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ABSTRACT

The recruitment of particular subsets of leukocytes to sites of inflammation and
infection is thought to be governed by specific patterns of adhesion molecule
expression and chemokine production. The changes in the expression of
adhesion molecules, Class | HLA, and the production of chemokines following
CMV infection of fibroblasts were investigated. Class | HLA was downregulated
on the surface of CMV infected fibroblasts, and upregulated on uninfected
bystander cells in infected cultures, the latter by a mechanism involving
Interferon B. CMV infection was found to upregulate the surface expression of
ICAM-1 and LFA-3 in fibroblasts. This was found to be a direct effect of viral
infection, and was independent of cytokine production by infected cells. The
upregulation of ICAM-1 and LFA-3 were not prevented by treatment of the cells
with the antiviral agents ganciclovir and foscarnet, showing that expression of
CMV late proteins was not required for the effect. In addition, the adhesion
molecule upregulation was prolonged and enhanced by antiviral treatment. The
functional effects of adhesion molecule upregulation on T cell adhesion were
investigated. It was found that adhesion of both resting and activated T cells
took place at increased levels to CMV infected fibroblasts, but that this was not
due to selective adherence of a particular subset of T cells to infected cells.
Adhesion of activated T cells to CMV infected fibroblasts also occurred at
increased levels compared to uninfected fibroblasts, and was mediated
predominantly via the ICAM-1/LFA-1 adhesion pathway.

Expression of two chemokines, interleukin-8 (IL-8), an o« chemokine, and MCP-
1 (monocyte chemoattractant protein-1), a f chemokine, were investigated. IL-8
was found to be produced at increased levels by infected fibroblasts, and
infected supernatants were found to enhance neutrophil migration across
endothelial monolayers. This was specifically due to increased IL-8 levels in the
supernatants. Steady state levels of MCP-1 mRNA were increased following
CMV infection, but this was not accompanied by an increase of MCP-1 protein
in the infected supernatants. In contrast, supernatants from infected cells had
lower levels of MCP-1 than those from uninfected cells. Recombinant MCP-1
was lost from solution following incubation with CMV infected cells. This was
probably due to the sequestering of MCP-1 by infected cells by the CMV-
encoded  chemokine receptor. Migration of T cells from some donors across
endothelial monolayers was increased in response to supernatants from
infected fibroblasts. T cells of the memory phenotype (CD45 RO and CD45
RB) migrated at increased levels in response to supernatants from either



infected or uninfected fibroblasts, particularly those with high expression of
LFA-1. There is a fine balance between a beneficial and destructive immune
response. Increased adhesion and migration of leukocytes in response to
changes in adhesion molecule and chemokine expression may contribute to
immune mediated tissue damage, which is a characteristic of certain types of
CMV disease.
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CHAPTER1

MAIN INTRODUCTION



Chapter 1. Main introduction.

CMV is a widespread virus, infecting at least 50% of the population in the USA
and Western Europe. Although the immune response effectively controls CMV
infection in preventing the development of disease in most normal
immunocompetent individuals, the virus establishes a persistent, lifelong
infection. To maintain this life cycle, CMV uses mechanisms to evade the host
immune response, one of which is the establishment of latency, a common
feature of the herpesvirus family. Under conditions of immunosuppression,
reactivation of latent virus, reinfection, or primary infection can lead to the
development of CMV disease. The populations at risk for CMV disease include
neonates, patients who are immunosuppressed due to preconditioning prior to
solid organ or bone marrow transplantation, and human immunodeficiency
virus (HIV) infected patients. Congenital CMV can be manifested as
cytomegalic inclusion disease, with varying degrees of involvement of the
central nervous system, resulting in mental retardation, hearing loss or visual
impairment (Boppana et al. 1992). The dramatic and progressive cellular
immunodeficiency induced by HIV infection creates optimal conditions for the
reactivation of latent CMV. The development of acquired immune deficiency
syndrome (AIDS), and a CD4+ve lymphocyte count below 50/ul are important
risk factors for invasive CMV disease, which is associated with early death in
AIDS patients. Clinical syndromes associated with CMV in AIDS patients have
included disease in almost every organ system, but most frequently is
manifested by diseases of the central nervous system, eyes, gastrointestinal
system, and lungs (Pertel et al. 1992; Gallant et al. 1992). CMV is also an
important pathogen in allograft recipients, with symptomatic infection occurring
in up to 40% of kidney, liver, heart, and heart-lung transplant recipients (Ho,
1994). CMV infection has multiple effects on these patients, including pathology
of infected organs (Peterson et al. 1980; Paya et al. 1989; Smyth et al. 1991),
increased immunosuppression (Rook, 1988), and increased risk of allograft
rejection (Glenn, 1981), leading to decreased patient survival. CMV
pneumonitis is a major cause of death in allogeneic bone marrow transplant
recipients (Forman and Zaia, 1994). These conditions continue to be a problem
despite the availability of effective antiviral agents such as ganciclovir and
foscarnet (Rubin, 1990; Bailey, 1993). A greater understanding of the biology of
CMV and its interactions with the host immune system may help to generate
new therapeutic strategies to help combat the effects of this disease in
susceptible patient groups.



1.1 BIOLOGY OF CMV

1.1.1 Virion characteristics

CMV is classified as a B herpesvirus, on the basis of its restricted host range
and relatively slow replication cycle in comparison to other herpes viruses
(Roizman, 1993). The virion consists of a core containing linear double
stranded DNA, an icosahedral capsid, an amorphous layer of proteins called
the tegument, and an envelope containing protruding viral glycoprotein spikes.
The genome of the laboratory strain, AD169, has been sequenced, and
contains 208 predicted open reading frames, encoding more than 100 known
proteins (Chee et al. 1990a). Virally encoded proteins include those which
control the expression of other viral genes, those which encode proteins
required for viral replication, and those which are structural components of the
virion. The function of a large proportion of CMV-encoded proteins is not known
at present. Many of the proteins encoded by CMV are non-essential for growth
of the virus in culture, but may have other effects on the host cells or be
important for the success of the virus in vivo (Jones and Muzithras, 1992).

1.1.2 Structural proteins of CMV

Prior to sequencing of the CMV genome, nomenclature of viral proteins was
based on various characteristics of the protein, such as molecular weight, post
translational modification, location in the virion or temporal expression, leading
to proteins with several different names, and confusion in cross-referencing
CMV proteins in the literature. It has now been decided to name CMV proteins
according to the alphanumeric open reading frame designation of the protein
(Chee et al. 1990a), prefixed by pp (phosphoprotein), gp (glycoprotein), or p (a
protein which is neither of the above, or whose post-transiational modification is
as yet undefined) (Landini and Spaete, 1993).

The mature CMV capsid consists of at least 3 proteins: the 153kD major capsid
protein (pUL86), the 34kD minor capsid protein (pUL46), and a small 12kD
capsid protein, encoded by a previously unidentified reading frame between
UL48 and UL49 (Gibson ef al. 1996). The CMV virion has 3 main tegument
proteins, the basic phosphoprotein (pp150, ppUL32), and the upper (pp71,
ppUL82) and lower (pp65, ppUL83) matrix proteins. Together these proteins
account for approximately 40% of the virion mass. Three other tegument
proteins have been characterised, namely pUL48, ppUL99, ppULB5. All the
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tegument proteins are phosphorylated with the exception of pUL48, the 212kD
high molecular weight protein (Spaete et al. 1994). The capsid and tegument
are enclosed by a lipid bilayer envelope, derived from either the inner nuclear
or cytoplasmic membranes (McGavran and Smith, 1965; Parry, 1988). At least
8 viral envelope glycoproteins have been identified, although there are likely to
be many more minor envelope glycoproteins present, as sequence analysis of
the CMV strain AD169 genome has identified approximately 55 open reading
frames potentially encoding envelope glycoproteins (Chee et al. 1990a). The
three envelope glycoprotein complexes that are best characterised are
designated gCl, gClIl, and gClll (Gretch et al. 1988c). The gCI complex, or gB
(gpULS5), is the most abundant CMV envelope glycoprotein. This is a
disulphide linked protein consisting of a 116kD surface component, and a 55kD
transmembrane portion, which are proteolytically cleaved from a precursor
protein (Gretch et al. 1988a). This protein is thought to be involved in virion
penetration into cells, transmission of infection from cell to cell, and fusion of
infected cells (Navarro et al. 1993). The gCll complex consists of at least two
distinct proteins which are disulphide linked to each other, designated gp47-52
(Kari et al. 1990). These have been identified as the UL100 (Kari et al. 1994)
and US6 (Gretch et al. 1988b) gene products. The latter is dispensable for
growth in culture (Villareal et al. 1992). The gCIll complex includes glycoprotein
H (gH, UL75) which is proposed to be in a stable complex with gL (UL115), as
is the case for the herpes simplex homologues of these proteins (Spaete et al.
1994). gH appears to be involved in cell to cell spread and fusion of the virion
with the host cell plasma membrane (Keay and Baldwin, 1991; Germain, 1994).

1.1.3 Receptor/virus entry.

CMV infects cells by sequential processes involving low affinity attachment,
higher affinity attachment, fusion with the cell membrane, and penetration of
the capsid (Compton ef al. 1992; Compton et al. 1993). The initial interaction
between cytomegalovirus virions and the cell surface involves the binding of
viral envelope proteins to extracellular heparin sulphate. CMV binding was
sensitive to heparin competition and heparinase treatment, and did not occur
on cells defective in synthesis of heparin sulphate (Compton et al. 1993).
Multiple envelope glycoproteins are capable of binding to heparin sulphate, but
glycoproteins gB and gC-ll are strong candidates (Kari and Gehrz, 1993; Kari
and Gehrz, 1992; Compton et al. 1993). The binding of the virus to heparin
sulphate is converted rapidly to high affinity, heparin resistant attachment. The
high affinity receptor responsible for the heparin resistant interaction has not
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been identified, but such viral attachment correlates with the expression of a
34kD membrane protein, which has been shown to specifically bind to CMV
virions (Taylor and Cooper, 1990; Nowlin ef al. 1991), although the viral protein
involved at this stage has not been identified. Expression of this protein
correlates with viral attachment only, not with fusion and penetration of the
virion. The envelope glycoprotein, gH is thought to be involved in the fusion
step, by binding to a 92.5kD cellular receptor (Keay et al. 1989; Keay and
Baldwin, 1991). Viral penetration appears to take place by a pH-independent
fusion event between the viral envelope and the host cell plasma membrane
(Compton et al. 1992), leading to the release of the nucleocapsid into the
cytoplasm and initiation of a replicative cycle.

1.1.4 Replication cycle

In common with other members of the herpesvirus family, the CMV genome is
expressed in three temporally regulated phases during a productive infection.
Immediate early gene expression occurs immediately following infection, and is
defined as not requiring prior synthesis of other viral proteins. During or after
attachment of the virion to the cell, signal transduction pathways are triggered
by the CMV upper matrix protein, pp71 (ppUL82), leading to activation of
protein kinase pathways and cellular transcription factors, which subsequently
act on the enhancer/promoter region of the CMV major immediate early protein
(MIEP) (Liu and Stinski, 1992). Immediate early (IE) proteins are synthesised
throughout the replication cycle of the virus. They are non-structural viral
proteins, which accumulate in the nucleus, and are important in the regulation
of the expression of other viral genes, controlling the switch to early gene
expression. The most abundantly expressed immediate early region has two
genes, called IE1 (UL123, exon 1) and IE2 (UL122, exons 2-5). Alternative
splicing of the 5 exons of UL122 and UL123 results in the expression of a
series of proteins. The most abundant immediate early protein is the 72 kD
major immediate early protein (IE14912a), Which accumulates in the nucleus of
infected cells following infection. Other abundant IE proteins are the 86kD
protein, IE2576,,, @and a further IE2 gene product, IE2455.a.. 1E14912a, @Nd IE2455.4
autoregulate the MIEP, but to a lesser extent than pp71 (Malone et al. 1990;
Baracchini et al. 1992), while IE2574,, is a repressor of this promoter. The latter
is thus believed to play the central regulatory role, alongside 1E14g1a,, in the
switch from immediate early to early gene expression, as well as the shut off of
IE1 and IE2 gene expression which takes place during DNA replication. A final
IE2 gene product, IE2334,, also has a negative effect on immediate early gene
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expression, and a positive effect on early and late gene expression. Other
immediate early genes include UL36, UL37, UL69, IRS1, TRS1, and US3, and
are required for the activation of certain viral promoters, and expression of early
and late genes (Colberg-Poley et al. 1992; Pari and Anders, 1993; Pari et al.
1995).

Early gene expression can be divided into two classes, B, (early, transcription
begins at 4-8 hours post infection, and is not affected by inhibitors of DNA
replication) and B, (delayed early, transcription is first detectable from 8 to 24
hours post infection). Early genes encode many proteins required for viral DNA
replication, such as the major DNA binding protein, p52 (UL44), the viral DNA
polymerase (UL54), which interact to form a stable complex (Ertl and Powell,
1992), and the major early DNA binding protein UL57.

~ Late CMV transcripts are first detected at 12-36 hours post infection, but there
is a temporal lag before proteins are detected. Late proteins accumulate at high
levels after DNA replication (48-72 hours), and are predominantly structural
proteins, such as the viral envelope, capsid and tegument proteins.

1.1.5 Mechanism of action of antiviral agents

The current antiviral agents licensed specifically for the treatment of CMV
infection are ganciclovir and foscarnet. These agents act by inhibition of the
viral DNA polymerase and thus prevent viral DNA replication, the formation of
CMV late proteins and the generation of new virions (Matthews and Boehme,
1988; Crumpacker, 1992). The two compounds, although exerting similar
effects on the viral replication cycle, do so by very different mechanisms.
Intravenous immunoglobulin (IVIG) is also licensed for prophylaxis of CMV
disease, and appears to ameliorate the symptoms of CMV disease, but the
mechanism for this is not known (Snydman, 1990).

1.1.6 Ganciclovir

Ganciclovir (91, 3-dihydroxy-2-propoxy)methyllguanine; DHPG) is an analogue
of the purine nucleotide, guanosine. The structure of ganciclovir differs from
that of guanosine by the absence of the 2' carbon atom of the deoxyribose
moiety, making the sugar acyclic. However, the equivalent of the 3' and &'
hydroxyl moieties required for chain elongation are still present, distinguishing
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ganciclovir from the related compound, acyclovir, which has no 5' hydroxyl
group and is thus an obligate chain terminator. Ganciclovir is a prodrug which
must be phosphorylated to its active triphosphate form (ganciclovir-
triphosphate) in order to be incorporated into the DNA (Biron et al. 1985).
Ganciclovir-triphosphate has a half life of 10 hours, begins to accumulate at 48
hours post infection, and is stable for several days in infected cells in vitro
(Vere-hodge and Perkins, 1989). As with all effective antiviral agents, a major
requirement is that the drug should be active in infected cells only, so that
toxicity in uninfected cells is limited as much as possible. In the case of
ganciclovir, this selectivity is due to the action of the CMV UL97 gene product in
the infected cell which converts ganciclovir to its monophosphate form (Littler et
al. 1992; Sullivan et al. 1992). Cellular kinases complete the conversion from
the monophosphate to the triphosphate (Matthews and Boehme, 1988).
Ganciclovir is a more potent inhibitor of the CMV DNA polymerase than of the
cellular DNA polymerases (Mar et al. 1985, Freitas et al. 1985). However,
despite these selective mechanisms, ganciclovir has significant toxicity,
particularly for rapidly dividing cells such as bone marrow progenitor cells and
lymphocytes, and is associated with neutropenia and immunosuppressive
effects (Bowden et al. 1987, Fletcher and Balfour, 1989).

Ganciclovir inhibits CMV DNA synthesis in two ways. Firstly, it competitively
inhibits binding of the normal substrate dGTP to the DNA polymerase and
hence its incorporation into the DNA. Secondly, although ganciclovir is not an
obligate chain terminator, ganciclovir-monophosphate terminated DNA is a poor
substrate for chain elongation. Such chains elongate more slowly and terminate
prematurely compared to those containing only unmodified nucleotides (Reid et
al. 1988; Matthews and Boehme, 1988). One explanation for this is that
although both 3' and §' hydroxyl groups are present on the sugar part of the
molecule, the 3' hydroxyl is preferentially phosphorylated, resulting in the
incorporation of unphosphorylated 5' hydroxyl groups which are not capable of
chain elongation (Marshalko et al. 1995). It has also been demonstrated that
the presence of a deoxyribose sugar in the backbone contributes significantly to
the overall stability of a DNA duplex molecule, and that the presence of an
acyclic sugar such as that in ganciclovir results in decreased stability of the
DNA (Marshalko et al. 1995).



1.1.7 Foscarnet

Foscarnet (trisodium phosphonoformate) is a pyrophosphate analogue which
inhibits the action of the viral DNA polymerase by non-competitive inhibition at
the pyrophosphate binding site of the enzyme. This inhibits the formation of the
3'-5’-phosphodiester bond between the primer and the substrate thus
preventing chain elongation. It selectively inhibits viral DNA polymerases (and
HIV reverse trancriptase) at concentrations which do not affect cellular DNA
polymerases (Oberg, 1989; Chrisp and Clissold, 1991; Crumpacker, 1992).

