

HSV-1 and HSV-2 specific antibodies in the serum of subjects who participated in this
study were detected by Western blot analysis as described previously (184). The various

steps involved are described in the following.

2.9.1 Preparation of HSV-1 and HSV-2 Antigen

The HSV-1 and HSV-2 antigen for sepharose was prepared by infecting monolayers of
human diploid fibroblast (HDF) cells obtained from American Tissue Culture Collection
(Rockville, MD) with HSV-1 and HSV-2. The cells were harvested. After pouring off the
growth media the monolayer of cells was rinsed with 25 ml cold 10 x PBS (Gibco
Laboratories, Grand Island, NY). After adding 50 glass beads and 15-20 mi cold PBS
(Gibco Laboratories, Grand Island, NY) the cells were dislodged by swirling motion. The
cells were transferred into a 50 ml conical screw cap centrifuge tubes and 15 ml cold PBS
was added to wash cells off the beads. Cells were again washed with wash solution
containing 0.5 % Tween in PBS in 50 ml conical tubes and centrifuged at 1200 rpm. The
pellet was resuspended in 15 ml coupling buffer (0.2 M NaHCO;, 0.5 M NaCl, pH to 8.6

with solid Na,CO3). The cells were sonicated and lysate aliquoted and stored at —80 °C.
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2.9.2 Preparation of Sepharose

Sepharose was prepared using 1 gm CNBr-activated sepharose (Sigma Chemical
company, Saint Louis, MO) per 5§ ml protein. First sepharose was allowed to swell in 1
mM HCl/gm sepharose and then it was added to each 50 ml conical tube containing
HSV-1 and HSV-2 lysate by mixing it on an orbital rotor for 2 hours at room temperature
at 1500 rpm for 5 minutes. The remaining active groups on sepharose were blocked with
blocking solution containing 0.2 % glycine pH adjusted to 8 with NaOH. The pellet was
washed with coupling buffer in a ratio of 1:1 and then with TST buffer containing 50 mM
Tris, 0.9 % NaCl, 0.01 % Thimersal, pH 7.5 in a ratio of 1:1. After Centrifugation the

sepharose pellet was resuspended in TST buffer in a ratio of 2:1.

2.9.3 Preparation of Western Blot Test Strips

Western blot test strips were prepared using lysates from cells infected with HSV-1 and
HSV-2. Aliquots of HSV-1 and -2 lysates stored in microcentrifuge tubes (1 ml per tube)
were boiled for 2 minutes. HSV-1 and HSV-2 crude protein extracts (50 pg) were
subjected to SDS-PAGE electrophoresis (8 %) followed by transfer of proteins on to the
Hybond™-C extra nitrocellulose membranes (Amersham). The nitrocellulose was then
cut into 3 mm strips which were stored at 4 °C and used in the Western blot assay to

detect antibodies to HSV-1 and HSV-2 antigens present in the test sera.
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2.9.4 Immunostaining of HSV-1 and HSV-2 Blots

HSV Western blot screening was done by immunostaining of HSV-1 and HSV-2 blots.
For each set of strips 20 ul of control serum in 1 ml of blotto per strip was run. The
control serum used were HSV-1, HSV-2, HSV-1, and HSV-2 positive pooled sera; HSV
seronegative control serum and; HSV-1 cross reactive control serum. The strips were
washed with wash solution (0.05 % Tween in PBS) and incubated overnight with blotto
and serum. The strips were washed three t‘imes with wash solution followed by one wash
with PBS. The strips were then incubated for 75 minutes with 1 ml of horse reddish
peroxidase conjugated with anti-human IgG. The strips were washed and allowed to

develop in 4CN solutions A and B (1:1) for 7 minutes.

2.9.5 Analysis of Blots

The serum containing HSV-1 antibodies alone after adsorption with HSV-1 coated beads
did not exhibit any HSV-1-specific banding pattern either on the HSV-1 or the HSV-2
carrying membrane strips, respectively. However, HSV-1 specific bands were detected
on HSV-1 carrying strips and not on HSV-2 carrying strips after adsorption with HSV-2
coated beads. Inversely, HSV-2 specific bands for HSV-2 patients were detected on
HSV-2 carrying strips after adsorption of serum with HSV-1 beads. Patient’s serum
containing both HSV-1 and HSV-2 antibodies exhibited bands on the membranes
carrying HSV-1 proteins after adsorption with HSV-2 beads, and HSV-2 specific bands
were detected on HSV-2 carrying strips after adsorption with HSV-1 beads. This protocol

was useful to detect patients exposed specifically to HSV-1, HSV-2 or with both the virus
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strains reproducibly. Only those patients who had antibodies for HSV-2 or both HSV-1

and HSV-2 were included in this study.

2.10 Flow Cytometric Analysis

2.10.1 Regulation of B7 Statement on Monocytes in
HSV-2 Infection
To analyze the regulation by IL-10, IFN-y, and HSV antigens of statement of B7
isoforms on the monocytes from HSV-2 symptomatic patients and HSV-seronegative
subjects, unstimulated PBMC (3 x 10° /ml) were cultured in the presence of either IL-10
(1 ng/ml), IFN-y (1 ng/ml), HSV-1 or HSV-2 antigens (1:10 dilution). The monocytes
were analyzed for B7-1 and B7-2 expression after 24 hours of stimulation as described
earlier (154). Briefly, cells were washed once with PBS/0.05 % sodium azide and
distributed into flow cytometry tubes (Sarstedt, Numbrecht, Germany). Cells were
stained with 5 pl of either PE labeled anti-B7-1 (Becton Dickinson, Lincoln Park, NJ) or
PE labeled anti-B7-2 (PharMingen) monoclonal antibodies and 2.5 pl of FITC labeled
anti-CD14 monoclonal antibody (Becton Dickinson, Lincoln Park, NJ). Autofluorescence
and isotype controls, IgG1 for B7-1 and IgG2b for B7-2 (Becton Dickinson, Lincoin
Park, NJ) were included.

For PBMC, two distinct populations (lymphocytes and monocytes) were
visualized by light scatter properties. For analysis of B7 statement on monocytes in
PBMC, cells were gated in the monocytic gate. The gates were set by forward angle and

90° light scatter data from cells stained with isotype matched control antibodies. B7-1
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and B7-2 expressing CD14" monocytes were observed in clusters distinct from
lymphocytes and median fluorescence intensity (MFI) was obtained. Data were acquired
on a Becton Dickinson FACScan flow cytometer by counting 5,000 events. Validity of
comparison in the expression level of B7-1 and B7-2 isoforms between different patient
populations was ensured through the use of Calibrite™ Beads (Becton Dickinson, Lincoln
Park, NIJ). Data was analyzed using the WinMDI software package (J. Trotter, Scripps

Institute, San Diego, CA).

2.10.2 Effect of Endogenously Produced IFN-y on B7-1
and B7-2 Statement during HSV-2 Infection

To determine if HSV-2 induced statement of B7-1 and B7-2 is mediated by endogenously
produced IFN-y, effect of endogenously produced IFN-y on the statement of B7-1 and
B7-2 on CD14" monocytes following stimulation with HSV-1 and HSV-2 antigens was
analyzed. PBMC from six HSV-2 infected individuals were stimulated with HSV-2
antigens in the presence or in the absence of neutralizing anti-IFN-y antibodies for 24
hours. CD14" monocytes were analyzed for the statement of B7-1 and B7-2 as described

above.
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2.11 Preparation of Wild Type and Mutant
MCMYV Stocks

To determine in vivo role of viral genes in modulation of immune response of the host
during infection with herpesviruses having similarities in genetic composition, disease
stages and predominant IFN-y response, the previously established mutagenesis approach
was employed. The MCMV mutants RvM25, RvM27, RvM43, and Rvm09 having Tn3
transposon inserted into the open reading frame of M25, M27, M43, and m09 genes,
respectively, were provided by Dr. Xiaoyan Zhan and Manfred Lee.

Figure 1 presents the schematic representation of method for construction of these
mutants, as described previously by Zhan et al. (130). Briefly, the plasmid pOX38
containing transposon was inserted into the library of MCMV genomic DNA in
Escherichia coli. Sequence analysis was done to determine whether the pool contained
MCMYV fragments that had random insertion of transposon into the coding region of open
reading frames of viral genes. The regions bearing an insertion mutation were then
transferred to the MCMV genome by homologous recombination. The Tn3-based
mutants obtained by this approach have been previously used to study the in vitro and in
vivo function of several MCMV genes in viral replication in tissue culture and various
organs of immunocompetent and immunodeficient animals (130-133).

Stocks of wild type MCMYV (smith strain) obtained from American Tissue Culture
Collection (Rockville, MD) and the recombinant MCMV RvM25, RvM27, RvM43, and
Rvm09 having Tn3 transposon inserted into the ORF of MCMV M25, M27, M43, and
mO09 genes, respectively, were obtained by propagating these viruses in NIH3T3 cells

(American Tissue Culture Collection ATCC CRL1658) in complete Dulbecco’s modified
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Eagle medium (DMEM, Gibco BRL, Grand Island, NY) supplemented with 10 %
Nuserum (Collaborative Biomedical Products, Bedford, MA), essential and nonessential
amino acids, penicillin and streptomycin (Life Technologies, Grand Islands, NY). When
most of the cells were infected, the cells were harvested, and virus stocks prepared by
adding an equal volume of 10 % skim milk (50:50, by vol.), followed by sonication using

a 550 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) and stored at —80 °C.
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Figure 1. Schematic representation of the construction of MCMV mutants by Tn3
transposon mutagenesis approach, as described in Zhan et al. 2000 (130). (A) Represents
the plasmid construct used for mutagenesis. (B) represents the procedure used for
construction of MCMV mutants that contained random transposon insertions. IP, inverted
repeat; Tet, tetracycline resistance gene; gpt, gene that encodes guanine
phosphoribosyltransferase (gp?); poly(A), transcription termination signal; pOX3§,
plasmid containing two 38 nucleotides terminal inverted repeats, a sequence of the loxP
and loxR.
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2.12 Measurement of Viral Titers

Virus titers were measured by plaque assay as described earlier (130). Briefly, NIH3T3
cells were propagated in complete DMEM in each well of six well tissue culture plates
(Falcon labware, Oxnard, CA) in triplicate. These cells were then infected with a serial
10 fold dilution of the virus and incubated at 37 °C and 5 % CO; for 1.5 hour. The cells
were washed with DMEM media and overlaid with 0.5 % agarose in DMEM and
incubated at 37 °C and 5 % CO,. The titers of the viral stocks were determined by

counting the number of plaques formed.