1.1.8 Cell tropism.

Permissive replication of CMV takes place only in primary, differentiated human
cells, with the exception of an immortalised fibroblast line which was recently
created (Compton, 1993). Most of the knowledge gained so far about the
molecular biology and replication of CMV has been derived from infection of
fibroblasts, due to the ease with which high titre virus replication can be
achieved in this cell type. In vivo, lung tissue, epithelial cells and fibroblasts are
the predominantly infected cell types, lending importance to the in vitro findings
using these cells. Endothelial cells, smooth muscle cells, and tissue
macrophages are also target cells for CMV in vivo, expressing CMV immediate
early and late proteins, suggesting that these cells support a full viral replication
cycle (Sinzger et al. 1995; Sinzger et al. 1996). Endothelial cells (Somoza ef al.
1993), smooth muscle cells (Tumilowicz et al. 1985), and macrophages (lbanez
et al. 1991; Lathey and Spector, 1991) are permissive for CMV replication in
vitro, either with clinical isolates adapted for growth in endothelial cells, or
following stimulation of the cells with either sodium butyrate or hydrocortisone.

Whether a permissive or abortive infection takes place in a particular cell type
depends on the differentiation state of the cell. Human cell lines that can be
induced to differentiate have been used to demonstrate the dependence of
CMV replication on the differentiation state of the cell. These are the monocytic
cell line, THP-1 (Weinshenker et al. 1988), and a teratocarcinoma cell line
which differentiates in response to retinoic acid (Gonczol et al. 1985).
Undifferentiated cells contain a DNA binding protein (designated MBF1) which
negatively regulates the expression of the immediate early genes by binding to
the ‘modulator’ region upstream of the major immediate early promoter (MIEP).
Following differentiation, this protein is either altered or absent, and



transcription factors are activated, leading to transcription from the MIEP
(Shelbourn et al. 1989; Lubon et al. 1989; Sinclair ef al. 1992).

It is well established that CMV can be transmitted by blood transfusion (Adler,
1983), and that the incidence of transmission by this means can be dramatically
reduced by depletion of leukocytes prior to transfusion (Yeager et al. 1981).
However, the ability of each population of leukocytes to support CMV
replication is still not clear. Most groups have found it difficult to productively
infect monocytes and polymorphonuclear cells (PMNCs), although expression
of CMV immediate early genes has been documented in in vitro infected
monocytes, PMNCs and also T and B lymphocytes (Rice et al. 1984; Einhorn
and Ost, 1984). One group has reported release of infectious virus by in vitro
infected monocytes and CD3+/CD8+ large granular lymphocytes, although this
awaits confirmation by others. The cellular expression of CD13 correlated with
the subset of cells which could be infected in vitro (Soderberg et al. 1993).

Numerous studies have been carried out in an attempt to determine the blood
cells infected with CMV in both viraemic patients and healthy seropositive
individuals, and the extent of viral replication taking place. In healthy individuals
it is accepted that the major site of persistence in the blood is in monocytes
(Taylor-Wiedeman et al. 1991), as CMV DNA is not detected in polymorphs in
healthy CMV positive individuals (Taylor-Wiedeman et al. 1993). In contrast,
both monocytes and polymorphs contain CMV IE antigens and pp65 protein
(UL83, CMV lower matrix protein) during an active infection. However, mRNA
encoding pp65 is absent, demonstrating that the abundance of the structural
protein pp65 in polymorphs is likely to be a result of uptake of this protein by
phagocytes, rather than de novo synthesis (Grefte et al. 1994). This is in
agreement with the findings of earlier studies on viraemic patients, in which
viral DNA and infectious virus was isolated predominantly from polymorphs
(Saltzman et al. 1988), although the viral DNA was localised to the cytoplasm,
suggesting that it was harboured in phagosomes (Turtinen et al. 1987). Some
discrepancies exist between different groups regarding the expression of
mRNA for CMV late proteins in leukocytes, many of which may stem from
differences in the accuracy of the purification methods used (some of which
may not exclude circulating endothelial cells), combined with increased
sensitivity of the assays used to detect viral nucleic acid (Gozlan et al. 1993;
Bitsch et al. 1993).



1.1.9 Dissemination of CMV.

Following infection, CMV is present in many bodily fluids, including blood,
saliva, urine, breast milk and semen, indicating the involvement of the cervix,
salivary glands, and urinary tract as sites of productive infection. Primary CMV
infection may thus take place by a number of routes, including infection via an
epithelial route (respiratory or sexual transmission), transfusion with
seropositive blood, or transplantation of an infected organ. In the blood, the
leukocytes are the major carriers of the virus; almost no virus can be isolated
from red cells or plasma. CMV is a strongly cell associated virus, and the
spread of CMV infection through tissues is believed to take place via cell to cell
spread from infected epithelial cells and fibroblasts, leading to eventual
infection of endothelial cells (Sinzger et al. 1995). The latter is thought to be the
central event for conversion from local subclinical infection to systemic
infection, providing a possible mechanism for the acquisition of virus by
circulating leukocytes and its transport to other organs via the bloodstream.
Viral gene expression has been found in both the monocyte/macrophage and
granulocyte populations in the lung, gastrointestinal tract and placenta. In tissue
macrophages, viral genes from all three phases of the replication cycle have
been detected, which strongly suggests that CMV can replicate and produce
progeny virions in this cell type (Ibanez et a/. 1991; Lathey and Spector, 1991;
Sinzger et al. 1996). While monocytes display only restricted expression of viral
genes when isolated from the blood (Grefte et al. 1994), differentiation of
monocytes into macrophages results in productive infection. Bi-directional
transfer of infectious cytomegalovirus between endothelial cells and monocytes
has been shown to occur in vitro, suggesting that monocytes may be a vehicle
for dissemination of infection to distant locations (Waldman et al. 1995b).
Another proposed mechanism for viral dissemination is via circulating
endothelial cells, which also express all three classes of CMV genes (Grefte et
al. 1993). It is thought that a proportion of the infected endothelial cells detach
from the vascular bed due to the cell rounding induced by the loss of fibronectin
which takes place following CMV infection (Pande et al. 1990), and that these
cells disseminate CMV to other areas of the body (Grefte et al. 1993).

1.2 HOST RESPONSE TO VIRAL INFECTIONS

The immune response can be divided into mechanisms of innate immunity and
acquired immunity. Innate immunity refers to defence systems already in place
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in the organism, such as natural killer (NK) cells, phagocytes (neutrophils and
macrophages), Type | interferon production and complement. Acquired
immunity, which encompasses lymphocyte and antibody responses, is specific
for a particular pathogen and must be activated by that pathogen in order to
function. Following exposure to a pathogen, specific memory is imprinted on
the acquired immune system, leading to rapid responses to a secondary
infection. The innate and acquired immune responses are interconnected
through cytokine networks.

1.2.1 NK cells

NK cells are highly cytotoxic cells which eliminate NK-targets, which include
virally infected cells, without a need for major histocompatibiliy complex (MHC)-
restricted antigen presentation or previous sensitisation. NK cells contain
cytotoxic granules, including perforin, and can also secrete cytokines, and
mediate antibody dependant cellular cytotoxicity (ADCC), due to their
expression of Fc y receptors (Moretta et a/. 1994). The NK cell response occurs
rapidly and takes place early in viral infection, and importantly can occur before
replication of the virus has taken place (Welsh, 1986). NK cells are
developmentally related to T cells, but differ by the absence of CD3 and the T
cell receptor. They express the adhesion molecules CD2 and LFA-1, and are
characterised by the expression of CD16 (an Fcy receptor), and/or CD56. The
mechanisms and molecular interactions between NK cells and their targets are
still poorly understood. It appears that NK cells must recognise a specific
(unidentified) structure on the target cell, in the absence of an inhibitory signal
from class | HLA through the ‘killer cell-inhibitory receptor’ (Correa et al. 1994,
Ciccone et al. 1996). The NK cell response declines when the specific T cell
response is established. It appears that this decline is controlled by cytokines
such as TGFB and IL-4, which have suppressive effects. In addition, T cells
have higher affinity IL-2 receptors than NK cells, so compete favourably for IL-2
(Su et al. 1993).

1.2.2 Type | Interferons

Interferon o and B are released from infected cells within 24 hours of infection,
and bind to receptors on surrounding uninfected cells. An antiviral state is
induced in these cells, via the generation of a protein kinase, which inhibits
protein synthesis, and a 2',5-oligoadenylate synthetase, which activates
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endonucleases and leads to degradation of viral mRNA. Interferon also
enhances the expression of class | HLA, leading to increased recognition by
CD8+ve T cells, although several viruses, including CMV, counteract this effect
by downregulating class | HLA expression on infected cells.

1.2.3 Macrophages

Tissue macrophages develop from circulating blood monocytes, and are
concentrated in the lung, liver, lymph nodes and spleen. They play a central
role in cell-mediated immunity in their capacity as professional antigen
presenting cells in tissues, controlling activation of specific T cell clones. They
also function by phagocytosis of foreign material, and contain cytoplasmic
granules to digest this material. Macrophages possess Fc receptors and can
thus function in ADCC. Cytokine-activated macrophages are non-specific in
their target recognition and can potentially cause tissue damage in areas of
inflammation.

1.2.4 Humoral responses

Neutralising antibodies are important in protection from viral infections.
Neutralisation of the virus is generally achieved by blocking an epitope
of a viral protein required for infection of a new host cell. The infection may be
blocked at the stage of attachment to a receptor, fusion with the host cell,
penetration, uncoating of the virus, or release of the genome for transcription.
Antibodies which bind to infected cells can also reduce viral load by lysing
infected cells in conjunction with complement or by ADCC (Dimmock, 1987).

1.2.5 MHC-restricted T cell responses

T Iymphocytes specific for virus-infected cells recognise viral peptides
presented by self major histocompatibility antigens (MHC) expressed on
infected cells. The specific recognition is achieved by the presence of the T cell
receptor (TCR) on the T cell surface. CD8+ve and CD4+ve T cells recognise
virally infected cells by the presentation of viral peptides by class | and class Il
MHC molecules respectively. CD8+ve T cells are the principal cytolytic cells of
the immune response, while CD4+ve cells can be cytolytic (Lindsley et al.
1986), or can regulate the cellular immune response by the production of
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cytokines (helper cells). CD4+ve helper cells can be functionally divided into
Th1 and Th2 cells. Th1 cells enhance the immune response by secreting
predominantly interferon y (IFNy) and interleukin-2 (IL-2), which are also
secreted by NK and CD8 cells. Th2 cells secrete IL-4, IL-5, and IL-10, and
function in inhibition of the Th1 subset, and hence the arms of the immune
response stimulated by it.

1.2.6 Antigen presentation

The classic pathway of MHC class | restricted antigen presentation involves the
processing of endogenously synthesised viral proteins for presentation by class
| HLA to CD8+ve T cells (Townsend ef al. 1989). However, there are
exceptions to these rules, which allow proteins from viral particles entering the
cell to be presented by class | HLA, as is the case for both murine CMV and
CMV (Reddehase ef al. 1984; Riddell et al. 1991). Following synthesis of
endogenous viral proteins, and their export to the cytosol, or uptake of
structural viral proteins by the cell, both undergo the same processing resulting
in presentation on class | HLA molecules (Figure 1.1). The proteins are cleaved
into smaller peptides by the MHC-encoded LMP proteosome, and are
transported by TAP proteins (transporter proteins associated with processing)
into the lumen of the endoplasmic reticulum (ER). The MHC encoded heavy
chain of the class | molecule, and the B,microglobulin molecule, are also
transported to the ER, where formation of the class | dimer, consisting of these
two proteins and a peptide bound in a groove of the heavy chain, takes place.
The complex is then transported to the Golgi apparatus, where further
glycosylation takes place, resulting in an endoglycosidase H resistant molecule
which is expressed on the cell surface. Proteins which are acquired by the cell
from an exogenous source enter an endosomal pathway of antigen processing
resulting in presentation by class Il HLA (Neefjes et al. 1990). Some viruses,
such as measles virus, enter the cell by an endosomal pathway and thus
stimulate class Il restricted cytotoxic responses (Jacobson ef al. 1989). Class Il
mediated cytotoxicity by CD4+ve lymphocytes also occurs in CMV infection
(Lindsley et al. 1986).

13



CMV

Penetration
Exogenous

r\ structural proteins

Peptides ¢

Endogenous
viral proteins l

EndoH*

EndoH"

/ \

\J

Golgi

Nucleus rER

Figure 1.1. Antigen processing and presentation of CMV antigens by
class | HLA.

CMV proteins are delivered to the cytosol either exogenously after viral
penetration, or endogenously after viral gene expression. Proteins from both
sources then enter the same pathway of antigen presentation. The proteins are
cleaved into smaller peptides by the LMP proteasome complex and transported
by Transporters Associated with Processing (TAP) into the lumen of the
endoplasmic reticuum (ER). The peptides are then assembled into a
trimolecular complex with the class | HLA heavy chain and P> microglobulin.
The complexes pass into the golgi where they are glycosylated to an
endoglycosidase H resistant form (Endo H"), from where they are transported to
the cell surface. (Adapted from Reddhase and Lucin, 1993)
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1.2.7 T cell activation

Following ligation of the TCR by the appropriate MHC-peptide complex, signals
are generated which lead to the activation of protein kinase C (PKC) and
mitogen activated protein (MAP) kinase, and the activation of the IL-2 gene.
The important features of the T cell activation pathway are shown in Figure 1.2.
These processes can be mimicked in vitro by ligation of CD3 or CD2 with
particular monoclonal antibodies. Activation of T cells using phorbol esters
directly activates PKC, and requires calcium ionophores to open calcium
channels and elevate intracellular calcium levels for efficient activation. CD28
costimulation appears to have a positive effect on the MAP kinase required for
activation of |IL-2 transcription factors.

The mode of interaction between the TCR and the MHC-peptide complex has
not yet been established by structural studies. The affinity of the TCR for the
MHC molecule is low, and the proportion of MHC molecules expressing the
appropriate peptide on the target cell is low (<0.1%). Several models have
been proposed by which efficient recognition can take place via this apparently
suboptimal interaction. The ‘kinetic proof-reading’ hypothesis proposes that the
complex series of signal transduction events which takes place during T cell
activation provides a temporal lag during which lower affinity MHC molecules
disengage, leading to incomplete activation, whereas higher affinity molecules
provide a full activation signal (McKeithen, 1995). The ‘serial triggering’ model
proposes that a single MHC complex engages multiple TCR molecules in a
serial manner, which then detach and form a ‘contact cap’, which transduces
signals when a threshold number of TCRs are assembled (Valitutti ef a/. 1995).

MHC molecules presenting subtly altered peptides can interact with TCRs in a
suboptimal way, and cause either partial activation (e.g. cytokine production
without proliferation) or anergy of the T cell (Kersh and Allen, 1996). Naturally
occurring viral peptides have been identified which can act as antagonists of
the cytotoxic T lymphocyte (CTL) response, inhibiting the activity of a CTL
which would otherwise lyse the infected cell. Generation of such peptides may
be an escape mechanism used by viruses to stay ahead of the immune
response (Bertoletti ef al. 1994b; Klenerman ef al. 1994).
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Figure 1.2. T cell activation mediated by the TCR/CD3 complex, CD2
ligation, and phorbol ester and ionomycin stimulation.

TCR ligation leads to the phosphorylation of the CD3” chain, perhaps by the
CD4 and s associated kinase Ick. CD3" then activates the kinase ZAP-70,
leading to phosphorylation of phospholipase Cy1 (PLCyl). CD2 ligation also
signals through PLCyl PLCyl catalyses the hydrolysis of phosphoinositide 4,5
diphosphate (PIP2) to generate inositol 1,45 triphosphate (IP3) and
diacylglycerol (DAG) thereby mobilising intracellular calcium and stimulating
protein kinase C (PKC). Phorbol ester acts at the level of PKC, while ionomycin
opens calcium channels to elevate intracellular calcium. PKC activates
mitogen-activated protein kinase (MAPK), leading to phosphorylation of the
transcription factors c-Fos and c-Jun, and the activation of the interleukin-2 (IL-
2) gene.
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1.2.8 Cell mediated cytotoxicity

Lymphocyte mediated cytotoxicity (by CTLs or NK cells) of infected cells or
tumour cells is a complex, multistep mechanism, involving binding of the
lymphocyte to its target, delivery of the lethal hit, pre-lytic fragmentation of the
target cell DNA (apoptosis), lysis of the target cell and recycling of the cytotoxic
cell to attack another cell. The mechanisms for binding of the CTL to the target
cell are discussed in the following section. For CTL lysis to take place the
TCR/CD3 complex must be engaged. The cytotoxic event may occur by two
independent mechanisms; a secretory pathway involving the release of
cytotoxic proteins such as perforin and granzymes from preformed granules,
and a receptor mediated pathway involving the ligand-induced triggering of
surface receptors, such as the Fas-ligand and the TNF receptor, leading to
apoptosis.

Cytoplasmic granules are present in all NK cells and most activated CTLs. The
granules localise to the contact site between the target cell and the lymphocyte,
fuse with the plasma membrane, and release their contents into the zone of
contact. The perforin then forms pores in the target cell membranes by a
calcium dependent mechanism, allowing passage of proteins such as
granzymes into the target cell, where they induce cell death by apoptosis. The
ligation of Fas (CD95), or TNFa receptor 1 which are expressed on target cells,
by Fas-ligand or TNFa on activated CTLs constitutes the non-secretory
pathway of cell mediated cytotoxicity. These pathways lead to apoptotic cell
death within hours, although the mechanisms are not clear (Berke, 1991;
Tschopp and Hofmann, 1996).

1.2.9 Adhesion molecules as accessory molecules in CTL killing

The cell to cell interactions required for the induction of an antigen-specific
immune response can be divided into three stages. The first is adhesion, where
T cells and antigen presenting cells (APCs) randomly interact via adhesion
molecules on both cells, such as LFA-1 and CD2 on T cells, and their ligands
ICAM-1 and LFA-3 on APCs. If the APCs present sufficient quantities of a
specific peptide in the context of MHC molecules, this is followed by recognition
of the APC by the T cell via its TCR, and stabilisation of the interaction by CD4
or CD8 molecules, which bind to a separate part of the MHC class |l or class |
molecule respectively. At physiological densities the interaction between the
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TCR and MHC, and between CD4 or CD8 and MHC class Il or | are low affinity
interactions. Signalling through the TCR is necessary but not sufficient to
induce antigen specific activation. The cell requires a costimulatory signal
which is essential for the subsequent activation of the lymphocytes. Molecules
capable of providing costimulatory signals include LFA-3, ICAM-1, and B7 on
the target cells, and their ligands CD2, LFA-1 and CD28 on the T cells. (Figure
1.3) Each of these molecule pairs has distinctive properties which are
discussed below. '

1.2.9.1 LFA-3 and CD2

LFA-3

It is now well established that the ligand for CD2 is the structurally related
molecule CD58, or LFA-3, both of which are members of the immunoglobulin
superfamily of molecules, and possess two immunoglobulin domains (Shaw et
al. 1986; Selvaraj et al. 1987; Peterson and Seed, 1987; Wallner et al. 1987).
The binding between the two molecules takes place via the NH, terminal
domain of each protein (Somoza et al. 1993; Osborn et al. 1995). It has also
been reported that an unrelated molecule, CD59, is an additional ligand for
CD2, but direct interaction between the two molecules has not been
demonstrated (Deckert et al. 1992; Hahn et al. 1992a). LFA-3 is a 40-70 kD
glycoprotein which is expressed on a wide range of haematopoetic and non-
haematopoetic cells, including epithelium, endothelium and stromal cells. It is
also present on monocytes and T cells, and is present on these cells at
increased levels following activation. The molecule exists in two membrane
anchorage isoforms, a transmembrane form, and a glycophosphatidylinositol
(GPI) linked form. which are generated by alternative splicing (Dustin et al.
1987b). The GPI linked form is more laterally mobile in the membrane, and this
is thought to be important in the formation of contact zones between T cells and
target cells, at which LFA-3 molecules accumulate (Hollander, 1992). The gene
encoding LFA-3 has been cloned, but the promoter region has not been
defined and the mechanisms of regulation of LFA-3 expression are not known
(Seed, 1987).
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ICAM-1

B7-1
Target cell

LFA-3 Class | HLA

> >

I cell CD28 LFA-1
CD2 CD3/TCR CD8

Figure 1.3. Interactions between a CD8+ve T cell and a virally infected
target cell.

The basic structures and ligand interactions of the molecules mediating
adhesion and recognition of virally infected cells by CDs +ve T cells are shown.
Class | HLA interacts with the | cell receptor (TCR) while the interaction is
stabilised by the CDs molecule binding to another part of the class | HLA
molecule. LFA-3 and CD2 interact via their membrane distal immunoglobulin
domains. ICAM-1 interacts with the a subunit of LFA-1 via its 5th
immunoglobulin domain. The molecules are drawn approximately to scale.
(Adapted from Davis and van der Merwe, 1996).
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CD2

CD2 is a member of the immunoglobulin superfamily which is expressed on all
T Ilymphocytes and NK cells. The molecule is associated with signalling
function, due to the positive effect of anti-CD2 antibodies on CD3 mediated T
cell activation, and the activation of T cells by certain combinations of anti-CD2
antibodies. One of these antibodies must recognise the CD2R epitope which is
poorly expressed on resting T cells but is induced following binding of a second
CD2 antibody specific for another epitope (Hunig et al. 1987). On T cells CD2
forms a loose association with the TCR complex, and the presence of CD3 is
required for activation to take place, unless CD2 is artificially over-expressed.
The regulation of the interaction between CD2 and LFA-3 is regulated by the
density of expression of each molecule, and by increased avidity of CD2
following engagement of CD3 (Hahn et al. 1992b; Hahn and Bierer, 1993).

The CD2/LFA-3 interaction

The CD2/LFA-3 interaction enhances class | and class Il MHC-restricted T cell
antigen recognition (Sanchez-Madrid et al. 1982; Krensky ef al. 1984), and is
also important in non-MHC restricted killing by NK cells and lymphokine
activated killer (LAK) cells (Siliciano et al. 1985; Bolhuis et al. 1986; Zarcone et
al. 1992). Two important features of the interaction between LFA-3 and CD2
have been identified which may be responsible for enhancing CTL Kkilling:
initiation and stabilisation of the interaction between the infected cell and the
lymphocyte by adhesion, and the delivery of costimulatory signals to the T cell
via the CD2 molecule (Tiefenthaler ef a/. 1987; Dustin et al. 1987a; Hahn et al.
1992b). It is thought that the adhesion function is of principal importance in
enhancing the responsiveness of the cell to antigen. It has been shown that a
non-signalling mutant of the CD2 molecule enhances antigen responsiveness
of T cells, but only if expressed on the same cell as the TCR/CD3 complex
(Moingeon et al. 1989). The requirement for both molecules to be expressed on
the same cell was confirmed by others, showing augmentation of the
proliferative response to HLA-DR transfectants by co-transfection of LFA-3
molecules (Greenlaw et al. 1992). The molecular dimensions of the CD2 and
LFA-3 molecules are similar to those predicted for the TCR and MHC
molecules (Bjorkman et al. 1987; Davis and Bjorkman, 1988; Jones et al.
1992). It is thus proposed that the CD2/LFA-3 interaction positions the
membranes at the appropriate distance to favour MHC interactions with the
TCR-CD3 complex (van der Merwe et al. 1995; Dustin ef al. 1996), providing a
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mechanism by which the small proportions of MHC molecules expressing the
appropriate peptide can be sampled by the TCRs.

In addition to reports of enhancement of T cell responsiveness by CD2 ligands,
there have also been reports of inhibition of T cell function by the binding of
certain anti-CD2 antibodies (Palacios and Martinez-Maza, 1982; Yssel et al.
1987). Inhibition of T cell function by recombinant LFA-3 fusion proteins has
also been shown, but this may be due to the nature of the recombinant proteins
used, and may not be relevant in vivo (Guckel et al. 1991; Miller et al. 1993). It
has been shown that the CD2 molecule expressed on anergised cells
underwent a temporary conformational change, which prevented LFA-3
binding. The reversion of CD2 to its former state following IL-2 treatment
facilitated the binding of LFA-3, and the re-acquisition of the ability to respond
to alloantigen in the presence of LFA-3 (Boussiotis et al. 1994; Bell and
Imboden, 1995). CD2 may therefore have a further unique role in reversal of
anergy which is not shared by other adhesion molecules.

CD2 knockout mice have been constructed, and develop apparently normal T
cell dependent immune responses, suggesting that CD2 does not have any
unique, essential functions which cannot be compensated for by other
molecules (Killeen ef al. 1992). However, it is unlikely that a gene would have
survived in a functional form, and with such a high degree of sequence
conservation between species if it was truly redundant (Marshall et al. 1994). It
is therefore likely that the phenotypic change due to the loss of CD2 is so subtle
that it is not detectable in the knockout mouse system. A role in the reversal of
anergy as has been suggested is a possibility. It is also possible that a
decrease in the size of the T cell repertoire, due to non-selection of lower
affinity T cell clones during thymic selection, will become apparent in further
studies, as has been shown for CD5 deficient mice (Tarakhovsky et al. 1994).

1.2.9.2 ICAM-1 and LFA-1
ICAM-1

ICAM-1 derives from a protein precursor of around 55kD in its non glycosylated
form, and is processed via an intracellular precursor of 73kD, to a final
molecular weight of 90-114kD. The ICAM-1 sequence has 7 potential
glycosylation sites, which accounts for this heterogeneity in molecular weight
seen between different cell types (Simmons et al. 1988). The ICAM-1 gene was
cloned by two separate groups in 1988, and was identified as a member of the
immunoglobulin superfamily based on similarities with other members of this
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family (Yang et al. 1986; Simmons et al. 1988). It possesses 5 immunoglobulin
domains of which the domain most distal from the membrane interacts with the
o subunit of LFA-1 (Staunton et al. 1990). The majority of cell surface ICAM-1
molecules are expressed in a dimeric form, which has a greatly enhanced
affinity for LFA-1 compared to the monomeric molecule (Reilly et al. 1995;
Schulz et al. 1995). ICAM-1 has a wide tissue distribution, and is found on both
haemopoietic and non-haemopoietic cells. It is induced by IL-18, TNFa and
IFNy on various cell types (Dustin et al. 1986b; Rothlein et al. 1988; Simmons
et al. 1988), and by IL-4 on dermal fibroblasts (Piela-Smith et al. 1992). The
induction of surface expression of ICAM-1 requires de novo mRNA and protein
synthesis (Dustin ef al. 1986b). A single NF-«xB site is essential for the ICAM-1
promoter to respond to inflammatory cytokines, lipopolysaccharide, or phorbol
esters in human endothelial cells (Voraberger et al. 1991; Ledebur and Parks,
1995). ICAM-1 is important in many aspects of the imnmune response, as it is a
ligand for LFA-1 (present on all leukocytes) and Mac-1 (present on neutrophils).

LFA-1

LFA-1 (CD11a/CD18) is a member of the B2 family of integrins, and consists of
an o and B chain which are non covalently linked (Hynes, 1987). The ligands
for LFA-1 are ICAM-1, -2 and -3 (Marlin and Springer, 1987; Staunton ef al.
1989; De Fougerolles et al. 1991; De Fougerolles and Springer, 1992). T cells
typically express from 10* to 10° LFA-1 molecules, but do not spontaneously
adhere to cells or surfaces bearing ICAM-1. This is because LFA-1 is present in
an inactive form on resting leukocytes and becomes activated following
activation through the CD3 molecule, crosslinking of the TCR, or by phorbol
ester stimulation. Integrin activation occurs rapidly (minutes) and is transient
(30 minutes to 2 hours), providing a mechanism for adhesion and de-adhesion
of leukocytes and other cells (Rothlein and Springer, 1986; Dustin and
Springer, 1989). The interaction of the cytoplasmic domain of LFA-1 with
cytoskeletal elements appears to be important in both the maintenance of a low
avidity state, and the generation of a high avidity state (Peter and O'Toole,
1995). Clustering of integrins increases the adhesiveness of the cell to integrin
ligands (Detmers et al. 1987). This appears to be modulated by calcium binding
(van Kooyk et al. 1991). However, the individual LFA-1 molecules also exist in
high and low affinity states, which are regulated by the availability of particular
divalent cations (Dransfield et al. 1992; Lollo et al. 1993; van Kooyk et al.
1994). Magnesium is particularly important in the regulation of LFA-1 affinity at
the single molecule level (Dransfield and Hogg, 1989; Dransfield et al. 1992).
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Activation of cells with phorbol ester, or crosslinking of TCR/CD3 complexes,
while producing equivalent increases in the binding of cells to immobilised
ICAM-1, did not result in mAb 24 expression or soluble ICAM-1 binding.
Adhesion by these processes was found to be increased compared to resting
cells due to increased cell spreading and cytoskeletal changes, in contrast to
the induction of a high avidity state of LFA-1 (Stewart ef al. 1996). The
cytoplasmic domain of the B subunit of LFA-1 is associated with the
cytoskeleton, a factor which may be important in the maintenance of a high or
low affinity state, as aggregates of adhesion molecules have higher affinity for
their ligands (Pardi ef al. 1992; Peter and O'Toole, 1995). However, as none of
these activation stimuli are physiological stimuli, the relevance of these
differences in vivo is not clear.

The ICAM-1/LFA-1 interaction.

The interaction between ICAM-1 and LFA-1 is important in many leukocyte
functions, including T cell mediated cytotoxicity, T cell proliferation in the mixed
lymphocyte response, and T cell dependent B cell activation (Davignon et al.
1981; Makgoba ef al. 1988; Krensky ef al. 1984). The expression of ICAM-1 on
HLA-DR transfectants is critical for effective class Il restricted and allospecific T
cell activation (Altmann et al. 1989). It is also critical for NK cell lysis or MHC-
unrestricted lysis of target cells (Zarcone et al. 1992; Chong et al. 1994).
Adhesion and migration of NK cells is also reliant on the interaction of ICAM-1
with both LFA-1 and Mac-1 (Allavena et al. 1991, Somersalo ef al. 1992).
ICAM-1 expressed on a separate cell provides costimulatory function in the
activation of naive CD4+ve T cells, demonstrating that the costimulatory signal
is not required to be on the same cell, as is thought to be the case for LFA-3
costimuiation (Dubey et al. 1995). The LFA-1 molecule has signalling function,
and becomes phosphorylated upon T cell activation, but the main function is
thought to be mediation of adhesion during both leukocyte migration and
interactions with target cells (Haverstick and Gray, 1992; Pardi et al. 1992).
Mutational analysis has shown that phosphorylation of LFA-1 is not required for
binding to ICAM-1 (Hibbs et al. 1991).

Studies in patients lacking the B, integrin chain have shown the importance of
LFA-1 in the immune response. The main feature of this condition, leukocyte
adhesion deficiency is the lack of neutrophil infiltration into tissues, leading to
recurrent life threatening bacterial and fungal infections. These patients do not
suffer form severe viral infections, suggesting that an alternative pathway
compensates for the lack of LFA-1 expression. However, in vitro studies have
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shown that such patients have diminished allospecific CTL responses and NK
cell activity, which correlated with the degree of severity of the lack of LFA-1
expression in different patients (Kohl ef al. 1984; Krensky et al. 1985).

1.2.9.3 CD28 and the B7 family

Crosslinking of CD28 following a TCR signal or non-specific activation of T cells
augments proliferation and cytokine secretion (June et al. 1990; Linsley et al.
1991; Sansom et al. 1993). Interactions between CD28 and members of the B7
family (B7.1,CD80 and B7.2,CD86) appear to be essential for the activation of
resting T cells (Azuma et al. 1992). Both B7.1 and B7.2 are expressed on a
variety of cell types, including dendritic cells, B cells, macrophages and T cells.
Resting T cells which do not recive a signal through CD28 become anergic
(Boussiotis et al. 1993). The signal transduction pathway has not been
elucidated but is thought to involve phosphatidylinositol 3-kinase (Robey and
Allison, 1995). The importance of the interaction has been confirmed by studies
in CD28 deficient mice, in which T cell antibody dependent responses were
absent, and proliferation of isolated T cells to mitogens and antigen presenting
cells was also greatly reduced (Shahinian et a/. 1993; Guinan et a/. 1994). A
second ligand for the B7 molecules, CTLA-4, is thought to play a role in
negative regulation of TCR signalling (Walunas et al. 1994; Gribben et al.
1994).

Although CD28 ligation is required for the initial activation of resting cells
(Sansom et al. 1993), and for proliferation of CD4+ve cells, it appears that this
pathway is not required for cytotoxicity by effector cells (Azuma et al. 1993a).
The fact that CD28 is expressed by most CD4+ve T cells but only 50% of
CD8+ve T cells may also signify that this pathway is not important in the killing
of virally infected cells (McMichael and Gotch, 1987). The CD28-ve cells are
described as large and granular, express cytotoxic granules and are
considered to be the most activated effector cells (Borthwick et a/. 1994; Azuma
et al. 1993b). During some viral infections, and during rejection episodes, the
CD28-ve population is expanded, and it has been suggested that these cells
represent the virus-specific memory cells (Azuma et al. 1993b).

The CD2/LFA-3 or the LFA-1/ICAM-1 pathway augments cytotoxicity by virus
specific CD8+ve CTLs, while the CD28/B7 pathway does not (de Waal Malefyt
et al. 1993). The CD2/LFA-3 pathway also supports IL-2 production and
proliferation of CD8+ve lymphocytes in response to allogeneic endothelial cells,
whereas there was no role for LFA-1/ICAM-1 or CD28/B7 in this system
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(Hughes et al. 1990; Epperson and Pober, 1994). The importance of accessory
molecules for a particular T cell clone may depend upon the affinity of the TCR
for the MHC molecule, as in vitro, strong signals such as high concentrations of
immobilised anti-CD3 antibody cannot be augmented by accessory signals
(Geppert and Lipsky, 1987).