2.13 Preparation of Viral and Control Antigen

Viral antigen for each virus type was prepared by using the previously described method
(178). Briefly, NIH3T3 cells were infected with wild type MCMV and recombinants
RvM25, RvM27, RvM43, and Rvm09 in a T150 tissue culture flask (Falcon labware,
Oxnard, CA). When most of the cells were infected, cells were harvested and
supernatants were collected and centrifuged at 600 x g for 10 minutes. Cells were
sonicated using a 550 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) and mixed
in the supernatant. The samples were then incubated in a water bath at 56 °C for two
hours. Viral inactivation was confirmed by innoculation of the antigen in NIH3T3 cell

cultures. Control antigen was prepared similarly using uninfected NIH3T3 cells.
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2.14 Isolation of Splenocytes

Three-week-old Balb/c mice (Jackson Laboratory, Bar Harbor, ME) were injected
intraperitonially with 1x10* PFU of wild type (Smith strain) and recombinant MCMVs
(RvM25, RvM27, RvM43, and Rvm09). The control mice were injected with sonicated
uninfected NIH3T3 cells in PBS. On 1, 3, 7, 10, and 14 days post infection (dpi) spleen
samples were obtained from a set of 3 mice from each group and the splenocytes were
isolated using Medimachine mechanical desegregation system (Becton Dickinson, San
Jose, CA) according to manufacturer’s instructions. Briefly, spleen samples were washed
in 1x Hank’s balanced buffer (Gibco BRL, Grand Island, NY) and inserted into a 50 um
medicon together with 1 ml Hank’s buffer. The medicon was then inserted into the
medimachine and the machine was started for about 1 minute. As the spleen was
desegregated, the medicon was removed from the medimachine. The cell suspension was
recovered using a syringe in the syringe port. The medicon was rinsed with Hank’s buffer
to ensure maximum cell recovery. The cell suspension was then passed through 70 um
filcon to obtain spleen cells.

The spleen cells were washed three times with Hank’s buffer and resuspended in
RPMI rﬁedia (Gibco BRL, Grand Island, NY) containing 10 % fetal calf serum and
Penicillin and streptomycin in a 50 ml tube (Falcon labware, Oxnard, CA). The cells
were centrifuged at 1000 rpm for 10 minutes and supernatant removed. 5 ml of Tris
ammonium chloride (0.16M NH,4Cl and 0.17M Tris, pH 7.2) was added to lyse the red
blood cells. After incubating for 5 minutes Hank’s buffer was added and cells centrifuged
at 1000 rpm for 10 min. Cells were washed twice with Hank’s buffer and resuspended in

RPMI media containing 10 % FCS.
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2.15 Standardization of Antigen Concentration

In order to get comparable results for Thl and Th2 cytokine production during infection
with wild type and recombinant MCMVs, it is essential to determine the optimum
concentration of respective antigen required for stimulation of spleen cells from mice
infected with wild type and recombinant MCMVs. The Cell Proliferation assay was done
using Cell Titer 96 ® Non-Radioactive Cell Proliferation Assay (Promega Corporation,
Madison, WI) using manufacturer’s protocol. Briefly, the number of viable cells from
each sample was counted using trypan blue. 1x10° cells/well in a 96 well plate were
stimulated with various concentration of the respective viral antigen. The plates were
incubated at 37 °C and 5 % CO; incubator. After 5 days, 15 ul of the dye solution was
added in each well and the plates were incubated at 37 °C for 4 hours in a humidified, 5
% CO;, incubator. After 4 hours, 100 pl of solubilization/stop solution provided with the
kit was added in each well. The plates were kept overnight in a sealed container with a
humidified atmosphere. The absorbance was recorded at 540 and 690 nm wavelength
using a 96 well plate reader. Stimulation index (SI) was calculated as a ratio of formazan
produced by cells stimulated with the viral antigen to that of cells cultured in the presence

of control antigen.

2.16 Collection of Cell Supernatant for Cytokine
Analysis

To determine the ability of the cells from mice infected with the wild type and

recombinant MCMV and uninfected controls to produce Th cytokines, the splenocytes
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(2x10° cells/ml) were stimulated with the respective antigen (1:5 and 1:10 final dilution)
in a 24 well tissue culture plates (Falcon labware, Oxnard). On fifth day after stimulation,
supernatants were collected and stored at —80 °C for cytokine analysis by ELISA at a

later date.

2.17 Measurement of Cytokines during CMV

Infection

2.17.1 IL-2

IL-2 was quantitated by sandwich ELISA using the murine IL-2 Quantikine™ M Kit
(R&D systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, 50 pl
assay diluent provided with the kit was added in each well of the 96 well microplates
coated with polyclonal antibody specific for mouse IL-2. 50 ul of various dilutions of

standard (recombinant mouse IL-2), control (mouse IL-2) and cell supernatants were
added and incubated for 2 hours at room temperature. The plates were washed with wash
buffer and 100 pl of mouse IL-2 conjugate containing antibody against mouse IL-2
conjugated to horseradish peroxidase was added to each well. After 2 hours of incubation
at room temperature, the plates were washed and 100 ul of substrate solution containing
equal volume of stabilized hydrogen peroxide and stabilized chromogen was added.
Plates were incubated in dark for 30 min. 100 ul of stop solution containing hydrochloric
acid was added per well and optical density (OD) was read at 450 nm. The sensitivity of

the assay was 3 pg/ml.
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2.17.2 IFN-y

[FN-y was quantitated by sandwich ELISA using the murine IFN-y Quantikine™ M Kit
(R&D systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, 50 ul
assay diluent provided with the kit was added in each well of the 96 well microplates
coated with monoclonal antibody specific for mouse IFN-y. 50 ul of various dilutions of
standard (recombinant mouse IFN-y), control, and cell supernatants were then added and
incubated for 2 hours at room temperature. The plates were washed with a wash buffer
and 100 pl of mouse IFN-y conjugate containing antibody against IFN-y conjugated to
horseradish peroxidase was added to each well. After 2 hours of incubation at room
temperature, the plates were washed and 100 pl of substrate solution containing equal
volume of stabilized hydrogen peroxide and stabilized chromogen was added. Plates were
incubated in dark for 30 min. 100 ul of stop solution containing hydrochloric acid was

added per well and OD was read at 450 nm. The sensitivity of the assay was 2 pg/ml.

2.17.3 IL-4

IL-4 was quantitated by sandwich ELISA using the murine IL-4 Quantikine™ M Kit
(R&D systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, 50 pl
assay diluent provided with the kit was added in each well of the 96 well microplates
coated with a monoclonal antibody specific for mouse IL-4. 50 ul of various dilutions of
standard (recombinant mouse IL-4), control (mouse IL-4) and cell supernatants were then
added and incubated for 2 hours at room temperature. The plates were washed with wash

buffer and 100 pl of mouse IL-4 conjugate containing antibody against IL-4 conjugated
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to horseradish peroxidase was added to each well. After 2 hours of incubation at room
temperature, the plates were washed and 100 pl of substrate solution containing equal
volume of stabilized hydrogen peroxide and stabilized chromogen was added. Plates were
incubated in dark for 30 min. 100 pl of stop solution containing hydrochloric acid was

added per well and OD was read at 450 nm. The sensitivity of the assay was 2 pg/ml.

2.17.4 IL-10

IL-10 was quantitated by sandwich ELISA using the murine IL-10 Quantikine™ M Kit
(R&D systems Inc., Minneapolis, MN), as described by the manufacturer. Briefly, 50 pl
assay diluent provided with the kit was added in each well of the 96 well microplates
coated with polyclonal antibody specific for mouse IL-10. 50 pl of various dilutions of
standard (recombinant mouse IL-10), control (mouse IL-10) and cell supernatants were
then added and incubated for 2 hours at room temperature. The plates were washed with
wash buffer and 100 pl of mouse IL-10 conjugate containing antibody against mouse IL-
10 conjugated to horseradish peroxidase was added to each well. After 2 hours of
incubation at room temperature, the plates were washed and 100 ul of substrate solution
containing equal volume of stabilized hydrogen peroxide and stabilized chromogen was
added. Plates were incubated in dark for 30 min. 100 pl of stop solution containing
hydrochloric acid was added per well and OD was read at 450 nm. The sensitivity of the

assay was 4 pg/ml.
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2.18 Statistical Analysis

Mean of SI and cytokine values for responders from AD, NAD, AS were compared with
nonresponders from AD, NAD, AS, and with NEG by the Student’s #-test. The amount of
Thl and Th2 cytokines produced by wild type (WT) and mutant MCMV were also
compared by the Student’s paired ¢-test function using SigmaPlot® 2000. The results are
presented as mean + standard error. Linear regression analysis was performed using the

Statistical Analysis function of Microsoft Excel.
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Chapter 3

RESULTS

3.1 Proliferative Response of PBMC to HSV-2
Antigen

To determine the proliferative response of PBMC at various stages of HSV-2 disease, the
PBMC from HSV-2 seropositive individuals belonging to AD, NAD, AS groups and
HSV-seronegative healthy controls (NEG) were analyzed for proliferation in vitro after
stimulation with HSV-1 antigen, HSV-2 antigen, and control antigen, or anti-CD3
antibody. SI was calculated as described in Materials and Methods.

The proliferative response of the PBMC to HSV-1 antigen, HSV-2 antigen, and
anti-CD3 antibody are presented in Table 2. Out of 43 seropositive individuals included
in this study, 9 were HSV-2 seropositive and remaining 34 were HSV-1 and HSV-2-
seropositive. 61 blood samples were obtained from 43 HSV-2-seropositive patients at
various ;tages (AD, NAD, AS) of HSV-2 disease. As described earlier in Materials and
Methods section, in some cases with the consent of the individuals the blood was drawn
several times (at the time of active disease and during follow up visits). There were 5
individuals who had blood drawn when they had AD at one time point but NAD at
another time point and therefore were included in more than one group. 47 samples (77
%) from 32 individuals had HSV-2 antigen SI of more than 3, and were categorized as

responders. Out of these 47 samples with positive response, 14 samples were obtained
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from AD patients (n = 12), 30 samples from NAD patients (n = 17), and 3 samples from
AS patients (n = 3), as presented in Table 2.

Two blood samples from 2 AD patients, 8 samples from 5 NAD patients, and 4
samples from 4 AS patients had a SI of less than 3, and were categorized as non-
responders. None of the 7 PBMC samples obtained from six healthy HSV-seronegative
controls responded to either HSV-1 antigen or HSV-2 antigen (Table 2).

All the samples had a positive response to anti-CD3 antibodies. However, as seen
in Table 2, the samples from patients with recurrent genital herpes demonstrated a trend
towards higher SI in response to anti-CD3 antibodies compared to the asymptomatic
seronegative controls, although the difference was not statistically significant (p = 0.08).
In 3 cases (6 samples) with recurrent HSV-2 disease the PBMC proliferated in response
to HSV-2 antigen. However, when examined later during the course of disease one
sample from each patient (examined on different days) showed lack of responsiveness to

HSV-2 antigen.
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3.2 Production of Thl and Th2 Cytokines by
HSV-2 Stimulated PBMC

Responder and non-responder PBMC samples from HSV-2 infected individuals may
secrete distinct patterns of Th cytokines. In order to study Th responses in HSV-2
disease, the production of Th1 (IFN-y and IL-2) and Th2 (IL-4 and IL-10) cytokines was
analyzed in the supernatants of PBMC harvested five days after stimulation with HSV-2
antigen. Thl and Th2 cytokine secretion by responders and non-responders were
compared in HSV-2 seropositive (AD, NAD, AS) individuals and with HSV seronegative
controls (NEG).

Figure 2 shows that PBMC from HSV-2 seropositive responders from AD, NAD,
and AS groups secreted significantly higher levels of IFN-y when compared to non-
responders from these groups (p = 0.002) and HSV seronegative controls (p = 0.02).
Also, PBMC from AS individuals in the responders category secreted higher levels of
IFN-y compared to responders from AD and NAD patients (p = 0.049) and AS
nonresponders (p = 0.019). As discussed in next chapter, this increased level of IFN-
y may be responsible in maintaining the symptom free phase in these individuals.

Figure 3 suggests that the responders from AD and NAD group produced higher
levels of IL-2 (Th1) as compared to those from nonresponder group (p = 0.02). Figure 3
also shows that there was negligible amount of IL-2 produced by PBMC from AS and
NEG individuals.

Figure 4 illustrates that PBMC from HSV-2 seropositive responders from AD and
NAD groups secreted significantly higher levels of IL-10 (Th2) cytokine as compared to

non-responders (p = 0.007) and HSV-2 seronegative controls (p = 0.03). However, the
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level of IL-10 produced by PBMC from the responders in the AS group did not differ
significantly when compared to levels produced by PBMC from AS non-responders (p =
0.188). Furthermore, PBMC from non-responders in the AD and NAD groups did not
secrete significantly higher levels of IL-10 compared to non-responders from the AS
group (p = 0.14), see Figure 4.

Figure 5 shows that HSV-2-stimulated PBMC from HSV-2 patients produced
very low levels of another Th2 cytokine, IL-4. Trend similar with other published data
obtained by using HSV type specific glycoproteins, as discussed later. Also, the levels of
IL-4 produced by PBMC were not significantly different in responders and
nonresponders categories of AD, NAD and AS groups of patients.

Finally, HSV-2-stimulated PBMC from asymptomatic seronegative healthy
controls had very low levels of IFN-y (Figure 2), IL-2 (Figure 3), IL-10 (Figure 4), and

1L-4 (Figure 5).
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Figure 2. Production of IFN-y by PBMC from HSV-2-seropositive responders and non-
responders at different stages of HSV-2 disease and HSV-2-seronegative controls. PBMC
(1 x10° /ml) obtained from patients with AD (n = 16), NAD (n = 38), AS (n = 7), and
NEG (n = 7) were stimulated with HSV-2 antigen for 5 days, and the supernatants
analyzed for IFN-y production by ELISA, as described in Materials and Methods. The
results presented are mean + standard error.
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Figure 3. Production of IL-2 by PBMC from HSV-2-seropositive responders and non-
responders at different stages of HSV-2 disease and HSV-2-seronegative controls. PBMC
(1 x 10° /ml) obtained from patients with AD (n = 16), NAD (n = 38), AS (n = 7), and
NEG (n = 7) were stimulated with HSV-2 antigen for 5 days, and the supernatants
analyzed for IL2 production by ELISA, as described in Materials and Methods. The

results presented are mean + standard error.
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Figure 4. Production of IL-10 by PBMC from HSV-2-seropositive responders and non-
responders at different stages of HSV-2 disease and HSV-2-seronegative controls. PBMC
(1 x 10° /ml) obtained from patients with AD (n = 16), NAD (n = 38), AS (n = 7), and
NEG (n = 7) were stimulated with HSV-2 antigen for 5 days, and the supernatants
analyzed for IL-10 production by ELISA, as described in Materials and Methods. The

results presented are mean + standard error.
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Figure 5. Production of IL-4 by PBMC from HSV-2-seropositive responders and non-
responders at different stages of HSV-2 disease and HSV-2-seronegative controls. PBMC
(1x 108 /ml) obtained from patients with AD (n = 16), NAD (n = 38), AS(n=7), and
NEG (n = 7) were stimulated with HSV-2 antigen for 5 days, and the supernatants
analyzed for IL-4 production by ELISA, as described in Materials and Methods. The
results presented are mean + standard error.
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3.3 Th1/Th2 Response at Different Stages of HSV-

2 Disease

The above results suggest that the level of Thl and Th2 cytokines is different in various
categories of HSV-2 patients. To determine if the levels of Th cytokines produced at
different times following infection may also have an impact on the disease process, the
production of IFN-y, IL-2, and IL-10 by HSV-2 stimulated PBMC from patients was
analyzed in 44 samples obtained from 23 patients with recurrent disease. In 12 cases
samples were obtained at different time points from their last HSV-2 genital outbreak (as
per the patient’s clinical chart).

Figure 6 (A-L) illustrates IFN-y response from 12 HSV-2 symptomatic
individuals from whom more than one blood samples (n = 33) were drawn for analysis.
In 8 out of 12 (67%) individuals, the levels of IFN-y decreased over time following a
recurrence. As seen in Figures 7 to 9, peak levels of IFN-y, IL-10, and IL-2 production
were noted around the time of a recurrence of active disease. Also, as presented in Figure
7, IFN-y levels showed a decreasing trend during the recurrence-free phase (p = 0.046).
However, as seen in Figure 8, the high levels of IL-10 produced during the period of
active disease persisted (after a modest decline) throughout the study period following a
recurrence, and unlike IFN-y, a progressive decrease was not observed (p = 0.71). Figure
9 illustrates that the levels of IL-2 production decreased over time but the association was

not very significant (p = 0.24).
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Figure 6. Kinetics of IFN-y production by PBMC from 12 patients with recurrent HSV-2
disease from whom more than 1 blood samples were obtained at various times before and
after the onset of a genital HSV-2 recurrence. PBMC (1 x 10° /ml) obtained from HSV-2
patients were stimulated with HSV-2 antigen for 5 days and the supernatants analyzed for
IFN-y production by ELISA as described in Materials and Methods.
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Figure 7. Kinetics of IFN-y production by PBMC from 23 patients with recurrent HSV-2
disease at various times before and after the onset of a genital HSV-2 recurrence. PBMC
(1 x 10° /ml) obtained from HSV-2 patients were stimulated with HSV-2 antigen for 5
days and the supematants analyzed for IFN-y production by ELISA as described in
Materials and Methods.
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Figure 8. Kinetics of IL-10 production by PBMC from 23 patients with recurrent HSV-2
disease at various times before and after the onset of a genital HSV-2 recurrence. PBMC
(1 x 10° /ml) obtained from HSV-2 patients were stimulated with HSV-2 antigen for 5
days and the supernatants analyzed for IL-10 production by ELISA, as described in
Materials and Methods.
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Figure 9. Kinetics of IL-2 production by PBMC 44 samples from 23 patients with
recurrent HSV-2 disease at various times before and after the onset of a genital HSV-2
recurrence. PBMC (1 x 10° /ml) obtained from HSV-2 patients were stimulated with
HSV-2 antigen for 5 days and the supernatants analyzed for IL-2 production by ELISA,
as described in Materials and Methods.
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3.4 Viral Copy Numbers in Genital Swabs

Several in vitro studies and experimental animal models have suggested that TFN-y
inhibits HSV replication (86,92). To investigate whether an association exists between Th
cytokine production by HSV-2-stimulated PBMC and the presence of virus in genital
lesions, quantitative HSV-2 specific PCR was performed on extracts from 34 genital
swabs from 20 patients with recurrent genital HSV-2 infection (AD and NAD). HSV-2
DNA was detected in 15 swabs (44 %) from 13 patients, in the remaining 7 patients,
HSV-2 DNA was not detected at the time of recurrence.

As seen in figure 10, these numbers declined sharply in 4-6 months thereafter, as
did IFN-y levels as presented in Figure 7. Comparison of IFN-y production by HSV-2
stimulated PBMC with HSV-2 copy number present in the genital swabs revealed a

significant correlation (r = 0.44; p = 0.048).
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Figure 10. Analysis of HSV-2 copy number in the genital swabs obtained from HSV-
infected individuals. HSV-2 was quantified by HSV-type specific PCR in genital swabs
(n = 34) from AD and NAD individuals. The HSV-2 was detected in the DNA isolated
from clinical samples by PCR analysis using the Digene Sharp Signal System with HSV-
1 and HSV-2 primers, as described in Materials and Methods.
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3.5 Regulation of B7 in HSV-2 Infection by IL-10,
IFN-y, and HSV Antigen

As indicated earlier in chapter 1, MHC/Ag-TCR binding in the absence of proper signal
from costimulatory molecules such as B7-1 and B7-2 leads to antigen specific T cell
anergy (160-162). It has been previously shown that IFN-y upregulates expression of both
B7-1 (CD80) and B7-2 (CD86) on monocytes {176). The above results showing lack of
responsiveness by PBMC from a subpopulation of HSV-2 patients and difference in the
levels of IFN-y and IL-10 production by HSV-2 stimulated PBMC suggest that regulation
of B7 expression on monocytes of these patients may be altered.

Therefore, unstimulated PBMC from 9 HSV-2 patients; 6 responders (4 AD, 2
NAD) and 3 non-responders (1 AD, 2 NAD), and 4 HSV-2 negative healthy individuals
were stimulated with IFN-y, IL-10, HSV-1 or HSV-2 antigen. The monocytes were
analyzed for B7-1 (CD80) and B7-2 (CD86) expression after 24 hours of stimulation.
Prior to IL-10 and IFN-y treatment there were no significant differences in the levels of
B7-1 and B7-2 expression on monocytes of HSV-2 infected patients compared to HSV-
seronegative controls.

Figure 11 shows that IL-10 slightly enhanced expression of B7-1 and
downregulated the expression of B7-2 on monocytes of both HSV-2 patients and HSV-
seronegative controls. In agreement with previous observation (176), Figures 12 and 13
illustrate that IFN-y consistently upregulated the expression of both B7-1 and B7-2 on
monocytes from HSV-seronegative individuals. In contrast, IFN-y failed to show similar
augmentation in the expression of B7-1 in 8 out of 9 and B7-2 in 6 out of 9 HSV-2

infected individuals examined, as seen in Figures 13 (a) and (b).
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Figures 14 to 16 show that stimulation of PBMC with HSV-1 or HSV-2 antigen
enhanced the expression of B7-1 and B7-2 on monocytes from HSV-2 infected
individuals and to a lesser extent in HSV-negative controls. After treatment with HSV-2
antigen the level of B7-1 (CD80) and B7-2 (CD86) increased in 9 out of 9 HSV-2
patients, see Figures 16 (a) and (b).