1.2.10 Chemokines

Chemokines appear to regulate the specificity of the leukocyte subsets which
migrate into particular tissues. They are a group of structurally related
molecules, 8-10kD in size, contain 4 cysteine residues, and possess sites for
binding heparin and glycosaminoglycans. There are two major families of
chemokines, termed CXC and CC based on the presence or absence of an
amino acid between the two-cysteine residues proximal to the amino terminus
of the protein (Baggiolini et al. 1993) . Another chemokine, lymphotactin, exists
which has only one cysteine residue, and has been placed in a separate family
of C chemokines (Kelner et al. 1994). Sequence searches have not yet
revealed any potential additions to this family. There is approximately 20-40%
homology between chemokines in the three families. The members of these
families are listed in Table 1.1. Chemokines are produced by most cell types,
including leukocytes, platelets, eosinophils, fibroblasts, endothelial cells and
smooth muscle cells, and are produced in response to a variety of stimuli,
including viruses, lipopolysaccharide, interleukin-1 (IL-1), tumour necrosis
factor a (TNFa) and interferons.

The molecular characterisation of cellular chemokine receptors in terms of their
cellular expression and chemokine ligands has been useful in understanding
the leukocyte subsets which respond to a particular chemokine. A new
nomenclature for the chemokine receptors has recently been applied.
Receptors for CC chemokines are designated CCR1 to CCRS5, while those for
CXC chemokines are designated CXCR1 to CXCR4 (Mackay, 1996). Their
cellular expression and ligand binding characteristics are summarised in Table
1.2. In addition to these cellular receptors, functional chemokine receptors are
also encoded by viruses, including CMV. These viruses appear to have
hijacked the cellular genes, and the functional significance of this is currently a
subject of speculation (Ahuja et al. 1994; Smith, 1996). The chemokine
receptors, like classical chemoattractant receptors, are seven membrane
spanning receptors which signal through G protein interactions. Activation
signals such as raised cAMP and intracellular calcium levels take place
following chemokine binding, and appear to be required for migration.
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Table 1.1. Members of the CXC, CC, and C families of chemotactic
cytokines.

CXC chemokines (o chemokines)

¢ Interleukin-8 (IL-8)

o Epithelial neutrophil activating protein-78 (ENA-78)
e Growth related oncogene a, B, v (GRO a, B, v)

¢ Neutrophil activating protein-2 (NAP-2)

¢ Platelet factor-4 (PF4)

¢ Interferon y inducible protein-10 (IP-10)

¢ Monokine induced by interferon y (Mig)

¢ Stromal cell derived factor (SDF-1)

CC chemokines (B chemokines)

e Monocyte chemotactic protein 1,2,3,4 (MCP-1,2,3,4)

¢ Macrophage inflammatory protein-1 a, g (MIP-1 a,B)

¢ Regulated on activation normal T cell expressed and secreted (RANTES)
e Eotaxin

C chemokine
e Lymphotactin
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Table 1.2 Chemokine receptors, their ligands, and predominant
expression on leukocytes

Chemokine Previous Ligands Cellular expression Reference
receptor names defined®
CCR1 CCCKR 1 MIP-1a,p monocytes, T cells (Gao et al. 1993; Neote ot
RANTES al. 1993; Combadiere et al.
MCP-3 1995b)
CCR2a,b MCP-1Ra, MCP-1,3 monocytes, memory T (Charo et al. 1994;
cells, basophils Combadiere et al. 1995b;
Franci ef al. 1995)
CCR3 CC CKR-3 eotaxin eosinophils, basophils  (Combadiere ot al. 1995a)
MCP-3
RANTES
CCR4 none RANTES basophils, T cells (Power et al. 1995)
MIP-1a
MCP-1
CCR5 CC CKR5 RANTES Monocytes, T cells {Samson et al. 1996)
MIP-1c, B
CXCR1 IL-8R1, o IL-8 Neutrophils, NK cells (Holmes et al. 1991; Murphy
and Tiffany, 1991; Qin et al.
1996)
CXCR2 IL-8R2, B IL-8 Neutrophils, NK cells (Lee et al. 1992; Qin et al.
GROa 1996)
NAP-2
ENA-78
CXCR3 none IP-10 Activated T cells, NK (Loetscher et al. 1996)
Mig cells
CXCR4 Fusin/LESTR  SDF-1 T cells (Feng et al. 1996)
Duffy Promiscuous Erythrocytes, certain (Neote et al. 1994)
antigen endothelial cells
BLR-1 B cells, memory T cells  (Forster et al. 1994)
CMv US28 MCP-1 CMYV infected cells ? (Gao and Murphy, 1994;
MIP-1a Neote ef al. 1993)
MIP-18
RANTES

®The full names of these chemokines can be found on Table 1.1
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Figure 1.4. The current model for the mechanism of leukocyte migration
at sites of inflammation.

The flowing leukocyte is first tethered by selectin mediated interactions, and
then rolls along the endothelium. The triggering of integrins to a high affinity
state leads to strong adhesion of leukocytes to the vessel wall. The stimulus
which activates the integrins is provided to neutrophils by chemokines which
are bound to endothelial cell proteoglycans, and this model is also thought to
apply to lymphocytes and monocytes. The triggering leads to cell spreading
and extravasation into the tissues. The leukocyte moves through the
extravascular tissue by a haptotactic mechanism, towards a concentration
gradient of chemokines produced at the site of inflammation. (Adapted from
Adams and Shaw, 1994).
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1.2.11 Leukocyte migration into tissues.

Migration of leukocytes into tissues takes place throughout the body and is
essential for immune surveillance. Neutrophils and monocytes migrate rapidly
into areas of inflammation in response to inflammatory signals, but cannot
recirculate. T cells are recruited more slowly and selectively to sites of
inflammation than monocytes and neutrophils, but continuously migrate and
recirculate through normal tissues in their function of immune surveillance. The
general model for leukocyte migration which is currently accepted applies to all
these leukocyte subsets (Adams and Shaw, 1994; Springer, 1995). The
‘adhesion cascade’ can be divided into four sequential but overlapping steps of
tethering, triggering, strong adhesion, and extravasation. A model showing the
main stages of the migration process is shown in Figure 1.4

Tethering

Tethering is the initial contact of the flowing leukocyte with the vessel wall, and
is mediated by selectins. The three selectin molecules, L-selectin (on
leukocytes), and E, and P-selectin (on endothelial cells) interact with specific
carbohydrate sequences in a transient interaction which allows the leukocyte to
roll along the endothelium allowing it to search for trigger factors which are
required for the next stage of adhesion to take place (Sebok et al. 1993).

Triggering

This is the process by which integrin molecules on the leukocytes are
converted to an active state which enables them to mediate strong adhesion to
the endothelium. All leukocytes express LFA-1 (B,o, integrin), and neutrophils
and NK cells express Mac-1 (B,ay integrin). T cells and monocytes also
express VLA-4, an B, integrin, which binds to VCAM-1 on the endothelium, as
well as various extracellular matrix components (Hynes, 1992). The
presentation of chemokines by proteoglycan molecules on the endothelium is
believed to be the mechanism for the triggering of leukocyte integrins and the
induction of strong adhesion to the endothelium (Rot, 1992; Tanaka et al.
1993b). The most convincing evidence for this comes from the neutrophil
model, where the chemokine interleukin-8 (IL-8) has been shown to activate
Mac-1 on neutrophils (Detmers et al. 1990). IL-8 and other neutrophil
chemoattractants also induce neutrophil shape change and shedding of L-
selectin, which is required for extravasation to take place (Huber et al. 1991).
Chemokines which attract T cells and monocytes are also found immobilised on
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endothelium, suggesting a similar role in integrin activation (Tanaka et al.
1993a).

Although it is currently accepted that this model applies to all leukocytes, recent
data disputes the role of chemokines in the activation of LFA-1 on T cells,
showing that its adhesion to ICAM-1 is not increased by chemokine stimulation,
but that the adhesion of the a4 integrin VLA-4 to fibronectin is the major effect
of chemokine stimulation. The enhanced adhesion of VLA4 to fibronectin by
chemokine activated T cells argues for a major role for chemokines in the later
stages of migration of T cells through tissues, rather than the triggering of
strong adhesion (Campbell et al. 1996; Carr et al. 1996). Based on these
findings, it has been suggested that strong adhesion of T cells to endothelium
can be mediated by the interaction of VLA-4 with VCAM-1, although earlier data
suggests that VCAM-1 is not involved in Ilymphocyte transmigration
(Oppenheimer-Marks et al. 1991).

Strong adhesion

Strong adhesion is mediated by the binding of activated integrin molecules to
their ligands on endothelium. Following cellular activation a proportion
(approximately 10%) of Mac-1 (Diamond and Springer, 1993) or LFA-1
molecules (Lollo ef al. 1993) are in an active state, and can thus bind to their
ligands. The association of integrin molecules with the cytoskeleton, along with
the transient nature of the interaction between LFA-1 and ICAM-1, which allows
cycles of adhesion and de-adhesion to take place, is thought to facilitate
leukocyte motility across ligand bearing surfaces, by the generation of a trailing
edge and the constant formation of new interactions at the leading edge (Pardi
et al. 1992; Peter and O'Toole, 1995).

Transmigration

Following strong adhesion, lymphocytes move along the endothelium and
migrate through intercellular junctions. The endothelial expression of PECAM-1
(CD31), which adheres homotypically to leukocyte expressed PECAM-1, is
concentrated in these areas, and is reported to be essential for leukocyte
transmigration (Albelda et al. 1991; Muller et al. 1993). PECAM-1 is expressed
on most leukocytes, with the exception of a population of T cells, which
nevertheless migrate across endothelial monolayers, so the function of
PECAM-1 in this process is not clear (Bird et al. 1993). Ligation of PECAM-1
activates B, and B, integrins, so it may be important in the activation of LFA-1 or
VLA-4 expressed on the pseudopodia of lymphocytes which extend into
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endothelial junctions (Berman et al. 1996). In the extravascular tissue, the
interactions between immune cells and the extracellular matrix are mediated
primarily by B; and B, integrins. Chemokines stimulate the adhesion of these
molecules to adhesion molecules, or to fibronectin and other extracellular
matrix components, and provides a mechanism for haptotactic migration of
immune cells to sites of inflammation (Gilat et al. 1994; Lloyd et al. 1996). The
concentration gradient of chemokines generated from the site of inflammation
also maintains the subset specificity of the migrating cells.

1.3 HOST RESPONSE TO CMV

Acute CMV infection in normal immunocompetent hosts rarely results in
clinically apparent disease, but is instead associated with a lifelong, persistent
asymptomatic infection. In contrast, infection in immunocompromised
individuals is often associated with in manifestations of CMV disease of varying
degrees of severity. It is therefore clear that the immune system has an
important role in the control of CMV infection. CMV disease is common in
patients who are immunosuppressed as a result of immunosuppressive therapy
associated with solid organ or bone marrow transplantation, or the effects of
HIV infection. Congenital CMV infection also occurs, due to the immature
immune system of the foetus. The relative contribution of the various aspects of
the immune response in controlling CMV infection are discussed below.

1.3.1 Humoral immunity

The physiological function of antibodies during CMV infection is not clearly
defined, but a wealth of information has been provided by the murine model of
CMYV infection which uses murine CMV (MCMV). It has been shown in a B cell
deficient mouse that the absence of antibodies does not alter the clearance
kinetics, the establishment of latency, or the burden of latent viral DNA during
primary MCMV infection. However, during reactivation of latent virus the
presence of neutralising antibody significantly affected viral spread (Jonjic et al.
1994). Administration of neutralising antibodies prophylactically has been
shown to have a protective function (Shanley et al. 1981; Farrell and Shellam,
1991).

Findings in humans suggest that humoral immunity does not prevent infection
but ameliorates the severity of CMV disease. It is known that antibodies do not
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protect against reinfection, as reinfection with new strains has been reported in
AIDS patients (Spector ef al. 1984) and renal transplant patients (Grundy et al.
1988b; Chou, 1986). However, beneficial effects of pre-existing humoral
immunity are evident in many forms of CMV infection e.g. seropositive renal
transplant recipients are much less likely than seronegative individuals to
sustain serious CMV disease (Smiley et al. 1985); passive treatment with IVIG
reduces the severity of CMV infection in certain subsets of allograft recipients
(Snydman et al. 1987; Snydman et al. 1993); increased levels of neutralising
antibodies modulate the progression of CMV retinitis in AIDS patients (Boppana
et al. 1995); a deficiency in gH antibody in AIDS patients was associated with
increased an severity of CMV retinitis (Rasmussen, 1994); a lack of CMV
specific IgM antibodies was associated with more severe disease in cardiac
transplant recipients (Rasmussen et al. 1982); maternal immunity before
conception could reduce the damage caused by foetal infection, and lower the
rate of maternal to foetus transmission (Fowler et al. 1992; Stagno ef al. 1986).

These observations, alongside an increasing understanding of the viral
antibody responses which are important for protective immunity, and of the
patient groups who would benefit, have provided the basis for the design and
testing of vaccines against CMV disease, which have met with some success in
limiting the severity of disease (Plotkin et al. 1991; Adler et al. 1995). The
envelope glycoproteins gB and gH are the most attractive potential components
of a subunit vaccine, as these elicit a strong antibody response in natural
infection. Animal models have provided evidence that vaccination with a single
CMV envelope glycoprotein may be sufficient to confer protective immunity
(Rapp et al. 1993; Harrison et al. 1995), although it is not yet known if this is the
case in humans.

1.3.2 Cellular immunity

The MCMV model has also yielded important information regarding the
importance of the cellular immune response, although how relevant these
findings are to human CMV is not clear, as there are many differences between
the two viruses. Using the severe combined immunodeficiency mouse, which
has no acquired immunity due to a defect in the rearrangement of antigen
specific receptors, it was shown that the mice were not able to control MCMV
replication, and succumbed to disease, and that depletion of NK celis
accelerated the development of lethal disease (Welsh et al. 1991). Mice which
are depleted of NK cells by antibody treatment are more susceptible to MCMV
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infection, and adoptive transfer of NK cells induced resistance to the virus in
susceptible mice (Bukowski ef al. 1983; Bukowski et al. 1994). The transfer of T
cells from an immunocompetent mouse to a mouse which was
immunosuppressed by y irradiation conferred protection against a lethal MCMV
viral challenge. Transfer of the CD8+ve subset in the absence of CD4+ve cells
was sufficient for protection, whilst the CD4+ve subset did not confer protection
when transferred alone (Reddehase ef al. 1988). However, in another study,
CD4+ve T cells were essential for the clearance of virus from salivary glands, a
function which could not be achieved by, and did not require, CD8+ve T cells
(Jonjic et al. 1989; Jonjic et al. 1990). The production of IFNy by CD4+ve T
cells was an important factor in the function of control of replication in the
salivary glands (Lucin et al. 1992). CD4+ve cells are thus important in the
control of horizontal spread of infection, as saliva is an important route of
transmission of the virus.

In the BALB/c mouse, up to 50% of the MCMV specific cytotoxic T cell
precursors are specific for the IE1 gene product (pp89) (Reddehase and
Koszinowski, 1984; Koszinowski et al. 1987), and immunisation with this protein
alone could protect mice from lethal virus challenge (Jonjic et al. 1988). A
single nonameric peptide from this protein has been identified as the dominant
epitope, which confers protection against lethal MCMV disease when
administered as a recombinant vaccine (Del-Val et al. 1991).

In man immunosuppressive therapy is known to influence the development of
CMV disease. Immunosuppressants which dramatically depress the number of
circulating T lymphocytes, such as antithymocyte globulin and OKT3 (anti-CD3
monoclonal), are risk factors for disease (Portela ef al. 1995). Studies
evaluating the role of cell mediated immunity in humans have suggested that
CD8+ve CMV-specific class | HLA restricted T cell responses are important for
the successful resolution of infection in immunocompromised hosts. After
allogeneic BMT the recovery of CD8+ CTL responses has correlated with
improved outcome and protection from the development of disease (Quinnan et
al. 1982). The role of virus specific CTLs was confirmed by an analysis of CTL
development in bone marrow transplant (BMT) recipients. Patients who
developed a CMV specific CTL response did not develop CMV interstitial
pneumonia, whereas the majority of those patients with a delayed recovery of
CTL responses died of the disease (Reusser ef al. 1991). The development of
an efficient CD8 response also depends upon the presence of adequate CD4
helper function (Reusser et al. 1991). The CMV-specific CTLs which develop in
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BMT patients are specific for structural viral proteins, and are similar to those
found in healthy CMV-seropositive individuals (Yakushijin ef al. 1992). It
appears that the early development of a specific CTL response is essential for
limiting disease, but there is evidence to suggest that the cellular immune
response may also contribute to the pathology of the disease under certain
conditions. The evidence linking the development of CMV interstitial
pneumonitis and allograft rejection with the cellular immune response is
discussed in a later section.

After primary infection, infected individuals develop and maintain a high
precursor frequency of CMV specific CTL (Schrier and Oldstone, 1986a;
Borysiewicz et al. 1988a; Riddell et al. 1991). Structural viral proteins delivered
to the cell in the incoming virions can be presented on class | HLA molecules
and thus sensitise the cell for CTL recognition before the onset of viral protein
synthesis. This pathway provides an opportunity for the immune system to
attack infected cells before the onset of viral replication (McLaughlin-Taylor et
al. 1994). However, the efficacy of this pathway is directly related to the
multiplicity of infection, as it relies on sufficient quantities of virions entering the
cell upon infection, and this may be lower in vivo than in in vitro models. CTL
specific for structural proteins comprise the dominant response to CMV in
healthy seropositive individuals (Riddell et al. 1991). The most abundant
constituents of the virion are pp65 and pp150. The host CTL response in
normal seropositive individuals, and in allogeneic BMT recipients, is
predominantly focused on these structural proteins. Both are efficiently
presented in the absence of de novo protein synthesis, unlike other CTL
targets, gB and CMV IE antigen (McLaughlin-Taylor et al. 1994). The envelope
glycoprotein gB has a low CTL precursor frequency, and the precursor
frequency for gH is even lower, suggesting a limited role for CTLs specific for
viral glycoproteins in CMV infection. Cells expressing recombinant gB or gH are
poor targets for polyclonal CMV-specific CTL lines (Borysiewicz et al. 1988Db).
The precursor frequency of CMV IE specific clones is also low (Gilbert et al.
1993).

The identification of specific CTL targets is important for the design of therapies
to restore the components of the host immune response essential for protective
immunity for CMV in immunocompromised patients. The use of adoptive
transfer therapy is currently being investigated, in which T cells are isolated
pre-transplantation from the CMV-positive MHC matched bone marrow donor,
and expanded in vitro for use in therapy (Riddell and Greenberg, 1990). The
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cells are infused into the patients at 30 to 40 days post bone marrow
transplantation. The cells are only reactive against CMV infected cells,
therefore the risk of graft versus host responses is reduced. Adoptive therapy
has been shown to achieve protective levels of anti-CMV CTL activity in the
recipients, although CMV-specific CD4 helper cells were essential for the
maintenance of the response. Neither CMV viraemia nor disease occurred in
any of the treated allogeneic bone marrow transplant patients (Riddell et al.
1992; Walter et al. 1995). The ability to reconstitute an effective immune
response at the appropriate time is an important step forward in the
management of CMV disease.

1.4 THE EFFECT OF CMV ON THE HOST IMMUNE RESPONSE
1.4.1 Class | HLA downregulation by CMV.

CMV, like several other viruses, has evolved mechanisms to evade the host
immune response (Rinaldo, 1994). To evade the cellular immune response,
class | HLA is downregulated on the surface of infected cells (Barnes and
Grundy, 1992b). A series of studies have elucidated some of the characteristics
of class | HLA synthesis and transport in CMV infected cells, and principally
show that heavy chains are synthesised at normal or enhanced rates, but are
rapidly broken down while in an Endo-H sensitive form ie. in a pre-golgi
compartment (Yamashita ef al. 1993; Beersma ef al. 1993; Yamashita et al.
1994; Warren et al. 1994). A CMV gene which causes the downregulation of
class | HLA when transfected into cells in the absence of other viral gene
products has recently been identified (Jones et al. 1995). This gene, US11, is
expressed as a CMV early gene, and encodes a 32kD ER resident glycoprotein
which dislocates newly synthesised class | HLA proteins from the ER to the
cytosol where they are degraded (Wiertz et al. 1996). A further region of the
CMV genome, encompassing US2 to US5 has also been shown to affect class |
HLA transport (Jones et al. 1995). This function has been attributed to the US2
gene product by the same group (Jones and Sun, 1996), and to the US3 gene
product (an ER resident inmediate early protein), by another group (Ahn et al.
1996). It is possible that a second gene in addition to US11 may be required for
downregulation of class | HLA on cells already expressing high levels due to
cytokine exposure (Hengel et al. 1995). In addition, it has recently been shown
that the CMV protein pp65 from the incoming virions selectively abrogates the
presentation of CMV IE proteins by class | HLA by phosphorylating the major
immediate early protein, which was suggested to restrict access of the protein
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to the antigen processing machinery, or divert the protein to a different
degradative pathway to that resulting in class | HLA presentation (Gilbert et al.
1996).

Decreased cell surface expression of class | antigens in murine fibroblasts
infected with MCMV also takes place (Del-Val et al. 1992; Campbell and Slater,
1994). This occurs by a different mechanism than that described for CMV,
involving reduced synthesis, and a defect in transport to the golgi compartment
leading to the accumulation of endo-H sensitive MHC molecules in the ER or
cis-golgi. In the murine system, increased degradation of the mature molecules
does not appear to occur. A MCMV early gene product, m152, which is found in
a position in the MCMV genome homologous to the human US11, is involved in
the downregulation, but other MCMV genes are also involved (Thale et al.
1995; Koszinowski et al. 1996).

1.4.2 Cytokine induction by CMV

Various studies have shown the upregulation of IL-1B mRNA and protein
following CMV infection of monocytes (Moses and Garnett, 1990; lwamoto et
al. 1990). However, as production of the IL-1 receptor antagonist (IL-1ra) is
also upregulated, the activity of IL-1p released into the supernatant is often
decreased (Rodgers et al. 1985; Kapasi and Rice, 1988; Loetscher et al.
1996b). CMV infection has been reported to both decrease (Kapasi and Rice,
1988), or increase (The et al. 1995) IL-2 production by monocytes, and has
also been shown to override the inhibitory effect of cyclosporin on IL-2
transcription (Geist et al. 1992). There is no evidence for an IL-2 antagonist, so
the reason for these disparate reports is not clear. Another important
inflammatory cytokine stimulated by CMV infection is TNF-o, which is
upregulated in response to the CMV IE genes, both following infection and
transfection of monocytes or macrophages (Smith et al. 1992; Geist et al.
1994).

Induction of mMRNA for IL-6, platelet derived growth factor, oncostatin, and
melanoma growth stimulating activity takes place in CMV infected fibroblasts
(St.Jeor et al. 1993). Increased expression of IL-6 transcripts have also been

detected in bronchoalveolar lavage specimens from patients with CMV
pneumonitis (Devergne et al. 1991; Humbert et al. 1993). Increased production
of TGF-B1 mRNA and protein have also been shown in infected fibroblasts,
induced by the action of the CMV IE proteins (Michelson et al. 1994). CMV
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infected fibroblasts also produce an endothelial cell growth factor identified as
basic fibroblast growth factor (Alcami et al. 1991; St.Jeor et al. 1993). TGFp1
stimulates CMV replication, while basic fibroblast growth factor inhibits
replication (Alcami ef al. 1993).

1.4.3 Immunosuppressive effects of CMV

CMV infection is itself immunosuppressive, inducing disturbances of both
cellular and humoral immunity. In vitro evidence of this includes suppression of
antigen-specific cytotoxic T cell activity and suppression of T cell and NK cell
proliferation, which occurs in response to clinical isolates of CMV, but is not
evident in response to laboratory strains (Schrier and Oldstone, 1986b; Schrier
et al. 1986). Lymphocyte proliferative responses measured in vitro upon
stimulation with recall antigens, mitogens, and allogeneic stimuli are decreased
during CMV infection (Hirsch and Felsenstein, 1984; Roenhorst et al. 1985;
Timon et al. 1993). Reports have shown that patients with CMV mononucleosis
have elevated levels of suppressor/cytotoxic T cells (CD8+ve), as well as
inverted levels of helper to suppressor T cells compared to normal individuals
(Bukowski et al. 1983; Carney et al. 1983). A role for a defect in the accessory
function of monocytes in CMV infected individuals has also been proposed,
suggested to be due to decreased production of IL-1 by CMV infected
monocytes (Carney and Hirsch, 1981). However, others have shown that
infection of peripheral blood lymphocytes has a greater inhibitory effect on
peripheral blood mononuclear cells (PBMC) proliferation than infection of
monocytes (Kapasi and Rice, 1988), which may be due to defects in IL-2
production. The defect appears to be restricted to the T cell receptor/CD3
activation pathway, involving a signalling event prior to PKC activation, as
activation signals transduced through surface costimulatory molecules such as
CD28, and phorbol ester and ionomycin-induced signals, elicited normal
proliferative responses (Timon et al. 1993; van den Berg et al. 1995). CMV
infection was also associated with an increased incidence of apoptosis of
peripheral blood lymphocytes (van den Berg et al. 1995), which is a common
mechanism for the reduction of T lymphocyte numbers following the resolution
of viral infections (Akbar et al. 1993). Although apoptosis is thought important
for the reduction of lymphocyte numbers following resolution of viral infection,
memory T cells specific for other antigens may also be primed for apoptosis,
leading to anergy to recall antigens during and following infection, as has been

37



shown in the murine lymphochoriomeningitis (LCMV) model (Razvi and Welsh,
1993).

1.4.4 Induction of IgG Fc receptors by CMV infection.

CMV infection induces the expression of a receptor for the Fc portion of IgG,
which is distinct from the cellular Fc receptors Fc y receptors |, Il and Il
(Sakuma et al. 1977; Xu-Bin et al. 1989; MacCormac and Grundy, 1996). In the
case of murine CMV this is a viral gene product (Thale et al. 1994), but the
origin of the CMV induced Fc receptor is not known. The Fc receptor may
protect the infected cell from antibody mediated destruction by binding non-
virus specific antibody and impeding the attachment of specific antiviral IgG. It
may also prevent functional engagement of the Fc portion of the antibody, thus
preventing its participation in antibody-dependent cell mediated cytotoxicity or
complement mediated lysis. The Fc receptor may also contribute to tissue
injury by contributing to immune complex deposition, an early stage in the
formation of atherosclerotic plaques, with which CMV infection has been
associated (Grattan et al. 1989).

1.4.5 CMV genes and proteins with homology to components of the host
immune system.

Antigenic mimicry or crossreactivity of CMV antigens and cellular proteins may
be involved in the perturbation of host immune function following CMV infection.
Antibodies raised against a peptide from the CMV IE2 protein cross react with a
conserved domain of HLA DR (Fujinami et al. 1988). Antibodies generated
against CMV virion epitopes have also been shown to crossreact with the
TCR/CD3 complex (Yang et al. 1991), and a reading frame with homologies to
regions of the TCRy chain has been identified (Beck and Barrell, 1991). The
CMV genome includes a class | HLA homologue gene, although the protein has
not been detected in infected cells (Beck and Barrell, 1988)

CMV encodes 3 proteins which are homologues of G protein-coupled receptors
(Chee et al. 1990b; Welch et al. 1991). All three genes are transcribed in the
late phase of infection, but expression of the proteins on infected cells has not
been shown. One of these proteins, the US28 gene product, has a high degree
of homology with cellular B chemokine receptors (>30%), and has 56%
homology with the amino terminal segment of the cellular chemokine receptor
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CCCR1 (Neote et al. 1993; Gao and Murphy, 1994). Expression of the protein
by transfection into human kidney cells showed that it functions as a high
affinity p chemokine receptor with more promiscuous binding characteristics
than other known chemokine receptors at the time. US28 was also shown to
transduce signals in response to chemokine binding in transfected cell lines
(Neote et al. 1993; Gao and Murphy, 1994). The expression of a chemokine
receptor may be a method of immune evasion, but its function has not been
determined.

1.5 PATHOLOGY ASSOCIATED WITH CMV INFECTION

The pathology of CMV disease can be caused either by direct viral damage of
infected cells or by indirect tissue damage caused by the host immune system,
or by both mechanisms. Direct viral damage is common in severely
immunocompromised hosts, such as AIDS patients or in congenital infection,
where the absence of an immune response allows high levels of viral
replication and systemic disease. The second mechanism involves pathology
caused by the host immune response, and may be a contributory factor in the
development of conditions associated with CMV infection in transplant
recipients. The production of inflammatory cytokines such as TNF-o, IL-2 and
IFNy, and the action of T lymphocytes, are thought to be central to this type of
pathology.

1.5.1 CMV disease in HIV infected individuals

CMV retinitis is the most common sight-threatening infection of HIV infected
individuals, developing in up to 30% of long lived AIDS patients (Jabs et al.
1989). Direct damage of the retina is usually responsible for the pathology of
the disease, with disease due to cellular infiltration a rare occurrence. Organs
of the gastrointestinal tract are the second most common target for CMV
infection, with severe enteric disease occurring in 2% to 12% of HIV infected
hosts (Jacobson and Mills, 1988; Rene ef al. 1989). The most frequent primary
lesion is ulceration, possibly due to vasculitis resulting from the presence of
infected endothelial cells in the walls of small vessels (Tatum et al. 1989). In the
absence of such lesions, inclusions of CMV accompanied by a non-specific
inflammatory response are present in affected tissues (Webster ef al. 1989).
CMV pneumonitis is much less common in AIDS than in other
immunocompromised patients, although CMV is recovered from 30 to 50% of
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cultures of bronchoalveolar lavage from AIDS patients. CMV in the lung is
frequently associated with the presence of other organisms, such as
Pneumocystis carinii, but survival rates in patients with Pneumocystis carinii
pneumonia are not affected by the presence or absence of CMV (Bower et al.
1990; Millar et al. 1990). Findings from other large clinical studies have similarly
not supported the importance of CMV as a cause of pneumonia in AIDS
patients (Jacobson et al. 1991; Miles et al. 1990; Millar ef al. 1990). These
observations support the idea that the pathogenesis of CMV pneumonia does
not occur solely as a result of viral replication, but involves components of the
host immune response which may be absent in AIDS patients (Grundy et al.
1987a).

1.5.1.1 CMV as a cofactor for HIV

It is not clear whether the association between rapid progression of HIV
disease and CMV infection is due to severely compromised cellular immune
function allowing the development of invasive CMV disease, or whether CMV is
a cofactor in the pathogenesis of AIDS (Webster et al. 1989; Webster et al.
1992). Many mechanisms have been proposed for the apparent positive effect
of CMV infection on HIV replication which takes place in vitro (Davis et al. 1987
Lathey et al. 1994). Direct interaction of the CMV IE proteins with regulatory
elements of the HIV long terminal repeat was shown to increase HIV
transcription (Barry et al. 1990a; Barry et al. 1990b). The induction of TNFa by
CMV infection was also shown to induce HIV replication (Peterson et al. 1992).
It has recently been proposed that CMV infection results in the expression of a
superantigen which activates a subset of T cells expressing specific V3 genes,
which form a reservoir for HIV throughout the course of the disease (Dobrescu
et al. 1995). A chemokine receptor, CCCR 5, has recently been identified as a
co-receptor for HIV (Deng et al. 1996; Drajic et al. 1996). B chemokines have
also been identified as having a suppressive effect on the replication of HIV
(Cocchi et al. 1995; Paxton et al. 1996). It is thus possible that the expression
of the CMV-encoded f chemokine receptor may affect HIV replication by the
removal of HIV suppressive 3 chemokines.

1.5.2 CMV infection in allograft recipients

CMV disease in organ transplant recipients can arise from one of three
sources: 1) primary infection, where a seronegative donor becomes infected
with latent virus carried in the allograft, or virus carried in blood products; 2)
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reactivation, where the seropositive transplant recipient undergoes reactivation
of endogenous virus from latency; and 3) reinfection, where CMV carried in the
transplanted organ is reactivated from latency. Symptomatic CMV disease
more commonly results from primary infections and reinfection than from
reactivation, and is more severe (Smiley et al. 1985; Grundy et al. 1987b;
Grundy et al. 1986; Chou, 1989). The patients at highest risk of primary
infection are CMV seronegative recipients receiving an organ from seropositive
donors (Ho ef al. 1975; Singh et al. 1988). Pre-existing immunity is important in
limiting the severity of CMV disease, although the effect of this diminishes with
increased immunosuppression (Smiley et al. 1985). However, other donor
factors are also important in the risk of transmission, as the transplantation of
cadaver kidneys from the same donor to two different recipients have shown
that either both recipients, or neither, contracted CMV disease (Chou and
Norman, 1988). The use of more powerful immunosuppressants, such as anti-
lymphocyte immunoglobulins, either as induction therapy or as treatment for
rejection, increases the risk of symptomatic CMV infection and the severity of
disease in renal transplant recipients, particularly in seropositive individuals (Oh
et al. 1988; Portela et al. 1995). CMV preferentially attacks the transplanted
organ, particularly in liver, heart, or lung transplantation (Dummer et al. 1986;
Gonwa et al. 1989; Stratta et al. 1989), suggesting that either allografts are
particularly vulnerable to infection, or that there is local reactivation of CMV in
the latently infected allograft. CMV infection at sites other than the transplanted
organ are rare in liver and lung transplant patients. This may suggest that the
host immune response can control infection in tissues other than the
transplanted organ, but not within the transplanted organ, due to reduced CTL
recognition of the infected cells because of HLA mismatches (Smyth et al.
1990; Arnold et al. 1992). This is supported by the observations from a rat CMV
model of allogeneic lung transplantation, where virus titres were increased in
animals receiving an allogeneic lung in comparison to those animals which
received a syngeneic lung, suggesting that viral infection in the allogeneic lung
had escaped the self-MHC restricted immunological control (Steinhoff et al.
1996).