The difference in median fluorescence intensity (MFI) for B7-1 and B7-2 in
unstimulated cells and cells stimulated with IFN-y, HSV-1 or HSV-2 antigen are shown
in Figures 13 (a,b), 15 (a,b) and 16 (a,b), respectively. The first four samples in the bar
charts were from AD responders, samples 5 and 6 were from NAD responders. The last
three samples were from nonresponders sample 7 from AD nonresponder and samples 8
and 9 W>ere from NAD nonresponders. As shown in figures Figures 13 (a,b), 15 (a,b) and
16 (a,b), there was no significant difference observed in the statement of B7-1 (CD 80)
and B7-2 (CD86) after stimulation with IFN-y, HSV-1 or HSV-2 antigen in HSV-2-
seropositive responders (first 6 samples in the bar charts) and nonresponders (samples 7-9

in the bar charts).
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Figure 11. Histogram representation for the effect of IL-10 on B7-1 (CD80) and B7-2
(CD86) statement on CD14" monocytes from HSV-2 patients and HSV-2-seronegative
controls. PBMC from 9 HSV-2 patients from AD and NAD groups (6 responders and 3
nonresponders) and 4 HSV-seronegative controls were cultured in the presence or
absence of IL-10 antigen for 24 hours. PBMC were stained with either PE-labeled anti-
B7-1 or PE-labeled anti-B7-2 antibodies and counter stained with FITC-labeled anti-
CD14 antibodies for monocytes, as described in Materials and Methods. The cells in the
monocytic gate were analyzed for the statement of B7-1 (CD80) and B7-2 (CD86). The
comparability in the statement levels of B7-1 and B7-2 isoforms between different patient
populations was ensured through the use of standard brite flow cytometric fluorescence
intensity standardization beads.
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Figure 12. Histogram representation for the effect of IFN-y on B7-1 and B7-2 statement
on CD14" monocytes from HSV-2 patients and HSV-2-seronegative controls. PBMC
from 9 HSV-2 patients from AD and NAD groups (6 responders and 3 nonresponders)
and 4 HSV-seronegative controls were cultured in the presence or absence of IFN-y for
24 hours. PBMC were stained with either PE-labeled anti-B7-1 or PE-labeled anti-B7-2
antibodies and counter stained with FITC-labeled anti-CD14 antibodies for monocytes, as
described in Materials and Methods. The cells in the monocytic gate were analyzed for
the statement of B7-1 (CD80) and B7-2 (CD86). The comparability in the statement
levels of B7-1 and B7-2 isoforms between different patient populations was ensured
through the use of standard brite flow cytometric fluorescence intensity standardization
beads.
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Figure 13. Bar chart representation for the difference in median fluorescence intensity
(MFI) value for (a) CD80 and (b) CD86 expression on CD14" monocytes before and
after IFN-y treatment. PBMC from 9 HSV-2 patients from AD and NAD groups (6
responders and 3 nonresponders) and 4 HSV-seronegative controls were cultured in the
presence or absence of IFN-y for 24 hours. PBMC were stained with either PE-labeled
anti-B7-1 or PE-labeled anti-B7-2 antibodies and counter stained with FITC-labeled anti-
CD14 antibodies for monocytes, as described in Materials and Methods. The cells in the
monocytic gate were analyzed for the statement of B7-1 (CD80) and B7-2 (CD86). The
comparability in the statement levels of B7-1 and B7-2 isoforms between different patient
populations was ensured through the use of standard brite flow cytometric fluorescence
intensity standardization beads.
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Figure 14. Histogram representation of the effect of HSV-1 and HSV-2 antigen on B7-1
(CD80) and B7-2 (CD86) statement on CD14" monocytes from HSV-2 patients and
HSV-2-seronegative controls. PBMC from 9 HSV-2 patients from AD and NAD groups
(6 responders and 3 nonresponders) and 4 HSV-seronegative controls were cultured in
the presence or absence of HSV-1 antigen for 24 hours. PBMC were stained with either
PE-labeled anti-B7-1 or PE-labeled anti-B7-2 antibodies and counter stained with FITC-
labeled anti-CD14 antibodies for monocytes, as described in Materials and Methods. The
cells in the monocytic gate were analyzed for the statement of B7-1 (CD80) and B7-2
(CD86). The comparability in the statement levels of B7-1 and B7-2 isoforms between
different patient populations was ensured through the use of standard brite flow
cytometric fluorescence intensity standardization beads.
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Figure 15. Bar chart representation for the difference in median fluorescence intensity
(MFT) value for (a) CD80 and (b) CD86 expression on CD14" monocytes before and
after stimulation with HSV-1 antigen. PBMC from 9 HSV-2 patients from AD and NAD
groups (6 responders and 3 nonresponders) and 4 HSV-seronegative controls were
cultured in the presence or absence of HSV-1 antigen for 24 hours. PBMC were stained
with either PE-labeled anti-B7-1 or PE-labeled anti-B7-2 antibodies and counter stained
with FITC-labeled anti-CD14 antibodies for monocytes, as described in Materials and
Methods. The cells in the monocytic gate were analyzed for the statement of B7-1
(CD80) and B7-2 (CD86). The comparability in the statement levels of B7-1 and B7-2
isoforms between different patient populations was ensured through the use of standard
brite flow cytometric fluorescence intensity standardization beads.
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Figure 16, Bar chart representation for the difference in median fluorescence intensity
(MFI) value for (a) CD80 and (b) CD86 expression on CD14" monocytes before and
after stimulation with HSV-2 antigen. PBMC from 9 HSV-2 patients from AD and NAD
groups (6 responders and 3 nonresponders) and 4 HSV-seronegative controls were
cultured in the presence or absence of HSV-2 antigen for 24 hours. PBMC were stained
with either PE-labeled anti-B7-1 or PE-labeled anti-B7-2 antibodies and counter stained
with FITC-labeled anti-CD14 antibodies for monocytes, as described in Materials and
Methods. The cells in the monocytic gate were analyzed for the statement of B7-1
(CD80) and B7-2 (CD86). The comparability in the statement levels of B7-1 and B7-2
isoforms between different patient populations was ensured through the use of standard
brite flow cytometric fluorescence intensity standardization beads.
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3.6 Effect of Endogenously Produced IFN-y on

Expression of B7 Isoforms on Monocytes

The above results suggest that IFN-y and HSV-2 antigen have opposing effects on the
expression of B7-1 and B7-2 on monocytes from HSV-2 infected individuals. Since
HSV-2 stimulation of PBMC from HSV-2 patients induces IFN-y production, HSV-
induced statement of B7-1 and B7-2 may be mediated by endogenously produced IFN-y.
Hence, PBMC stimulated with HSV-1 and HSV-2 antigen were cultured in the presence
or absence of neutralizing anti-IFN-y antibody, as described in materials and methods.
Figure 17 shows that anti-IFN-y antibody did not influence the statement of either B7-1

or B7-2 on unstimulated or HSV-1 and HSV-2-stimulated CD14" monocyte.
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Figure 17. Effect of endogenously produced IFN-y on the statement of B7-1 and B7-2 on
CD14" monocytes following stimulation with HSV-1 and HSV-2 antigens. PBMC from
six HSV-2 infected individuals were stimulated with HSV-2 antigens in the presence or
absence of neutralizing anti-IFN-y antibodies for 24 hours. PBMC were stained with
either PE-labeled anti-B7-1 or PE-labeled anti-B7-2 antibodies and counter stained with
FITC-labeled anti-CD14 antibodies for monocytes, as described in Materials and
Methods. The cells in the monocytic gate were analyzed for the statement of B7-1
(CD80) and B7-2 (CD86). The comparability in the statement levels of B7-1 and B7-2
isoforms between different patient populations was ensured through the use of standard
brite flow cytometric fluorescence intensity standardization beads.
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3.7 Th Responses during Infection with Wild Type
and MCMYV mutants

The above results show that during HSV-2 infections there is secretion of both Th1 and
Th2 cytokine with occurrence of predominant Thl response. Previous study using type
specific glycop‘roteins of HSV-1 and HSV-2 has also suggested that the predominant Th
response during HSV-2 infection is Thl (45). Similar results have been observed during
infections caused by CMV, another prominent member of herpesvirus family (47-49).
Both HSV and CMV persist in the host for life after primary infection and causes acute,
and persistent infection that includes latency, and reactivation disease (1,5,74,111).
Further, these viruses have similarity in their genetic organization with immediate early,
early and late genes, as described earlier (50,51,74,111). Both HSV-2 and CMV are
reported to modulate immune responses leading to either evasion of the host immune
responses (10-25) or protection against infection (26-37). CD4" Th cells through
production of various Thl and Th2 cytokines play an important role in providing
immunity against these infections (37-44,79,155,152,185).

To identify if there was a genetic element responsible for the predominent Thl
response‘ during infection caused by these herpesviruses, the previously established
mutagenesis approach was employed to study the role of MCMV M25, M27, M43, and
m09. The choice of the MCMV recombinants was based on the results of preliminary
experiments conducted using a mouse model and MCMYV with disruption at the ORF of
m09, m155, M25, M27, M37, M43, M48, M78, and M83. These early experiments and
other studies performed in Dr. Liu’s laboratory at UC Berkeley had indicated that

MCMYV mutants RvM25, RvM27, RvM43, and Rvm09 having transposon inserted into
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the ORF of M25, M27, M43, and m09 respectively, might have some role in modulating
host Thl and Th2 responses. Therefore, the in vivo role of M25, M27, M43, and m09
genes in modulation of Thl and Th2 responses were analyzed using MCMV mutants
RvM25, RvM27, RvM43 and Rvin09 having transposon inserted into the ORF of M25,
M27, M43, and m09 genes. As shown in figure 17, the MCMV genes M25, M27, and
M43 have counter parts in human CMV and HSV (UL2S5, UL27, and UL43, respectively)
(111,113).

To identify the in vivo role of these genes in modulation of Th responses, the Thl
(IFN-y, IL-2) and Th2 (IL-4, IL-10) cytokines were measured in the supernatants of
splenocytes obtained from wild type (WT) and recombinant MCMVs at various days post
infection (dpi) and cultured in the presence of 1:10 and 1:5 dilution of antigen and
harvested five days after stimulation. The choice of antigen concentration and number of
days was based on dose-response and time-response experiments described earlier in the

Materials and Methods.
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Figure 18. Linear map of MCMV, HCMV, and HSV genome representing the location
of MCMV m09, M25, M27, and M43 genes along with the HCMV and HSV counter-
parts for M25, M27, and M43 (UL2S, UL27, and ULA43, respectively) and the packaging
signal (pac); origins of DNA replication (oriLyt, oriL and oriS).
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3.7.1 Thl Response during Wild Type and Mutant
MCMYV Infection

Results of Th1 cytokine production at different dpi are graphically presented in Figures
19 and 20. Figures 19 (a) to (c) show that for all recombinants and WT, IFN-y appeared
on day 3 post infection and showed an increasing trend up to day 14. There was increased
production of IFN-y with no significant difference in the levels during infection with wild
type (WT) and recombinant MCMVs Rvm09, RvM25, RvM27, and RvM43. Similar to
IFN-y, Figures 20 (a) and (b) illustrate that there was insignificant difference in the levels
of another Thl cytokine IL-2 produced during infection with wild type and recombinant
MCMVs. Further, the level of IL-2 produced was very low in case of infection with all
the virus types.