CMV is proposed to be a cofactor in the development of allograft rejection,
although the existence of an association between the two is controversial. The
most convincing data comes from studies in cardiac transplantation. In these
patients, CMV infection has been correlated with an increased incidence of
graft loss, and an increased incidence of death, both due to graft
atherosclerosis, independently of other risk factors (Grattan et al. 1989;
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McDonald et al. 1989; Loebe et al. 1990). CMV infection has been shown to be
a risk factor for the vanishing bile duct syndrome, a type of chronic rejection
which occurs in 5% of recipients of liver allografts. While persistent CMV
infection in the hepatocytes was associated with the vanishing bile duct
syndrome, acute systemic CMV infection which was cleared by the host
immune system was not (O'Grady ef al. 1988; Arnold et al. 1992). However,
other groups have not found associations between CMV infection and the
vanishing bile duct syndrome (Paya et al. 1992). CMV is associated with
decreased survival of heart-lung transplant recipients (Duncan et al. 1991).
Obliterative bronchiolitis is the most significant long term complication following
pulmonary transplantation, and is thought to be a form of chronic rejection.
CMV seropositivity was found to be a risk factor for the development of this
condition post transplantation, and CMV seropositive patients developed the
condition earlier post transplantation than CMV seronegative patients (Keenan
et al. 1991; Sharples et al. 1996). Finally, CMV infection is associated with a
poor outcome in renal transplantation (Rubin et al. 1985). CMV infection in
renal transplant patients is associated with a histologically distinct
glomerulopathy, involving deposits of immunoglobulin, increased presence of
CD8+ve T cells and activated macrophages, in the glomeruli, and increased
expression of class | HLA on the glomeruli (Herrera et al. 1986; Richardson et
al. 1981). Other investigators have confirmed the presence of this distinct
lesion, but were unable to associate its presence with CMV infection (Herrera et
al. 1986; Boyce et al. 1988). The underlying mechanisms by which CMV is
associated with allograft rejection are not clear, but virus-induced inflammation
of the endothelium and vascular wall, mediated by increased expression of
MHC antigens and adhesion molecules might be contributory factors.

1.5.3 Pathology of CMV interstitial pneumonitis

CMV is the most common infectious cause of death following allogeneic bone
marrow transplant (BMT), due primarily to CMV pneumonitis (Meyers et al.
1986). In contrast, autologous or syngeneic bone marrow transplantation is
associated with a very low incidence of pneumonitis (Appelbaum et al. 1982;
Wingard et al. 1988a; Ljungman et al. 1994). Patients who are seropositive
pretransplantation have a higher incidence of CMV infection and disease than
those who are seronegative, due to a high incidence of reactivation of latent
infection (Meyers et al. 1986; Wingard et al. 1988b). Other factors influencing
the development of CMV pneumonitis include the occurrence and severity of
graft-versus-host disease, and the use of anti-thymocyte globulin for treatment
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of graft versus host disease (GVHD)(Meyers et al. 1986; Miller ef al. 1986). The
histopathological characteristics of CMV pneumonitis include thickening of the
alveolar membranes, with a mononuclear cell perivascular infiltrate (Beschorner
et al. 1980)

The incidence of CMV pneumonitis has declined in recent years, possibly due
to better control of GVHD (possibly by CMV IVIG), or to T-cell depletion of the
donor marrow (Wingard ef al. 1988b; Sullivan, 1996; Guglielmo et al. 1994).
Although the mechanism by which CMV IVIG reduces disease is not clear, such
treatment is known to reduce graft-versus-host disease (Sullivan, 1996;
Guglielmo et al. 1994). The use of seronegative marrow and blood products
has greatly decreased the incidence of the disease in seronegative recipients
(Bowden et al. 1991; Sayers et al. 1992). CMV pneumonitis in allogeneic BMT
recipients was historically associated with very high mortality rates, of 80 to
90%,(Shepp et al. 1985), which were reduced in the short term with the
combination of ganciclovir therapy and CMV IVIG (Schmidt ef a/. 1988; Reed et
al. 1988; Emanuel et al. 1988). However, more recent data has indicated that
the mortality of patients surviving an episode of CMV pneumonitis is
compromised. Mortality rates of 60 to 70% at 12 months post transplantation
have been reported from several centres in the USA and in Europe (Ljungman
et al. 1992; Emanuel, 1993). CMV pneumonitis thus remains a major
determinant of the outcome of allogeneic BMT.

1.5.4 The contribution of immune mediated pathology in CMV
pneumonitis

Several clinical observations have lead to the hypothesis that the pathogenesis
of CMV pneumonitis involves tissue damage caused by the immune system.

There is a poor correlation between the titres of infectious virus in the lung
tissue and bronchoalveolar lavage fluids and the severity and outcome of
disease (Churchill et al. 1987; Slavin et al. 1992). CMV can be detected in
bronchoalveolar lavage fluids at day 35 post bone marrow transplantation, but
the peak of onset of pneumonitis occurs between 70 and 120 days post
transplantation, suggesting that a further stimulus is required to initiate disease
(Wingard et al. 1988b; Schmidt ef al. 1991).The initial trials of ganciclovir
treatment showed no improvement in survival rate above untreated patients,
despite reduction of viral titres in the lungs (Shepp et al. 1985).
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The association of CMV pneumonitis with allogeneic, but not autologous, bone
marrow transplantation, suggests that the allogenicity of the graft is an
important factor (Wingard et al. 1988a). The occurrence of graft-versus-host
disease is a risk factor for CMV pneumonitis, further suggesting that the
immune response may be involved (Miller et al. 1986). The low incidence of
CMV pneumonitis in AIDS patients has been discussed in a preceding section,
and is thought to be due to the absence of an alloreactive immune response in
these patients.

These finding have provided two important pieces of information about the
pathology of CMV pneumonitis, firstly, that the severity of disease is not related
to the degree of viral replication, and secondly that the disease only manifests
itself in the presence of the appropriate immune response. Alongside these
clinical findings, data from the MCMV model have lead to the hypothesis that
the pathology of CMV pneumonitis appears to be mediated in part by
components of the host immune response. Experiments carried out in the
MCMV model have been instrumental to our understanding of the pathology of
this disease.

CMV pneumonitis has been shown to develop only in mice both infected with
MCMV and given a graft-versus-host challenge, although there were no
differences in the virus titres (Grundy et al. 1985). The pneumonitis was
characterised by an increase in lung weight, inflammatory changes in the
interstitial and perivascular structures, and an increase in lung T lymphocytes of
donor origin. Treatment of these mice with ganciclovir reduced virus replication
in the lung to undetectable levels, but did not reduce the histological
characteristics of pneumonitis (Shanley et al. 1987). Depletion of T cells using
antibodies protected against the development of CMV pneumonitis, while
reconstitution with syngeneic cells resulted in pneumonitis (Erlich ef al. 1989).
Infection of T cell deficient mice resulted in viral replication in the absence of
pneumonitis until late stages of the disease (Grundy et al. 1987a). These
findings support the hypothesis that the infiltration of T cells contributes to the
pathology of CMV disease (Grundy et al. 1987a).

In mice with persistent MCMV infection of the salivary gland, but in the absence
of replication in other organs, activation of T cells using an anti-CD3 antibody
results in death from MCMV pneumonitis, while CD3 activation had no such
effect on mice without MCMV infection. The serum levels of TNFa and IFNy
were elevated in the MCMV infected mice following T cell activation. It was
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suggested that CMV infection resulted in the presence of primed T cells which
produced high levels of cytokines upon activation (Tanaka et al. 1994). This
may relate to the relationship between graft-versus-host disease and the onset
of interstitial pneumonitis in humans, as the graft-versus-host disease may
provide the T cell activation stimuli required to trigger disease.

The balance between the T cell response as an essential component of the
host immune response to limit disease, and as an immunopathological
component of the disease, is likely to be an important factor in the outcome of
CMV infection in BMT patients.

1.6 AIMS OF THE THESIS

The outcome of CMV infection appears to be determined by the cellular
immune response, which prevents the development of disease in normal
individuals, but which may be responsible for some of the pathology associated
with CMV disease in the immunocompromised populations at risk. The control
of interactions between the host immune system and cells in infected tissues
may thus be an important factor in the development of CMV-induced pathology.
It has been shown that the production of specific chemokines and adhesion
molecules determines the migration patterns of leukocytes from the blood into
tissues, and that the expression of MHC molecules and adhesion molecules on
target cells determines the outcome of the interaction between leukocytes and
target cells. In the present study the changes which take place in the
expression of class | HLA, adhesion molecules, and chemokine production
following CMV infection of fibroblasts have been investigated. The functional
effects of such changes on leukocyte recruitment, adhesion and activation have
also been addressed.
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CHAPTER 2

MATERIALS AND METHODS



Chapter 2. Materials and Methods
2.1 CELL CULTURE

2.1.1 Media

Minimal Essential Medium (MEM)

Minimal essential medium with Earle's salts and containing 2mM L-glutamine
was supplemented with penicillin at 100U/ml and streptomycin at 100mg/ml|
(Gibco, Paisley, UK). For propagation of fibroblasts, the medium was
supplemented with 10% foetal calf serum (FCS) (MEM/10% FCS). For
maintenance of cells following virus infection, MEM was supplemented with 4%
FCS (MEM/4%FCS).

RPMI 1640

For experiments involving T cells, RPMI 1640 containing 2mM glutamine
(Gibco) and penicillin and streptomycin as described above, was supplemented
with 10% FCS (RPMI/10% FCS).

Foetal Calf Serum

Two batches of FCS were used for all experiments (Advanced Protein
Products). The batches used were tested by the Department of Virology, Royal
Free Hospital School of Medicine (RFHSM), for suitability for growth and
maintenance of fibroblasts. FCS was also tested for the ability to support
lymphocyte activation and the absence of endogenous mitogens in tritiated
thymidine incorporation assays. The FCS was heat-inactivated by incubation at
56°C for 1 hour, and stored in aliquots at -20°C until use.

2.1.2 Isolation and propagation of Human Embryonic Lung (HEL)
fibroblasts.

HEL fibroblasts were isolated from the lungs of 12-17 week gestation foetuses
which were obtained from the MRC Tissue Bank, Hammersmith Hospital,
London. The tissue was cut into small pieces using a scalpel, and digested with
trypsin(0.05%) /EDTA(0.01%) (Gibco) for 15 minutes at 37°C. The tissue was
then disaggregated using a pasteur pipette, washed in phosphate buffered
saline (PBS) by centrifugation at 500 x g for 5 minutes, resuspended in MEM
supplemented with 20% FCS, and transferred to a 75cm? flask. Cells were
cultured at 37°C in a humidified atmosphere containing 5% CO,. To passage
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cells, monolayers were removed from the flasks by trypsinisation for 5 mins at
37°C, and split into further flasks at a ratio of 1:2 or 1:3. All experiments were
conducted using fibroblasts between passages 5 and 15.

2.1.3 Endothelial cell culture

Human umbilical vein endothelial cells (HUVEC) were harvested from umbilical
cords by collagenase treatment (0.1% in PBS, Sigma, Poole,U.K.) and grown to
confluence in fibronectin coated (2ug/cm2, Sigma) tissue culture flasks. HUVEC
growth medium consisted of Iscove's Modified Dulbecco's Medium (Gibco)
containing with 20% FCS, endothelial cell growth factor (25ug/ml, Sigma) and
heparin (25 U/ml; Multiparin, Wrexham, UK). The cells were passaged using
trypsin/EDTA (Gibco) and were used at passages 1-4. Culture of endothelial
cells was carried out by Dr. K. Yong, Dept. of Haematology, RFHSM.

2.1.4 Mycoplasma testing

The Genprobe mycoplasma detection kit (Eurogenetics, Twickenham, U.K.),
based on the detection of mycoplasma RNA in cell supernatants, was used to
routinely test cell lines and virus stocks for mycoplasma contamination. The
instructions supplied with the kit were followed. Briefly, cells to be tested were
passaged twice in antibiotic-free medium, and a 2ml aliquot of supernatant was
removed at least 3 days after the second passage. Cell debris was removed by
centrifugation at 500 x g for 5 minutes. The supernatant was then incubated
with a radiolabelled probe specific for mycoplasma RNA for 18 hours at 42°C.
The sample was then incubated at 42°C with the separation suspension
provided, followed by 3 washes in the wash solution provided. The resulting
pellet was resuspended in scintillation fluid, and the amount of radioactivity in
each sample was determined by scintillation counting. The percentage of
bound probe was calculated in relation to the amount of probe added, with
values of over 2.4% scored as positive. Virus stocks were tested in the same
way.
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2.2 VIRAL INOCULUM
2.2.1 Preparation of virus inoculum.

Human CMV strain AD169 (American Type Culture Collection, Rockville,
Maryland, USA) was harvested from the culture medium of infected fibroblasts
grown in MEM /4% FCS, clarified by centrifugation at 500 x g for 10 min, and
stored at -80°C. Stocks of virus inoculum were screened for mycoplasma using
the RNA kit as described above, and were all found to be negative.

2.2.2 Plaque assay of virus stocks.

Solutions used:

Methyl cellulose overlay: A 2% methyl cellulose solution was made by
autoclaving 10g methyl cellulose (Sigma) and 500m| distilled water in separate
bottles. These were then combined while still hot, and left stirring to allow the
powder to dissolve. The methyl cellulose overlay was made by combining 10ml
10x MEM, 30ml L-15 medium, 5 ml FCS, 3ml 7.5% sodium bicarbonate, 1 ml
antibiotic/antimycotic solution, and 0.5 ml L-glutamine. This was combined with
50 ml 2% methyl cellulose and mixed well by inversion several times. All tissue
culture medium components except FCS were supplied by Gibco.

Formal saline: 50 ml formalin, 4g sodium chloride and 450 ml distilled water
were combined at room temperature.

Procedure

HEL fibroblasts were seeded into 48 well plates (Falcon, Marathon Laboratory
Products, London, UK) at 5x1 0% cells/well. The virus stocks to be tested were
diluted serially in half log dilutions in MEM + 2% FCS and 100ul/well was
inoculated onto the monolayers when they were subconfluent. All experiments
were carried out in triplicate or quadruplicate. After 1 hour, the monolayers
were washed and overlaid with 0.5 mi of methyl| cellulose overlay. Plates were
incubated at 37°C in a humidified incubator for 10-14 days. The fibroblasts
were then fixed with formal saline for 30 minutes at room temperature, washed
thoroughly in distilled water, and stained with 0.03% methylene blue for 1 hour
at room temperature. The plates were then washed in water and allowed to dry.
Plaques appeared as dark blue areas, and were counted under a light
microscope. The number of plaque forming units per mil (pfu/ml) was calculated
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by counting the number of plagues in wells containing approximately 50
plaques, and applying the equation:

Mean number of plaques per well x virus dilution factor x 10 = pfu/ml of original
virus stock.

2.2.3 Preparation of virus free supernatants.

To remove the minimal amount of virus which was present in supernatant
harvested from infected cells at 2 and 3 days post infection, or from viral
inoculum, supernatant or inoculum was ultracentrifuged at 100,000 x g for 1
hour in a Beckman TLA-100 tabletop ultracentrifuge, using a TLA-100.3 fixed
angle rotor. The supernatant was then transferred to a fresh tube and
ultracentrifuged for a further hour. The resulting solutions were found to be free
of infectious virus by the lack of CMV IE antigen expression when inoculated
onto fibroblast monolayers (see below).

2.2.4 UV inactivation of viral inoculum

Tissue culture plates containing CMV inoculum were treated with UV light at
254nm for 10 minutes using a hand held UV light (Genetic Research
Instrumentation, Essex, UK). The process was carried out at 4°C to prevent
heating of the inoculum. The resulting inoculum was found to be free of
infectious virus by the lack of CMV IE antigen expression when inoculated onto
fibroblast monolayers (see below).

2.3 FLOW CYTOMETRY

2.3.1 Double and triple staining of lymphocytes for flow cytometric
analysis.

Aliquots of 2x10° cells were stained using the microplate technique (Janossy
and Amlot, 1987). Antibody incubations carried out in PBS containing 1%
bovine serum albumin (BSA) and 0.02% sodium azide (PBSA) at room
temperature for 15-30 minutes, followed by 5 washes in PBSA. Directly
conjugated primary antibodies were added at their saturating concentrations,
as determined by prior titration. The antibodies used for the staining of
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lymphocytes are shown in Table 2.2. In the case of biotin-conjugated antibodies
the second layer was a streptavidin-tricolour conjugate (Caltag, San Francisco,
USA). Unconjugated primary antibodies were detected using the isotype
specific secondary antibodies detailed in Table 2.3. Stained cells were fixed in
1%  paraformaldehyde (To prepare 8%  paraformaldehyde, 8g
paraformaldehyde was added to 100 ml PBS and heated to 70°C in a fume
hood for 2 hours. The solution was filtered (0.22um) and stored at 4°C. This
was diluted to 1% strength in PBS before use). Directly conjugated purified
mouse immunoglobins of the appropriate isotype were used at identical
concentrations to the primary antibodies as negative controls (Sigma).

2.3.2 Flow cytometric analysis of lymphocyte phenotypes.

For each sample, 5000 to 20,000 events were acquired using the Becton
Dickinson FACSCAN, and analysed using LYSIS Il software. Computer
graphics shown in this thesis were generated using WIinMDI software. A gate
was placed around the lymphocyte population based on forward and side light
scatter characteristics prior to analysis. In experiments involving mixtures of
fibroblasts and lymphocytes, the T and NK cell population was further identified
by expression of the CD2 marker. Most of the data presented in this thesis
refers to the percentage of lymphocytes positive for a particular surface
antigen. Positive and negative populations for each surface antigen were
calculated by the placing of a marker at the point considered to be positive,
which was determined by the maximum signal from cells stained with an
irrelevant antibody.

2.3.3 Flow cytometric analysis of fibroblast and endothelial cell surface
markers.

Aliquots of 2x1 0° cells were stained by indirect immunofluorescence using the
microplate technique. All staining was carried out in 96 well round bottomed
plates (Greiner, Stonehouse, Gloucestershire, UK) which had been siliconized
using Sigmacote (Sigma), to prevent cells sticking to the plate. All incubations
were carried out in PBSA at 4°C for 1 hour, in a 50ul volume, followed by 5
washes in 200ul PBSA. Cells were first blocked with a Fc fragment of human
IgG at 10ug/ml (Calbiochem, Nottingham, UK), in order to prevent possible
antibody binding to the CMV induced Fc receptor. Primary antibodies were then
added at their saturating concentrations, as determined by prior titration,
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followed by the secondary antibodies at their optimum concentration, and
fixation in 2% formaldehyde. Purified mouse immunoglobins of specific isotypes
were used as controls, at identical concentrations to the primary antibodies
(Sigma). The primary and secondary antibodies used are detailed in Tables 2.2
and 2.3. 5,000 to 20,000 events were collected using a logarithmic amplifier
and analysed using LYSIS |l software. The data was converted from logarithmic
values (Mean fluorescence intensity, MFI) to channel values using LYSIS II
software, and subsequently to fluorescence intensity units (FIU) for
presentation (see below).

2.3.4 Conversion of flow cytometry data to fluorescence intensity units
(FIU).

At a resolution of 1024 channels, using 4 log decades, an increase of 256
channels (1024/4) theoretically represents a 10 fold increase in brightness, but
in practice this value varies between different machines. Electronic test pulses
were used to determine the shift in channel values generated by a 10-fold
increase in signal brightness. Briefly, this was achieved by recording the mean
fluorescence intensity (MFI) of a given test signal, amplifying the signal by a
factor of 10 using the manually controlled amplifier on the machine, and
recording the MFI of the amplified signal. This provided a measure of the
increase in MFI which represented a 10 fold increase in brightness of the
signal, which was then converted to channel values. For our machine, using the
FL1 detector at 1024 channels resolution, this value was found to be 235
channels using the above method. The machine could also be calibrated using
fluorescent beads of known ‘brightness’, but the disadvantages of fading of
fluorescence over a period of time, and discrepancies between different
batches of beads led to our decision to use electronic test signals.

For each sample, the data was converted to channel values by the LYSIS I
software. Background fluorescence of identical cells stained with an irrelevant
antibody were subtracted from the values for the stained samples. The channel
values were then converted to fluorescence intensity units (FIU) using the
relationship FIU=10%?® where x is the change in median channel value of the
sample from that of the control cells (Watson, 1992). In this study, control cells
were uninfected or unstimulated cells stained for the molecule under
investigation, and FIU values thus represent fold increases or decreases from
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this value. Statistical analysis was performed on these values using the two-
tailed Student’s t-test.

An example of the method used to calculate FIU for each sample is shown:

Median channel value Median channel
(class | HLA expression) value- irrelevant

control value

Interferon treated cells 700 600
Uninfected cells 522 422
Change in channels (X) 178

0(xl235))

FIU (calculated from 1 5.72 fold increase

Examination of stained cells by fluorescence microscopy.

In order to check the staining pattern of cells analysed by flow cytometry,
aliquots of cells were applied to a poly-L-lysine (Sigma) coated glass
microscope slides. Slides were soaked in poly-L-lysine for 1 minute, washed,
and allowed to dry in air. Stained cells were applied to the slides and allowed to
dry, before mounting in Citifluor® (Citifluor, Canterbury, UK) (PBS-glycerol with
p-phenylenediamine to retard fading). Fluorescein labelled cells were examined
under an Olympus BH2 fluorescence microscope.

2.4 DETECTION OF CMV ANTIGENS BY
IMMUNOFLUORESCENCE

To confirm that the viral inoculum used resulted in 100% infection of fibroblast
monolayers, or to confirm the absence of virus from virus free inoculum or
supernatant, staining for CMV antigens was carried out, either by
immunofluorescence or flow cytometry. The antibodies used are shown in
Table 2.1.

2.4.1 Determination of percentage of infection by flow cytometry.

To determine the percentage of infection in a particular experiment, the cells
were removed from the plate at 24 hours post infection by trypsinisation, and
an aliquot of 2x1 0° cells was stained for CMV immediate early antigen (CMV
IE) using the monoclonal antibody E13. Trypsinised cells were washed in PBS,
and fixed at 4°C for 15 minutes in 66% acetone/34% PBS. The cells were then
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washed in PBS and a final concentration of 10ug/ml of fluorescein conjugated
monoclonal antibody specific for CMV IE diluted in PBS/1% BSA was added,
and incubated for 1 hour at 37°C. The cells were then washed twice in PBS/1%
BSA. For flow cytometric analysis 5000 or 10,000 events were collected on a
Becton Dickinson FACSCAN. After the exclusion of cell debris and dead cells
by application of a viable gate, two distinct peaks, representing cells positive
and negative for CMV IE antigen were seen. The percentage of infected cells in
the gated population was determined by placing markers around each of the
peaks using LYSIS Il software.

2.4.2 Determination of the percentage of infection by
immunofluorescence.

Preparation of slides

Fibroblasts for immunofluorescent staining were either grown in 8 well slide
chambers (Gibco), applied to poly-L lysine coated glass slides from cell
suspensions, or cytospin preparations were prepared from cell suspensions.
Slides were coated with poly-L-lysine (Sigma) by treatment for 10 minutes at
room temperature, to provide an adherent surface to which suspensions of
cells could be directly applied. Cytospin preparations were prepared using the
Shandon cytocentrifuge. Cells were resuspended in PBS at 1 x 10%ml, placed
in cytocentrifuge buckets, and centrifuged onto glass slides at 500 x g for 2
minutes.

Acetone fixation and staining

The slides were fixed in ice-cold acetone for 20 minutes at 4°C, and washed in
PBS for 5 minutes before the addition of antibody. Primary and secondary
antibody incubations were carried out in a dark humidified chamber at 37°C for
1 hour, followed by washing for 3 x 5 minutes in a bath of PBS between each
stage of staining. The Fc fragment of human IgG was used at 10ug/mi for 1
hour at 37°C to block possible reactivity of antibodies with the CMV induced
IgG Fc receptor. Murine monoclonal antibodies were used at their optimum
concentrations, as determined by prior titration. These were detected with a
FITC-labelled F(ab), fragment of goat IgG specific for mouse IgG (Sigma). The
staining was examined and photographed using the Olympus BH2 fluorescence
microscope, or the Biorad confocal scanning microscope. Assistance in the use
of this microscope was provided by Luci MacCormac, Department of Clinical
Immunology, RFHSM. This method was used for detection of CMV IE antigens
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or the CMV late antigen gB. The monoclonal antibodies used are listed in Table
2.1.

2.5 RECOMBINANT CYTOKINES AND NEUTRALISING
ANTIBODIES

IL-8, IL-6 and MCP-1 were purchased from R&D Systems (Abingdon, UK).
TNFo and IL-1B were purchased from Sigma. IFNB was purchased from
Serotec (Kidlington, Oxford, UK). The details of neutralising antibodies specific
for cytokines are shown in Table 2.4. The neutralising capacity of these
antibodies was tested against recombinant cytokines and is shown in the table.

2.6 CYTOKINE ELISA ASSAYS

2.6.1 Preparation of samples

Supernatant was removed from fibroblasts at a range of time points, and stored
at -80°C until all samples had been collected, when the cytokine assays were
performed. Separate wells (in duplicate or triplicate) were used for each time
point, thus the results presented represent cumulative amounts of cytokine
produced between the starting time and the time point indicated.

2.6.2 Sources and procedures of ELISA assays

The assays used for the detection of IL-6, IL-8, MIP-1a., MCP-1, RANTES, IL-4,
TNFa, IL-1B, G-CSF and GM-CSF were purchased from R&D Systems. The
assays were carried out following the instructions provided with the kits. A plate
was provided coated with the appropriate monoclonal antibody. Samples or
standard was added to each well and incubated at room temperature for 2
hours. Each well was then washed 3 times using a semi-automatic plate
washer. Horseradish peroxidase (HRP) linked secondary antibody was then
added to each well and incubated for 2 hours at room temperature, followed by
3 washes. Tetramethylbenzidine (TMB) and hydrogen peroxide were mixed
together immediately before use and added to each well. After 30 minutes the
reaction was stopped using sulphuric acid.

IFNB and IFNy immunoassay kits were purchased from Medginex (Fleuris,
Belgium). Assays were carried out according to the manufacturer’s instructions.
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Briefly, supernatants were added to microplates precoated with affinity purified
goat anti-human IFN or IFNy. Samples or standards were added to the wells
together with HRP labelled monoclonal antibody to human IFNB or IFNy. The
plate was incubated at room temperature for 2 hours on a microplate shaker.
The plate was then washed and colour was developed by addition of TMB
solution. The reaction was stopped using sulphuric acid. As IFNp is particularly
easily denatured by heat or physical forces, care was taken in the storage and
handling of the standards and specimens. Supernatants for testing were stored
at +4°C for no longer than 2 days prior to the assays.

For all assays the optical density at 450nm was determined using a microplate
reader (ICN Flow, Thame, Oxfordshire), with a reference wavelength of 595nm.
The concentrations of cytokines present in the samples were calculated using
Soft 2000 analysis software (ICN Flow), which linearized the data from the
standard curve by plotting a log/log graph, and determined the cytokine
concentrations in each sample from this curve.

2.7 USE OF ANTIVIRAL AGENTS
2.7.1 Antiviral agents

Ganciclovir (Cymvene, Syntex) and foscarnet (Foscavir, Astra) were obtained
from the pharmacy of the Royal Free Hospital. Ganciclovir was supplied as a
lyophilised powder which was reconstituted in saline to a concentration of 50
mg/ml, and was stored at room temperature for up to 1 month. Foscarnet was
supplied as a solution at 24mg/ml, and was stored at room temperature until
the expiry date printed on the package. Working dilutions of the above (in
MEM/4% FCS) were prepared immediately prior to use. The concentrations
used in this study were determined by the following experiments:

2.7.2 Titration of ganciclovir and foscarnet.

The concentration of each drug required to block late protein synthesis was
assessed by immunofluorescent staining of the treated infected cells using a
monoclonal antibody specific for the CMV late protein, gB, at three days post
infection. At this stage of infection, CMV late proteins are present only at low
levels in some cells, and cannot yet be detected in others. This time was
chosen as it coincides with the peak of adhesion molecule expression following
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CMV infection. It can be seen from Figure 2.1 that concentrations of both
ganciclovir and foscarnet from 1-100ug/ml substantially reduced glycoprotein B
expression in the culture, and detectable expression was totally inhibited by
ganciclovir at 10ug/ml, and foscarnet at 100ug/ml.

For experiments requiring ganciclovir treatment of cells for periods of up to 7
days, it was necessary to determine whether a single dose of ganciclovir would
be effective over this time period. Prevention of gB synthesis was used as a
measure of ganciclovir efficiency, alongside a measurement of production of
infectious virus (see below). Infected cells were treated with 50ug/ml of
ganciclovir immediately following infection, and stained for both CMV |E antigen
and gB expression at 7 days post infection. As can be seen from Figure 2.2 all
infected cells were expressing CMV IE antigen, either in the presence or
absence of ganciclovir. In contrast ganciclovir treatment of infected cells
completely abrogated gB expression at 7 days post infection.

As a second measure of the efficacy of one initial treatment with ganciclovir, a
plague assay was used to compare the amount of infectious virus produced by
ganciclovir-treated cells compared to untreated infected cells. Supernatant was
harvested from infected and ganciclovir-treated cells at 2, 4, 6, and 9 days post
infection, and the amount of infectious virus was determined as described in
section 2.7. The production of infectious virus over a nine day period was
almost totally abrogated by one initial treatment with ganciclovir at 50ug/mi
(Figure 2.3), and this concentration was subsequently used for experiments
involving treatment of the cells for up to 7 days.

57



Medium only Ganciclovir Vg/ml Ganciclovir Ganciclovir

10]ag/ml 100|ag/ml

l.;
Medium only Foscarnet Foscarnet Foscarnet
Vg/ml 10|Lig/ml 100|Ag/ml

Figure 2.1. Titration of ganciclovir and foscarnet. Fibroblasts were infected
with CMV at a multiplicity of infection of 2-4 PFU/cell. Immediately following
infection they were treated with ganciclovir at 1, 10 or 100 pg/ml, Foscarnet at 1,
10, or 100 |Lig/m, or with medium alone. At 3 days post infection the cells were
stained for the expression of the CMV late antigen, gB. The cells were
photographed using the Biorad confocal scanning laser microscope.
Magnification x400.
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Uninfected Infected + ganciclovir Infected, medium only

CMV [E antigen CMV [E antigen CMV IE antigen
Uninfected Infected + ganciclovir Infected, medium only
CMV late antigen CMV late antigen CMV late antigen

Figure 2.2. Efficacy of ganciclovir over a time period of 7 days. Cells were
treated with ganciclovir at 50|ig/ml immediately following infection. The cells were
stained for the expression of CMV IE antigen, and the CMV late antigen, gB, at 7
days post infection. The cells were photographed using the Biorad confocal
scanning laser microscope. Magnification x400.
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Figure 2.3. The production of infectious virus in the presence of

ganciclovir.
Cells were ganciclovir treated, or incubated with medium alone, as in Figure

2.2. The cell supernatants were harvested at 2, 4, 6 and 9 days post infection.
The amount of infectious virus present was measured using a plaque assay.
The bars represent the mean + SD from triplicate wells from a representative

experiment.
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2.8 ADHESION ASSAYS

2.8.1 Separation of peripheral blood mononuclear cells (PBMC)

Venous blood was collected from normal volunteers into heparinized tubes.
This was then mixed with an equal volume of Hank's Balanced Salt Solution
(HBSS), layered onto an equal volume of Lymphoprep (Gibco), and centrifuged
at 800 x g for 30 minutes. Lymphoprep is a solution comprising 9.6% (w/v)
sodium metrizoate, and 5.6% (w/v) Ficoll, resulting in a density of 1.077 g/ml
and osmolality of 280 mOsm. This permits sedimentation of erythrocytes, and
retention of the mononuclear cells at the interface. PBMC were harvested from
the interface and washed twice in HBSS. The cells were >99% viable by trypan
blue exclusion.

2.8.2 Removal of monocytes by adherence

PBMCs were resuspended at 5 x10° cells/ml in RPMI + 20% FCS, and placed
in a tissue culture flask. This was incubated for 2 hours at 37°C, which allowed
the monocytes to adhere to the base of the flask. The non-adherent cells were
removed by gentle swirling of medium over the base of the flask, and were
washed and resuspended in medium.

2.8.3 CD2+ve lymphocyte purification by negative depletion.

The Dynabead negative depletion technique was used to deplete the non-
adherent PBMC population of B cells, activated T cells, and any residual
monocytes not removed by the adherence stage. Cells were incubated with a
cocktail of anti-CD19 and anti-HLA DR antibodies, both in the form of
hybridoma supernatants. Dynabeads M-450 coated with goat antibodies
specific for mouse IgG (Dynal, Oslo, Norway) were used to remove the
conjugates using the Dynal Magnetic Particle Concentrator (MPC).

Antibody preparations were added to PBMCs at previously defined saturating
concentrations, and incubated for 30 minutes at room temperature. Unbound
antibody was removed by washing, and Dynabeads were added at a 2:1
bead/cell ratio in a total volume of 2ml RPMI + 2% FCS. To bring the beads into
close contact with the antibody coated cells, the tubes were spun at 800 g for 2
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minutes, and resuspended in the same supernatant. This was repeated 4
times. RPMI was then added to a total volume of 5§ mis and the tube placed on
the MPC for 2 minutes. The supernatant was removed to a new tube containing
fresh beads, and a second depletion was carried out in the same way. The
resulting cells were washed in RPMI, and resuspended at the required
concentration. This technique routinely produced >95 % pure CD2 +ve cells
when tested by flow cytometry.