To determine if the mean values of two data sets were significantly different, p-values
were calculated by Student’s paired #-test for WT vs. RvM43 data. For IFN-y, at 14 dpi
the differences was statistically insignificant (p = 0.355). The similar trend of IFN-y
production by spleen cells after stimulation with 1:10 and 1:5 dilution of antigen as seen
in Figure 19 (a) and (b) suggest the consistency and reproducibility of the results. This is
also depicted in Figure 19 (c) where mean # standard error is plotted for results from both

the dilutions of antigen (n = 6).
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Figure 19. Production of IFN-y by splenocytes from Balb/c mice infected with the wild
type (WT) MCMV, MCMV mutants (RvM25, RvM27, RvM43, and Rvm09) and
uninfected controls stimulated. On day 1, 3, 7, 10, and 14 days post infection (dpi), 2x10°
/ml spleen cells from a batch of three mice were stimulated with (a) 1:10 and (b) 1:5
dilutions of respective antigen for 5 days and the supernatants analyzed for IFN-y
production by ELISA. The results shown are mean =+ standard error of results from three
mice. (c¢) The results shown are mean * standard error for both dilutions of antigen (n =
6).
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Figure 20. Production of IL-2 by spleen cells from Balb/c mice infected with the wild
type (WT) MCMV, MCMV mutants (RvM25, RvM27, RvM43, and Rvm09) and
uninfected controls. On day 1, 3, 7, 10, and 14 days post infection (dpi), 2x10° /ml spleen
cells from a batch of three mice were stimulated with (a) 1:10 and (b) 1:5 dilutions of
respective antigen for 5 days and the supernatants analyzed for IL-2 production by
ELISA. The results shown are mean + standard error of results from three mice.
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3.7.2 Th2 Response during Wild Type and Mutant
MCMYV Infection

Figures 21 (a) to (c) illustrate that the amount of Th2 cytokine IL-4 produced by
splenocytes was very low in case of infection with WT and all the recombinants except
RvM43. It can also be seen that in case of infection with RvM43, the level of IL-4 on 14
dpi was significantly higher as compared to that during infection with WT and other
recombinant MCMVs,

Figures 22 (a) to (c) demonstrate that the level of IL-10 production was much higher
in case of infection with RvM43, as compared to that during infection with WT and other
recombinants. However, the increasing trend of IL-10 production was similar in case of
infection with RvM43 and WT MCMV. In contrast to early appearance of IFN-y, IL-10
appeared on 7 dpi and had an increasing trend up to day 14. There was increased
production of IL-4 (p = 0.0002) and IL-10 (p = 0.015) during infection with RvM43 as
compared with that during infection with WT.

The similar trend of IL-4 and IL-10 production by spleen cells after stimulation with
1:10 and 1:5 dilution of antigen as seen in Figure 21 and 22 (a and b) suggest the
consistency and reproducibility of the results. This is also depicted in Figure 21 and 22
(c) where mean # standard error is plotted for results from both the dilutions of antigen (n
= 6). These results illustrate that infection with RvM43 uniquely turns on the production
of IL-4 cytokine suggesting that the absence of M43 gene of MCMV may lead to
skewing of the Th responses towards Th2 type or in other words MCMV M43 gene may

play arole in suppressing the production of Th2 cytokine IL-4.
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Figure 21. Production of IL-4 by spleen cells from Balb/c mice infected with the wild
type (WT) MCMV, MCMV mutants (RvM25, RvM27, RvM43, and Rvm09) and
uninfected controls. On day 1, 3, 7, 10, and 14 days post infection (dpi), 2x10° /ml spleen
cells from a batch of three mice were stimulated with (a) 1:10 and (b) 1:5 dilutions of
respective antigen for 5 days and the supernatants analyzed for IL-4 production by
ELISA. The results shown are mean + standard error of results from three mice. (c) The
results shown are mean + standard error for both dilutions of antigen (n = 6).
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Figure 22. Production of IL-10 by spleen cells from Balb/c mice infected with the wild
type (WT) MCMV, MCMV mutants (RvM25, RvM27, RvM43, and Rvm09) and
uninfected controls. On day 1, 3, 7, 10, and 14 days post infection (dpi), 2x10®/ml spleen
cells from a batch of three mice were stimulated with (a) 1:10 and (b) 1:5 dilutions of
respective antigen for 5 days and the supernatants analyzed for IL-10 production by
ELISA. The results shown are mean * standard error of results from three mice. (¢) The
results shown are mean + standard error for both dilutions of antigen (n = 6).
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Chapter 4

DISCUSSION

To have a better understanding of the immunity and immunopathogenesis of
herpesviruses that persist in the host for life, this research involves study of two
herpesviruses, HSV-2 and MCMYV, which belong to the alphaherpesvirinae and
betaherpesvirinae subfamilies of the Herpesviridae family, respectively. Two types of
systems were employed to characterize the cellular and viral factors involved in
modulation of immune response during infection with these viruses. The first involved
determination of T helper response in HSV-2 seropositive individuals that were
categorized on the basis of clinical symptoms. The second utilized a mouse model in
which the T helper response to MCMV was monitored after infection with WT MCMV
and mutant MCMVs with specific gene disruption.

The hallmark of herpesvirus infection is viral persistence after the establishment
of latency from which the virus reactivates to cause recurrent infection
(1,2,5,50,51,74,111). A large number of clinical and experimental studies have shown
that the status of the host immune system largely determines the outcome of herpesvirus
infection. The immune response to herpesviruses has been suggested to influence the
acquisition of infection, severity of disease, resistance to development and maintenance
of latency, and the frequency of recurrences (1-9,27-35,57,61,65,74,185,186). The cell-

mediated immunity is known to play a major role in control of herpesvirus infection (27-
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42). However, the virologic factors that influence the cell-mediated immune response to
these viruses have not been satisfactorily explored.

CD4" T cells are known to play a major role in the development of immunity to
herpesviruses (37-43). The principal function of CD4" T cells is to provide critical helper
function in the form of cytokines that play important roles in both, the development and
regulation of immune response by controlling the proliferation, differentiation and the
effector function of immune cells. According to the profile of cytokine production, CD4"
T cell clones can be separated into two major subsets, Thl and Th2. These two subsets
are capable of cross-regulating each other and participating in the development of
humoral and cell mediated immunities (37-46,97,98,109,187,188). A balance between
Thl and Th2 cells and their secreted cytokines may therefore be important regulatory
mechanisms that control ifnmune response during HSV or CMV infection.

Several molecular mechanisms involving specific cellular and viral gene products
can modulate the antiviral host immune responses or subvert detection of HSV and CMV
by the immune system (10-26). A complete evasion of the immunological control would
result in the uncontrolled replication of HSV and CMYV leading to death of the host and a
limited dissemination of the virus. Experimental evidence suggests that viral immune
evasion mechanisms operate in vivo with a limited efficacy and are counter-balanced by
various cellular responses (26-37). Thus, understanding the cellular and viral factors that
lead to suppression or evasion of the host immunity or to viral clearance are intellectually
the most challenging aspects of herpesvirus infection.

This study has addressed some of the above questions by analyzing the nature and

the role of T helper responses during HSV-2 genital infection through the examination of
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the proliferative response of PBMC to HSV-2 antigen and production of Th cytokines at
various stages of infection. Since the statement of B7 isoforms, B7-1 (CD80) and B7-2
(CD86), on APC plays an important role in T cell activation and development of specific
Th1/Th2 responses (160-162,171-172,176), the regulation of B7 isoforms on monocytes
from HSV-2 infected individuals was also determined. Further, to investigate the genetic
basis for the nature of immune response during herpesvirus infection, we took advantage

of a mouse model for CMV and previously established MCMV mutants.

4.1 Absence of T Cell Responsiveness to HSV-2
Antigen during HSV-2 Infection

As discussed earlier, CD4" T helper cells belong to two major T helper subsets. Their
activation causes release of IL-2 and other selected cytokines, which is followed by T cell
proliferation (97,98). PBMC cultures from a majority of HSV-2 seropositive individuals
proliferate and produce cytokines in response to HSV-2 antigen (responders). However,
the cultures from a sizable subpopulation (23 %) of HSV-2 seropositive samples fail to
proliferate in respose to HSV-2 antigen but proliferate noﬁnally in response to anti-CD3
antibody (non-responders) (Table 2). Such failure of HSV-2-specific T cell response is
accompanied by lower level of IL-2 production in response to HSV-2 antigen (Figure 3).
This finding shows a selective loss of HSV-2-specific T cell function during HSV-2
infection. The mechanism of this loss of response to HSV-2 Ag is presently unknown. Its
potential causes may include the loss (deletion) of HSV-2-specific T cells due to lytic

infection by HSV-2 or HSV-2-mediated apoptosis, and anergy of HSV-2-specific T cells.
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In three cases, with positive response to HSV-2 Ag, subsequent samples (one per
patient) showed lack of response to HSV-2 Ag. This suggests that at some stage of the
disease the patients immune cells may become unresponsive which may be advantageous
for the viral replication and existence in the host. Throughout the course of this study,
none of the nonresponders changed to responder. For the period of this study (3-4
months) the nonresponders could not be distinguished from responders with respect to
clinical status. However, the disease progression in these individuals may vary later in the
disease.

The non-responders among asymptomatic individuals (Table 2) may represent a
transitional stage during which a transient loss of T cell responsiveness to HSV-2 antigen
is associated with the appearance of clinical symptoms. This view is supported by the fact
that 2 out of 4 asymptomatic non-responders turned symptomatic within several months

of examination.

4.2 HSV-2 Infection leads to a Thl Immune

Response

Upon stimulation with HSV-2 antigen, the cultures of PBMC from HSV-2 seropositive
responders produce significantly higher levels of Thl cytokine IFN-y than Th2-inducing
cytokine IL-4, regardless of whether PBMC are derived from individuals with active or
non-active disease (Figures 2, 5). This is indicative of a predominant Thl type immune
response during HSV-2 infection. Neither the onset of symptoms nor the recurrence of
disease was associated with transition from Thl to Th2 immune response. The PBMC
cultures from symptomatic responders also produce high levels of IL-10 (Figure 4), a

pleotropic Th2 cytokine produced by Th2 cells, B cells, mast cells, and monocytes (107-
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109). The striking discordance between the levels of IL-4 and IL-10 production in PBMC
cultures from symptomatic and asymptomatic responders (Figures 4, 5) indicates that IL-
10 in these cultures might not have originated from typical Th2 type CD4" T cells. The
development of a predominant Thl immune response against HSV-2 may be associated
with the emergence of protective immunity presumably responsible for suppression of
virus replication and the duration of either symptom-free or non-active disease. However,
this immunity is not perfect as individuals with anti-HSV-2 immune response are
afflicted by recurrent AD.

1L-2 is a major cytokine responsible for intercellular regulation of immunity and
the prime growth factor for T cell proliferation (100,102,189). IL-2 production is
potentially a useful measure of HSV-specific T cell response in humans (189,190). HSV-
2-stimulated PBMC cultures from symptomatic, but not asymptomatic, responders
showed high levels of IL-2 (Figure 3). The reason for this discrepancy is unclear. The
early period of helper cell proliferation, IL-2 production and accumulation in cultures is
followed by IL-2 consumption by rapidly proliferating cells (189). Therefore, one can
speculate that the low level of IL-2 production in AS responders could be due to rapid
consumption and exhaustion of IL-2 in cultures from AS responders that exhibited 8 to

10-fold higher rate of T cell proliferation in response to HSV-2 antigen (Table 2).

4.3 Symptomatic HSV-2 Infection is associated
with Suboptimal IFN-y Production

When stimulated with HSV-2, the PBMC cultures from asymptomatic responders exhibit

approximately 3-fold higher levels of IFN-y than such cultures from symptomatic
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responders (Figure 2). Individuals producing lower IFN-y were symptomatic where as
those producing greater than IFN-y were usually asymptomatic. The asymptomatic non-
responders produce very low IFN-y and, as stated above, may be in transition from
asymtomatic to symptomatic disease. The protective effects of IFN-y during HSV
infection are well documented. Both HSV-infected neonates and postpartum women
exhibit decreased IFN-y response and increased susceptibility to severe HSV disease
(84,191). In cardiac transplant recipients, low IFN-y responses to HSV antigen are
associated with both severe and prolonged HSV infection (27,30). IFN-y has been shown
to mediate protective effects in HSV infection in both in vitro and in vivo experimental
animal models (41,80,81,192). Mice depleted of IFN-y have been highly susceptible to
HSV infection (83, 184,192). IFN-y inhibits HSV replication in mouse macrophages,
induces lysis of HSV-infected cells, augments MHC class II gene expression, and
activates antigen-specific and non-specific effector cells (NK cells, macrophages, CTL)
(103,104). 1t also affects macrophage functions, for example, by upregulating potential
antiviral activities such as TNF-o. and NO production. It is suggested that NO may inhibit
HSV replication (31,83,91,92). The analyses of IFN-y production and action are therefore
importaﬁt in assessing the host immunity to HSV.

Other investigations have shown that defects in HSV-stimulated IFN-y production
may predispose certain individuals to increased frequency of recrudescent oral herpes
infections (80,81,104). The sensitivity of HSV replication to inhibitory effects of IFN-y
may be of equal importance to host resistance. The antiviral action of IFN-y differs as to
the type of infected cells. HSV replication in human epithelioid cells is relatively more

sensitive to the inhibitory effects of IFN-y than in macrophages and Iymphocytes (103).
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As seen in Figure 2, the asymptomatic HSV-2 seropositive responders had highest
level of IFN-y. Further, the kinetic experiments shown in Figure 7 suggest that high
levels of IFN-y production occur around the onset of HSV-2 disease but show a
decreasing trend during the recurrence free phase. Among HSV-2-infected individuals,
the decline in IFN-y production was noted to follow a similar pattern to the decline in
HSV copy number in the genital lesions. These results also suggest an important role of

IFN-y in HSV-2 pathogenesis.

4.4 Opposing Effects of HSV-2 Infection on B7-1

and B7-2 Expression on Monocytes

B7 costimulation is shown to affect the production of Thl and Th2 cytokines depending
on the system studied (167,171-173). Conversely, immunoregulatory cytokines such as
IL-10 and IFN-y influence the development of Thl versus Th2 response by altering the
levels of B7 isoform expression on APC (94,176). IFN-y has been shown to induce Thl
type response, perhaps through modulation of B7 expression on APCs (176). These facts
warrant determination of changes in B7-1 and B7-2 expression on monocytes from HSV-
2 patients after treatment with IFN-y and IL-10. Further, since some viral proteins
resemble the structure or mimic the function of immunoregulatory cytokines, the effects
of HSV-1 and HSV-2 antigens on B7-1 and B7-2 expression on monocytes was also

examined.

These investigations revealed two opposing effects of HSV-2 infection on B7
expression on monocytes. First, HSV-2 infection renders monocytes refractory to IFN-y-

induced upregulation of B7-1 and B7-2 expression (Figures 12,13). Second, treatment of
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PBMC with HSV-2 upregulates the expression of B7-1 and B7-2 on monocytes (Figures
14,16) in a manner independent of IFN-y (Figure 17). Treatment of PBMC with IL-10

had no effect on B7-1 or B7-2 expression on monocytes (Figure 11). The effects of IFN-y
or HSV-2 on B7 isoform expression were not significantly different on monocytes
derived from HSV-2-infected responders and HSV-2-infected non-responders, which
suggests that the observed loss of T cell response to HSV-2 in symptomatic non-
responders is unrelated to IFN-y- or HSV-2-induced modulation of B7-1 or B7-2
expression on monocytes.

The abrogation of IFN-y-induced upregulation of B7-1 and B7-2 expression on
monocytes was observed in both symptomatic responders and non-responders. This may
be due to a defect in the normal IFN-y signaling pathway in monocytes during HSV-2
infection. It is possible that HSV-2 proteins directly disrupt this pathway as a part of the
immune escape mechanism. The immunopathological consequence of this
immunological defect is presently unclear but it may have an impact on IFN-y-mediated
inhibition of HSV replication (92). The dysregulation of B7 isoforms on monocytes may
also influence the production of other Th cytokines in HSV-2 infected individuals and
play an important role in HSV-2 disease.

Expression of B7 isoforms, B7-1 and B7-2, on monocytes, dendritic cells and T
cells can be rapidly upregulated following activation (163,164). The two B7 isoforms can
be regulated independently on monocytes. Stimulation with bacterial lipopolysaccharides
(LPS) upregulates the expression of B7-1 and downregulates B7-2 expression, whereas
stimulation with Neisserial porins selectively upregulates the expression of B7-2 (193).

The downregulation of B7-2 expression by LPS is mediated by endogenously produced

117




IL-10 (154). Infection of monocytes with Mycobacterium tuberculosis and Leishmania
donovani inhibits B7-1 expression (195,196). The B7-1 expression is upregulated on T
cells and APC in diseases such as experimental allergic encephalitis that show a
predominant Thl response (171). This study shows a significant upregulation of B7-1
and B7-2 expression on monocytes after exposure to HSV-1 or HSV-2 regardless of
whether monocytes are derived from HSV-2 seropositive or normal healthy individuals.
It occurs independent of any endogenous IFN-y (Figure 17). Such augmentation of B7-1
and B7-2 expression may be responsible for sustained and predominant Thl response
during HSV-2 infection, despite the failure of IFN-y-induced upregulation of the B7
isoforms on monocytes. Engagement of T cells by B7-1 or B7-2 together with TCR/CD3
ligation results in enhanced cytokine production that can maintain long-term expansion of
CD4" T cells. The observations of elevated B7-2 expression with high IL-10 production
in PBMC cultures from symptomatic responders suggest that the inhibitory effects of IL-
10 be countered during HSV-2 infection. The two opposing effects of HSV-2 infection on

B7 expression may be a part of the viral strategy to persist in immunocompetent hosts.

4,5 Th1/Th2 Paradigm in HSV-2 Disease

Progression

As seen in Figure 2, HSV-2 stimulation of PBMC cultures from HSV-2 seropositive
asymptomatic individuals exhibit approximtely 3-fold higher levels of IFN-y production
than cultures from symptomatic (AD plus NAD) individuals. In contrast, the former
cultures produced only 1/ 10" to 1/15™ levels of IL-10 than the latter cultures (Figure 4).

This indicates an inverse relationship between the two Thl (IFN-y) and Th2 (IL-10)
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cytokine responses during HSV-2 infection. Individuals producing higher levels of IFN-y
and lower levels of IL-10 seem to be protected from developing symptoms, whereas
those producing lower IFN-y and higher IL-10 are not. This may lead to the speculation
that the conversion from asymptomatic to symptomatic disease may be associated with
the downregulation of IFN-y and a concomitant upregulation of IL-10 response. No such
relationship could be seen when the levels of IL-4, a Th2-inducing cytokine, were
compared with IFN-y levels (Figure 5). This may partly be due to variations in IL-4
levels and overall low levels of 1L-4 production.

Once the symptomatic disease occurs, the new combination of lower IFN-y and
higher IL-10 response fails to prevent the onset of recurrences. As seen in Figures 2 and
4, these two cytokine (IFN-y and IL-10) responses differ only marginally during, and in
between, the symptomatic disease (AD and NAD). The onset of AD is associated with
neither a change in IFN-y, IL-10, IL-4 or IL-2 response, nor a change in the response of
any combination of these cytokines. The trigger for the onset of AD therefore remains
unknown. The loss of protective effect of IFN-y and its failure to prevent the onset of AD
in symptomatic patients may be due to the presence of suboptimal IFN-y levels or a
deterioration of IFN-y-signaling mechanism or both. The latter possibilities are supported
by frequent observations of the failure of IFN-y-induced upregulation of B7-1 and B7-2
expression on monocytes (Figures 11,12).

In symptomatic HSV-2 patients, the time course of IFN-y response shows a steady
decline in IFN-y production after the recurrence of AD (Figure 7), roughly in parallel
with a decline in the copies of HSV-2 in genital swabs of the patient (Figure 10). This

suggests that, during the symptomatic disease when the existing IFN-y response fails to
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prevent onset of AD, the [FN-y production is driven by HSV-2 replication. The IFN-y
response during symptomatic disease may therefore be a passive effect of stimulation by
HSV-2 rather than protective response. The conversion of HSV-2 seropositive
symptomatic responders into non-responders represents a relatively late event in HSV-2
disease progression that may also be unrelated to changes in Th1/Th2 cytokine profile. It
is presumably caused by HSV-2-induced death or anergy of HSV-2-specific T cells.
Based on the results showing very low levels of IFN-y in asymptomatic nonresponders as
compared to asymptomatic responders (Figure 2) and the conversion of two of the
asymptomatic nonresponders into HSV-2 symptomatic patients several months later we
believe that the asymptomatic non-responder patients are likely to be a transient subset.
HSV-2-stimulated PBMC cultures from HSV-2 seropositive individuals produce
relatively low levels of the Th2-inducing cytokine, IL-4. In this regard, infection with
HSV-2 is fundamentally different from infection with measles or respiratory syncytial
virus (RSV) and from allergic conditions such as atopic dermatitis, which are associated
with elevated IL-4 production followed by skewing of the immune response towards Th2
type (197-199). These observations raise two important questions. First, what will be the
course of HSV-2 disease with respect to change from asymptomatic to symptomatic
disease or to AD-NAD-AD cycle if the IL-4 response is experimentally elevated either by
eliminating HSV-2 genes responsible for the repressed IL-4 response or by adoptive
transfer of IL-4-producing cells? The adaptive transfer of IL-4-producing Th2 cells into
herpetic stromal keratitis (HSK) susceptible mice accelerates the onset and accentuates
the severity of the HSK (44,106). Second, what will be the consequences of the HSV-2

infection on the course of measles or RSV disease, and on conditions leading to allergies?
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The answers to these questions may be of great importance not only in understanding the
basis of immunity to HSV-2 however imperfect that may be, but also to the development
strategies to treat and manage Th2 cytokine-mediated viral and environmental diseases.
IL-10, a pleotropic cytokine associated with the development of Th2 response, is
produced by HSV-2-stimulated PBMC cultures from symptomatic but not asymptomatic
responders (Figure 4). IL-10 may induce immune suppression through its inhibitory
effects on antigen-specific proliferation of ThO, Thl, and Th2 cells, as well as antigen-
stimulated monocytes/macrophage-dependent cytokine synthesis by PBMC and NK cells.
The analysis of IL-10 secretion has been important in understanding the
immunopathogenesis of diseases in which T cell immunity plays a critical role, such as
septic shock, lymphoproliferative disorders, and autoimmune diseases (107,200-205). IL-
10 has also been suggested to contribute to defective antigen responses during HIV
infection (206). These effects of IL-10 might, at least in part, be mediated by the
downregulation of the expressions of class II MHC and co-stimulatory molecules
necessary for T cell and NK cell activation. These activities of IL-10 may therefore
dictate the clinical course of disease. Locally produced IL-10 has been suggested to act in
an autocrine/paracrine fashion to downregulate the production of proinflammatory
mediators, and thus limit the corneal inflammation in mouse model for herpes stromal

keratitis (107-109).

4.6 MCMYV Infection also triggers a Predominant

Th1l Immune Response in vivo
The observations of a predominant Thl immune response during HSV-2 infection may

not be unique to infection by this member of the Herpesviridae family since similar Thl
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immune responses have been reported during HCMV infection (49). Although belonging
to different Herpesviridae subfamilies, both HSV-2 and HCMV persist in host for life,
undergo latency after primary infection, cause recurrent disease by reactivation of the
latent virus, employ similar mechanisms to evade host immunity, and share a common
genetic organization that includes extensive nucleotide sequence homologies (1-5,10,14,
50). It is thus conceivable that these, and presumably other, herpesviruses carry common
genes that are responsible for a predominant Thl type immune response in the host that
allows only limited windows of opportunity for viral replication. In order to study such
genetic basis for a predominant Thl type immune response, which could distinguish
herpesviruses from measles or RSV that elicit a predominant Th2 type immune response,
a mouse model for MCMYV infection was adopted to enable study of specific viral genes.

The mouse model for CMV infection was chosen due to the obvious difficulties in
performing in vivo studies in human subjects. Animal models have proven to be very
useful in unraveling the mechanisms involved in persistence and immunopahtogenesis by
human viruses. Strict species specificity requirement makes it difficult to study HCMV in
any animal model. However, the similarities between HCMV and MCMYV (discussed in
Introduction) and the availability of a pool of genetically defined MCMYV mutants, make
MCMYV infection of mice an attractive model for studying CMV immunopathogenesis
and viral virulence. This is further aided by the knoweledge of the complete nucleotide
sequences of both HCMV and MCMYV genome.

Like HSV-2, the infection with WT MCMYV also leads to a predominant Thl type
immune response characterized by high levels of IFN-y (Figures 19 a,b,c) and very low

levels of IL-4 (Figures 21 a,b,c) production by splenocyte cultures from MCMV-infected
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mice in response to MCMYV stimulation. The IL-10 response is notably different from IL-
4 response in that the former gradually but steadily rises to significantly high levels 14
days after MCMYV infection (Figures 22 a,b,c), despite an ongoing robust IFN-y response.
Therefore, as suggested in the case of HSV-2 infection, the IL-10 response during
MCMYV infection may be afforded by a non-T cell source. The gradual appearance of IL-
10 response during MCMYV infection is consistent with the presence of IL-10 response
during symptomatic but not asymptomatic HSV-2 disease (Figure 4). The nature of the T
helper cytokine response during MCMYV and HSV-2 infection is therefore fairly similar,
and fundamentally different from the T helper cytokine response during measles or RSV
infection. This justifies the utilization of the mouse model for MCMYV infection to search
for viral genetic elements that may be responsible for a predominant Thl type immune
response during herpesvirus infection.

The development of a predominant IFN-y immune response against CMV may be
associated with the emergence of protective immunity presumably responsible for
suppression of virus replication. IFN-y has a number of functions that probably play a
role in controlling acute MCMYV infection. These include activation of macrophages
during MCMYV infection, enhancement of MHC class I-dependent antigen presentation
by infected cells to CD8" T cells, and inhibition of lytic MCMV replication and gene
expression. Administration of IFN-y can protect against lethal infection, and
administration of anti-IFN-y can both decrease the effectiveness of anti-MCMV CD§"
and CD4" T cells (37-39,103,104). It has been shown that IFN-y is necessary to regulate
MCMV-associated elastic arteritis and latency in vivo and reactivation of a herpesvirus

from latency in vitro. Further, the levels of IFN-y play an important role in controlling



viral replication in salivary glands (37-39,153). Therefore, analysis of IFN-y production
and action is important in assessing CMV infection and effects on host immunity. The
actual mechanism is still unclear, but it has been suggested that IFN-y mediates antiviral
activity through dynamic modulation of TNF-related apoptosis inducing ligand and its

recptor expression (207).

4.7 Th2 Responses during MCMYV Infection

Splenocytes from mice infected with wild type MCMV produced very low levels of Th2-
inducing cytokine IL-4. However, IL-10, another cytokine associated with the
development of Th2 response (107,108), was produced by antigen stimulated spleen cells
from mice infected with wild type MCMV. As discussed earlier, IL-10 is a pleotropic
cytokine produced by Th2 cells, B cells, mast cells, and monocytes. IL-10 possesses a
broad spectrum of biological activities and has been associated with the
immunopathogenesis of a number of diseases and induction of IL-10 in certain infections
is suggested to be a strategy employed by pathogens to evade the host immune system
(200-205).

It has been reported that HCMV harbors its own unique IL-10 homologue that
provides a range of counter measures developed by CMV to circumvent detection and
destruction by the host immune system (208). Further, it has also been suggested that
MCMYV infection of macrophages results in a decreased expression of MHC class 11
expression on the cells, very early in the inflammatory response. This downregulation of
MHC class II statement is brought about by IL-10 by interfering with exocytosis and

recycling of proteins (209). This delineates a strategy by which MCMV infection
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immediately begin to interfere with the immune response of the host and impair the
ability of macrophages to present antigen to CD4+ T cells. In addition, IL-10 has several
other immunosuppressive effects including inhibition of Ag specific proliferation of Thl
and production of inflammatory cytokines. This effect of IL-10 again demonstrates the
remarkable variety of CMV strategies for weakening the host immune responses. CMV is
known to have strategies to interfere with the host cell expression of MHC class 1. In this
regard, it is important to note that IL-10 has been reported to cause down-regulation of
MHC class I in studies with tumor cells and B cell lines (210,211).

Thus, induction of IL-10 very early in MCMYV infection would certainly help the
virus to escape detection by the host adaptive immune responses by reducing the capacity
of the infected macrophages to present antigenic peptides to CD4" T cells. IL-10 has also
been reported to be important in infections with other intracellular pathogens such as
Listeria monocytogenes and Mycobacterium bovis (212). Thus IL-10 mediated pathways
may be of great significance in intracellular infections such as that caused by CMV and
HSV viruses. It has been suggested that locally produced IL-10 can act in an
autocrine/paracrine fashion to down-regulate the production of proinflammatory
mediators (107,108). Thus, IL-10 may on one hand assist CMV in evading the host
immune response but on the other hand it may limit inflammation caused due to CMV
infection. CMV infections such as interstitial pneumonitis, retinitis, colitis, hepatitis and
encephalitis are common during immune suppression (6,7). Thus anti-inflammatory
properties of IL-10 may be useful in reducing inflammation during these diseases caused
by CMYV. This shows that the role of cytokines in viral infection is complex and yet to be

fully characterized.
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4.8 Identification of MCMV Gene that Modulates

Th Responses in vivo

One of the most powerful approaches to identify the function of a viral gene or its
product is to introduce specific mutations into the viral gene followed by screening of the
replication-competent viral mutants in tissue culture or animals to determine the function
of the viral gene. Transposon-mediated mutagenesis has been widely used to study gene
functions in viruses, bacteria, yeast, and mammalian cells (130-133,213,214). The use of
Tn3-based system for mutagenesis to study the function of MCMV genes has been
previously established (see Figure 1). A number of such MCMV mutants have been
generated and used in the past (130-133). These include RvM25, RvM27, RvM43 and
Rvm09, which represent Tn3-based mutations in M25, M27, M43, and m09 genes of the
MCMV, respectively. In this study, the role of MCMV M25, M27, M43 and m09 genes
in modulating the Th cytokine response during MCMYV infection in mice was analyzed at
various times for up to 14 days post infection (dpi).

As seen in Figure 21, infection with RvM43 gene uniquely turned on the
production of Th2 inducing cytokine, IL-4. IL-4 has been described as an
immunosuppressive cytokine and the down-regulatory activities of IL-4 on CMI
responses are well known. Numerous cell types proliferate and/or differentiate in
response to 1L-4. Proliferation of quiescent T cells as well as B cells in the presence of
anti-IgM antibodies is induced by IL-4. TL-4 also mediates transcription of unrearranged
IgE and IgG; constant regions, leading to isotype class switching and subsequent
biosynthesis (105). The infection with mutant RvM43 also lead to increased production

of IL-10 as compared to that during wild type infection (Figure 22 a,b,c). However, the
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trend of increase was similar during infection with both WT and RvM43. During
infection with RvM43 the increased levels of Th2 cytokines, IL-4 and IL-10 were present
along with high levels of IFN-y suggesting that the cross-regulatory mechanism of these
cytokines was not operative.

Open reading frame M43 and its human counterpart, UL43, belong to the MCMV
M23 and HCMV US22 gene family, respectively (112-114). The role of M43 is not
known. It has been published that a transcript of about 5,000 nucleotides is expressed
from the M43 ORF and M43 has been suggested to be a viral determinant for replication
in the salivary glands (133). The viral tropism for salivary gland and shedding of virus in
saliva are believed to be the major routes for CMV transmission among healthy human
population.

The increased production of IL-4 in the absence of M43 gene suggest that this
gene may play an important role in altering Th responses by suppressing in vivo
production of IL-4. This is a valuable novel finding that provides a genetic basis for the
regulation of cellular immune response in virus infected hosts. This finding is
corroborated by several observations of suppression of Th2 immune response in the
presence of CMV genome (47-49) and provides a long-awaited explanation for such
observations. Further, this finding can also explain the occurrence of an inverse
relationship between the incidence of certain infectious disease and allergy, during which

there is increased production of IL-4 cytokine (197-199).
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4.9 Role of MCMYV M25 Gene in Modulation of
Th Response

M25 belongs to the CMV UL25 gene family, which also includes M35 open reading
frame (114) and has been shown to encode a tegument protein (215). Its human
counterpart, the UL25 protein of HCMYV, also encodes a tegument protein (216). It has
been reported that MCMV with a mutation at the tegument protein gene M25 is
dispensable for viral growth and the presence of the transposon sequence in the viral
genome does not significantly affect viral replication in vivo (130). It has also been
shown that MCMV with a mutation at tegument protein gene M2S5 is attenuated in
virulence and growth in immunodeficient SCID mice. This suggests that disruption of the
M25 open reading frame diminishes viral virulence and that M25 plays an important role
in MCMYV virulence in SCID mice (130). The results of present study show that there
was no significant difference in the cytokine profile during infection with wild type and
RvM25. Since these experiments were performed using immunocompetent Balb/c mice
the results of this study suggest that MCMV M2S gene may not play a role in

immunomodulation during MCMV pathogenesis in immunocompetent Balb/c mice.

4.10 Role of MCMYV M27 Gene in Modulation of
Th Response

A viral transcript of ~ 3000 nucleotides is expressed from the M27 regions in cells
infected with the wild type virus (130). It has been suggested that the M27 carboxyl-
terminal sequence is dispensable for viral replication in vitro. Further, it has been

suggested that a disruption of M27 expression results in reduced viral growth and
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attenuated viral virulence in vivo in infected animals (132). However, there was no
significant difference in the cytokine production during infection with wild type and
recombinant RvM27 suggesting that MCMV M27 gene may not play a role in altering

the Th1/Th2 responses in the host.

4.11 Role of MCMYV m09 Gene in Modulation of
Th Response

Open reading frame m09 belongs to MCMV m09 gene family and is believed to encode a
membrane protein (113). However, neither the transcript nor the protein product coded by
this open reading frame has been reported. The growth rate of Rvm09 in NIH3T3 cells is
not significantly different from that of the wild type MCMV (131).

It has been shown that RvmO9 replicates as equally well as the wild type in the
salivary glands, lungs, spleen, liver and kidneys of both Balb/c and CB17 SCID mice
(131). There was not much difference in the cytokine profile during infection with wild

type and Rvm09, which is in agreement with the above findings.

4.12 Summary and Conclusions

Herpesviruses persist in hosts and cause a variety of serious illnesses in humans. This
study was undertaken to characterize the nature of T helper cytokine response during
herpesvirus infection and to identify the viral genetic elements associated with such

response, using two herpesviruses, HSV-2 and MCMYV, which belong to different
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subfamilies of the Herpesviridae family yet share extensive genetic, biological, and

pathological properties. The main findings of this research are summarized below:

1.

Unlike infection with RSV or measles virus, the infection with HSV-2 or MCMV
leads to a predominant Th1 (IFN-y) cytokine response.

A sizeable number of samples (~ 23 %) from a subpopulation of HSV-2-infected
individuals fail to exhibit T cell proliferation upon stimulation by HSV-2 antigen and
the lack of responsiveness is associated with diminished IL-2 production.

The samples from asymptomatic responders (n = 3) showed elevated IFN-y but low
IL-10 response compared to samples from symptomatic responders (n = 44)
suggesting a protective effect of this combination in responders from HSV-2
seropositive individuals.

Neither the onset nor the disappearance of AD is associated with changing IFN-y or
IL-10 response. The trigger for the onset of AD remains unknown.

Symptomatic HSV-2-infected individuals fail to exhibit similar levels of IFN-y-
induced upregulation of B7-1 and B7-2 expression on monocytes as observed in
HSV-negative controls.

Exposure of monocytes to HSV-1 or HSV-2 antigen however causes a significant
increase in both B7-1 and B7-2 expression in a manner independent of [FN-y.

The M43 gene of MCMV is a potent suppressor of IL-4 (Th2) response in vivo.
Disruption of this gene causes the appearance of IL-4 response without inhibiting and
in the presence of a strong IFN-y (Thl) response, overriding the cross-regulatory

effects of these cytokines within the Th1/Th2 paradigm. The sequence of M43 gene is
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conserved among herpesviruses and therefore it may be responsible for a predominant

Th1 immune response during the course of infection with these viruses.

In summary, this study has identified two important immunological deficiencies during
the course of HSV-2 infection potentially related to HSV-2 disease progression. The first
renders monocytes refractory to IFN-y-upregulation of B7-1 and B7-2 expression, and the
second causes a selective loss of T cell responsiveness to HSV-2 antigens. The virus also
independently augments B7-1 and B7-2 expression on monocytes and may thus confer a
partially protective immunity in symptomatic patients. Infection with HSV-2, a member
of alphaherpesvirinae, or MCMV, a member of betaherpesvirinae, leads to a predominant
and permanent Thl (IFN-y) cytokine response. This study has identified MCMV M43
gene to be suppressive to IL-4 response, suggesting an important role of this gene and its

counterparts in other herpesviruses in the maintenance of Th1 (IFN-y) cytokine response.

4.13 Significance and Implications

Together, HSV and HCMV contribute to the majority of herpesvirus-related diseases in
humans and are therefore subjects of public health concern. Genital infection by HSV is
one of the most common sexually transmitted diseases affecting individuals regardless of
their immune status whereas HCMV primarily afflicts immunocompromised or
immunodeficient individuals such as transplant and HIV-infected patients and infants
with developing immune system. HCMYV is also implicated in the pathogenesis of birth
defects, cardio vascular diseases, certain malignancy, and insulin-dependent diabetes

mellitus (134,140,145,146). The ability to prevent these viral infections and related
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diseases are limited largely by the understanding of mechanism of immunopathogenesis
by these viruses. The above mentioned medical problems suggest that both HSV and
CMV infections have substantial public health implications, and require increased
awareness of the disease and its prevalence. Together with better use of diagnostic tests, a
better knowledge of its immunopathogenesis, may be one step towards more effective
management and infection control.

Previous studies have shown that HSV and CMV are not simply conventional Ags
but represent a paradigm for persistent viruses that actively manipulate and exploit
several aspects of the immune response (10-25). The identification and analysis of
individual viral gene functions would certainly help to identify the targets for modulation
and would help in elucidation of specific immune control mechanisms involved. This
study provides useful insights into the role of cellular and viral factors in the pathogenesis
of herpesvirus infections. The important findings of this study are presented in an
empirical model in Figure 23. As depicted in the model, after infection with the virus,
(with the exception of some individuals; nonresponders), host’s immune cells get
activated and produce various cytokines that help in the development of cell mediated
(Thl) and humoral immunity (Th2). A proper balance between IFN-y (Thl) and IL-10
(Th2) production may help in the maintenance of symptom-free stage. The results of this
study also suggest that the viral antigens (HSV) via upregulation of B7 expression and
viral genes such as MCMV M43 (by modulation of Th cytokine production) may play a
role in the maintenance of predominant Thl response during these herpesvirus infections.
This study therefore helps in the understanding of herpesvirus pathogenesis and role

played by various factors in viral persistence and recurrences after primary infection.
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Figure 23. An empirical model for the role of cellular and viral factors in herpesvirus
pathogenesis.
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4.14 Future Studies

The findings of this study have provided new grounds for future research both to enhance
our understanding of the herpesvirus immunopathogenesis and to improvise applications
for the treatment and control of herpesvirus infection and Th2 cytokine-mediated diseases

such as allergies. The following future studies may help achieve these objectives.

1. Mechanism of loss of T cell responsiveness to HSV-2: It will be interesting to
determine whether the specific loss of T cell responsiveness to HSV-2 during HSV-2
infection is due to depletion or to anergy of HSV-2-specific T cells. This can be
achieved by the detection and quantitation of HSV-2-specific T cells using tetramer
staining, in symptomatic patients transitioning from a responder to a non-responder
state. This may be followed by the determination of mechanism of HSV-2-induced

depletion or anergy of HSV-2-specific T cells, as the case may be.

2. Identity of IL-10-producing cells and strategy for inhibition of IL-10 production:
The transition from asymptomatic to symptomatic HSV-2 infection is associated with
a mérked reduction in IFN-y production with a concomitant rise in IL-10 production
presumably from a non-T cell source. Can inhibition of IL-10 production prevent this
transition? The identity of IL-10-producing cells may assist in developing a strategy
to inhibit IL-10 production. The cell identity can be determined by flow cytometry
after intracellular staining of IL-10 together with staining for cell surface markers,
before and after stimulation of PBMC with HSV-2. Once the identity is established,

the IL-10-producing cell may be targeted in vitro to develop a drug for use in vivo.
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3. Examination of IFN-y-signalling pathway during symptomatic HSV-2 infection:
The examination of the functioning of IFN-y-signaling pathway in monocytes of
HSV-2 infected symptomatic patients may help establish the cause of this
immunodeficiency and its potential remedy. This may prove to be an important target

for intervention.

4. Mechanism of HSV-2-upregulation of B7 on monocytes: Using an in vitro system,
it should be determined whether other human herpesviruses augment B7 expression
on monocytes. The identity of HSV-2 gene(s) essential for the upregulation of B7

should be determined by using specific viral mutants.

5. Can MCMYV M43 gene alone suppress Th2 response in vive: In order to determine
or improvise therapeutic applications of M43 gene, the effect of M43 (or another
related) gene on IL-4 response must be examined in vivo and the mechanism of the
effect determined. It would be very interesting to study the effect of introducing M43
gene on pathogenesis of viral infections that lead to a predominant Th2 response such
as infection with RSV or measles. Also, the determination of the effect of M43 gene
on the development of Th2 cytokine-mediated allergic conditions such as atopic

dermatitis will be of immense value.
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