2.8.4 Preparation of fibroblast monolayers for quantitative adhesion
assays.

The use of CMV infected cells in the adhesion assays posed additional
problems over adhesion assays using uninfected fibroblasts or transfected
cells, as the cells have a rounded morphology, and detach more easily from the
wells during the removal of non-adherent cells. Very careful washing of the
wells was necessary to minimise this as much as possible. The seeding density
of the cells was also important, and it was essential to seed infected cells at the
required density one day prior to the assay rather than infecting the cells when
already seeded in the 96 well plate. This was because efficient infection with
CMV monolayers requires subconfluent cells, which resulted in incomplete
coverage of the wells by the fibroblasts at three days post infection when the
adhesion assays were carried out. Seeding of infected and uninfected cells into
96 well plates one day prior to the assay allowed the formation of fully confluent
monolayers.

Fibroblasts in 25cm? tissue culture flasks were infected with CMV AD169 at a
multiplicity of infection (MOI) of 2-4 pfulcell, or left uninfected. After 2 days they
were trypsinised and seeded into 96 well flat bottomed plates at a concentration
of 4x10* cellsiwell, in 200pul of MEM/10%FCS. The plates were used for
quantitative adhesion assays on the following day ie. At 3 days post infection.
The cells formed confluent monolayers when seeded at this density.

2.8.5 Leucine labelling of lymphocytes.

Lymphocytes were washed and resuspended at 5 x 107 cells/ml in leucine-free
RPMI/1% FCS (ICN Flow). Tritiated leucine (L-leucine, [2,3,4,5—3H]; Amersham
International, Bucks.) was added at 50uCi/ml and incubated for 1 hour in a
37°C waterbath with occasional shaking. The cells were then washed twice in
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large volumes of RPMI and resuspended at the required concentration for use
in the adhesion assay.

2.8.6 Quantitative adhesion assay

Confluent fibroblast monolayers in 96 well plates were washed twice in warm
HBSS/ 1%FCS. The appropriate number of lymphocytes, in a 100ul volume of
RPMI (without FCS), was added to the fibroblast monolayers. The plates were
then centrifuged at 20 x g for 5 minutes, and incubated for 10 minutes at 37°C.
The wells were then gently washed 5 times with warm HBSS/1% FCS, and
centrifuged, the plate inverted, at 500 x g for a few seconds before a final wash.
The contents of the wells were solubilized with 50ul of 1% Nonidet P 40, and
the contents transferred to a filter mat for the counting of bound radioactivity
using the Wallac 1205 B plate counter. The radioactivity in aliquots of the
original T cell suspension was also counted, and the percentage of the original
population which had bound to each well was calculated. Triplicate or
quadruplicate wells were used for each condition. Statistical analysis was
performed on these values using the two-tailed Student’s t-test.

2.8.7 Visual counting of the number of adherent lymphocytes.

The quantitative adhesion assay was carried out as described above. Following
removal of the non-adherent lymphocytes from the plate by washing, each well
was photographed in order to count the number of adherent lymphocytes in
each randomly chosen field of view. The area counted was 1/4 of the total area
of each photograph, which contained approximately 100 fibroblasts. Triplicate
readings were obtained by counting three separate fields of view.

2.8.8 Activation of T cells for use in adhesion assays

Quantitative adhesion assays were carried out using lymphocytes which were
activated using three different stimuli. The lymphocytes were °H leucine
labelled as described previously and were then divided into four equal aliquots,
three of which were activated by the stimuli described below, and one of which
was used in a resting state.
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Resting T cells

The resting CD2+ve lymphocytes were stored on ice during the activation of the
T cells for other parts of the experiment. They were resuspended at 5x10°
cells/ml in RPMI with no serum added for use in the adhesion assay.

Cation-free T cells

Resting T cells, following °H leucine labelling, were washed twice in
HEPES/glucose assay buffer (20mM HEPES, 140mM sodium chloride, 2mg/ml
glucose, pH7.4) containing 1mM EGTA, and resuspended in this buffer at 5 x
10%ml for use in the adhesion assay.

CD3 activation.

*H leucine labelled resting T cells were resuspended at 5x10° cells/ml in
RPMI/10% FCS. They were incubated with an anti-CD3 monoclonal antibody
(Clone OKT3) at optimal concentrations (as determined by prior titration in
tritiated thymidine incorporation assays) for 30 minutes on ice, and washed
twice in RPMI/10% FCS. The cells were again resuspended at 5x10° cells/ml,
incubated on ice for 10 minutes with goat anti mouse IgG at a final
concentration of 2ug/ml (Serotec), to cross link the CD3 antibodies, thus
allowing activation of the cells to take place. Following a further wash in
RPMI/10%FCS, the cells were resuspended at a final concentration of 5x10%/mi
in RPMI containing 1% normal mouse serum. This was necessary to saturate
unoccupied binding sites of the goat anti mouse antibodies, and thus prevent
crosslinking of the T cells to the mouse monoclonal antibodies used for
blocking in the adhesion assay.

Magnesium activation of integrins.

The 3H leucine-labelled resting T cells were washed in HEPES/glucose assay
buffer. They were then resuspended at 5x106/ml in assay buffer containing
5mM Mg2+ and 1mM EGTA, and kept on ice throughout the procedure.

Phorbol ester activation.

The *H leucine labelled resting T cells were washed in HEPES/glucose assay
buffer and resuspenhded at 5x1 0%ml in the same assay buffer containing 1mM
Ca®*, 0.3mM Mg*, and 50nM phorbol 12,13 dibutyrate (PdBu), a phorbol ester
(Calbiochem). The lymphocytes were stored on ice throughout the procedure.
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The phorbol and magnesium activations were carried out immediately prior to
the addition of the lymphocytes to the fibroblast wells.

2.8.9 Antibody blocking of fibroblast adhesion molecules.

Blocking antibodies specific for ICAM-1 (clone 15.2, IgG1) or LFA-3 (Clone
TS/9, IgG2a), or IgG isotype controls were incubated with the fibroblasts for 1
hour at 37°C prior to the assay, and the excess antibody was removed by
washing the monolayers 3 times with warm RPMI, or HEPES/glucose assay
buffer for experiments using magnesium activation. The antibodies were
previously titrated in adhesion assays, and were found to have optimal blocking
function at 10ug/ml.

2.8.10 Qualitative adhesion assay

Larger scale adhesion assays using unlabelled lymphocytes were carried out to
facilitate the phenotypic analysis of the adherent and non adherent populations.
Fibroblasts were seeded in 6 well plates at 3x10° cellsiwell, and infected at a
MOI of 24 pfu/cell when subconfluent. CD2+ve lymphocytes were purified and
added to the fibroblasts at 5 x 10° cells/well. The plates were then incubated at
37°C for one hour after which the non adherent cells were removed by washing
the wells 3 times with HBSS containing 1% FCS. The adherent cells were then
detached from the fibroblasts by treatment with 0.563mM EDTA, and incubation
at 4°C for 15 to 30 minutes, followed by mechanical disaggregation of
remaining adherent cells. The lymphocytes were then stained and analysed by
flow cytometry as described in section 2.3.

2.9 LYMPHOCYTE PROLIFERATION ASSAYS

2.9.1 Establishment of ganciclovir and mitomycin C concentrations for
the suppression of fibroblast proliferation and viral DNA synthesis

In addition to mitomycin C treatment to arrest the growth of the fibroblasts, it
was necessary to use ganciclovir to prevent the synthesis of viral DNA by
infected cells. Ganciclovir is known to suppress the proliferation of
lymphocytes, so preliminary experiments were carried out in order to establish
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a concentration of ganciclovir which would suppress viral DNA synthesis but
would not interfere with lymphocyte proliferation.

Infected or uninfected fibroblasts were treated with mitomycin C (Kyowa Hakko
UK Ltd, London, UK) at 0, 1, 10 or 100 ug/ml at 37°C for 30 minutes, washed
three times, and seeded at 1 x 10* cellsiwell in 96 well flat-bottomed tissue
culture plates in RPMI/10% FCS. At each mitomycin C concentration,
ganciclovir was included in the medium at O, 1, 10 or 50ug/ml. Foliowing a four
day incubation, the plates were pulsed for 18 hours with 0.5 Mbq (13.5uCi) per
well of tritiated thymidine (Amersham International). The plates were harvested
using a Tomtec automatic harvester, and incorporated radioactivity was
measured using a Wallac 1205 B plate reader. The results are shown in Figure
2.4. Mitomycin C was subsequently used at 10 ug/ml as this reduced the
proliferation of uninfected fibroblasts to basal levels. Thymidine incorporation of
infected fibroblasts was reduced to basal levels by ganciclovir at 1ug/mi.

The effect of this concentration of ganciclovir on lymphocyte proliferation was
then investigated. PBMCs were seeded at 1 x 10° cells per well in 96 well, flat-
bottomed plates in RPMI/10% FCS. Ganciclovir was included at 1ug/ml.
Lymphocytes were activated by CD3 antibody (Clone OKT3) at its optimal
concentration, or with phytohaemagglutinin (PHA) at 0.5ug/ml, or were
unstimulated. The wells were pulsed with tritiated thymidine at days 2, 3, 4, and
5 post stimulation and the incorporation measured, as described above (Figure
2.5). The inclusion of ganciclovir at 1ug/ml did not aiter the proliferative
response to CD3 or PHA activation. Based on the results on fibroblast and
lymphocyte thymidine incorporation it was decided to use ganciclovir at 1ug/ml
for subsequent experiments.

2.9.2 Conditions for proliferation assays

Infected or uninfected fibroblasts were trypsinised at 3 days post infection,
treated with mitomycin C at 10ug/ml as described above, and seeded in 96 well
plates at 1 x 10* /well in RPMI/10% FCS containing 1ug/ml ganciclovir. Control
wells contained medium only. PBMCs were added at 1 x 10° cells/well in the
same medium. Anti-CD3 antibodies were added at their optimal concentrations
to the appropriate wells. Cells were pulsed with 0.5MBg/well for 18 hours at the
time points stated in the text and the amount of thymidine incorporation
measured.
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Figure 2.4. Titration of ganciclovir and mitomycin C.

Infected (I) or uninfected (U) fibroblasts were treated with mitoycin C at the
concentrations stated on the X axis and seeded into tissue culture plates. Cells
treated with each mitomycin 0 concentration were incubated in the presence of
ganciclovir at the concentrations shown on the legend. The plates were pulsed
with ftritiated thymidine at 4 days post incubation and the amount of
incorporated thymidine determined. The bars represent the mean + SD of

triplicate wells.

67



30000

————————
W —a— No Stim
—a— CD3
—e— PHA
—b— No stim + GCV
200004 ——cD3 + GCV
—o—PHA + GCV

10000-

3-H thymidine incorporated

w
£ -
o

Day post stimulation

Figure 2.5. The effect of ganciciovir on lymphocyte proliferation.

PBMCs were stimulated with either anti-CD3 antibodies, or PHA, or remained
resting. Cells were incubated either in the presence or absence of ganciclovir
(1ug/ml) for the times shown on the X axis, after which they were pulsed with
tritiated thymidine for 18 hours. Incorporated thymidine was then measured.
Each data point represents the mean + SD of triplicate samples.
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2.10 NEUTROPHIL MIGRATION ASSAYS

2.10.1 Preparation of endothelium coated cell culture inserts.

Endothelial cells were seeded onto fibronectin coated 6.5mm diameter millipore
(3 um pore size) cell culture inserts (Falcon). The formation of confluent
monolayers was verified the following day by microscopic examination. The
ability of the monolayers to act as a barrier was tested by measuring the
permeability to 'I-labelled BSA placed in the upper chambers and incubated in
parallel with the filters used for the transmigration assays. Equilibration of 1'%,
BSA across endothelium covered filters was consistently <5%, while that across
filters alone was >95% over a 2 hour period. The endothelial cell coated inserts
were prepared by Dr. K Yong, Department of Haematology, RFHSM.

2.10.2 Neutrophil purification

Neutrophils were purified from venous blood taken into preservative free
heparin by double density centrifugation (Histopaque 1119 and 1077, Sigma).
The gradients were prepared by underlaying first HBSS, then Histopaque 1077,
then Histopaque 1119, all in 10 ml volumes. The blood was then applied to the
top of the gradient. The tubes were centrifuged at 1800 x g for 45 minutes.
Neutrophils sedimented to the interface between the two density gradient
solutions, while PBMC were retained at the interface of the Histopaque 1077
and the plasma. The neutrophils were harvested from the interface and washed
twice in HBSS containing 2% FCS and 5mM glucose, at 700 x g and then at
400 x g for 10 minutes. Neutrophils obtained by this method were >95% pure
by microscopic examination and >99% viable by trypan blue exclusion.

2.10.3 Labelling of neutrophils

Neutrophil suspensions (5-10 x 10° cells/ml) were labelled with *'Cr (2mCi/10°
cells; Amersham International) at 37°C for 60 minutes with occasional agitation,
washed four times in large volumes of HBSS/FCS/glucose, and resuspended at
2-4 x 10° cells/m! in RPMI/10% FCS, for use in transmigration assays.
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2.10.4 Transendothelial migration assays

Confluent endothelial monolayers on cell culture inserts were washed 3 times in
warm medium, and placed in wells with fresh medium (RPMI/10% FCS),
supernatants from CMV infected or uninfected fibroblasts, or fMLP (10'7M).
Anti-IL-8 neutralising antibodies (R&D Systems) were used at 20 ug/ml where
stated in the text, and were incubated for 30 minutes at 37°C with the
appropriate medium before addition of the filter to the wells. As a positive
control, endothelial cells on filters were stimulated with 2ng/ml of IL-1p for 3
hours prior to the assay. *'Cr-labelled neutrophils (2-4 x10° cells in 100pl
volume/insert) were placed in the upper chamber, and the wells incubated for 2
hours in a humidified incubator at 37°C. Duplicate or triplicate wells were used
for each data point. At the end of the incubation, the cell culture inserts were
removed, and the lower surface was swabbed with a cotton wool tip, which was
counted together with the contents of the lower chamber, using a gamma
counter. The percentage of migrated cells was calculated by dividing the
radioactivity harvested from each well by the counts obtained from 100ul of the
original radiolabelled neutrophil suspension. Statistical analysis was performed
on these values using the two-tailed Student's t-test. Data from different
experiments were normalised such that the % migration of the control wells in
each experiment was designated as 100%.

2.11 T CELL MIGRATION ASSAYS

Endothelium coated cell culture inserts were prepared as described above. For
quantitative assays, 6.5mm inserts were used in 24 well tissue culture plates.
For phenotypic analysis of the migrated lymphocytes 25mm diameter inserts
were used in 6 well plates. For studies using 24 well plates, 5 x 10°
lymphocytes in 100ul of medium were added to each insert, while for 6 well
plates this was increased to 3 x 10° cells in 2mls of medium per insert.
Duplicate or triplicate wells were used for each data point. At the end of an 18
hour incubation the migrated cells were harvested and counted using a Cytoron
Absolute flow cytometer (Ortho Diagnostics Ltd, High Wycombe, U.K.). The
counting was carried out by Dr. Nicola Borthwick, Department of Clinical
Immunology, RFHSM. The results are expressed as the percentage of the
starting population which migrated. Phenotypic analysis of lymphocytes was
carried out as described in section 2.3.
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2.12 RNA ISOLATION AND NORTHERN BLOT ANALYSIS.
2.12.1 Working with RNA

RNA is very sensitive to degradation RNAses which are present in the
environment. For this reason all reagents used were prepared in
diethylpyrocarbonate (DEPC) treated MilliQ water, or solutions were DEPC
treated when made up. This was prepared by adding 1ml of DEPCllitre of water
or prepared solution, and incubating at 37°C for at least 4 hours, before
autoclaving to remove residual DEPC. This treatment destroys RNAses.
Wherever possible, equipment such as gel apparatus and boxes for incubations
were used for RNA work only, or were rinsed with a dilute solution of hydrogen
peroxide followed by DEPC treated water before use. Sterile plasticware, which
is RNAse free, was used wherever possible for the preparation of solutions.

2.12.2 Extraction of RNA

For the purification of sufficient mMRNA for northern blotting, a 25cm? flask of
fibroblasts was used for each stimuli or time point measured. Cells were
infected in the usual way, or treated with cytokines as detailed in the
appropriate experiments. RNA was purified using RNAzol B™ (Biotecx
Laboratories, Houston, Texas), a method which reduces the guanidium
isothyocyanate extraction and phenol chloroform extraction to a single step.
The method used was essentially as described in the protocol supplied by the
manufacturers. Cells were homogenised with RNAzol B solution before addition
of chloroform and centrifugation to separate the phenol chloroform and
aqueous phases. The aqueous phase containing the RNA was added to
isopropanol and centrifuged, resulting in the pelleting of the precipitated RNA.
The pellet was washed in 75% ethanol and dried under vacuum, before
resuspension in DEPC treated water. The absorbance at 260 and 280 nm was
measured to determine the amount of RNA present and its purity. A 260:280
ratio of 2 indicates pure RNA, free of protein contamination. The amount of
RNA present in the sample (in mg) was calculated from the formula:

Ayg = dilution factor x volume of RNA x 40
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2.12.3 Denaturing gel electrophoresis

A 1% agarose gel was made by combining 3g agarose with 230 mis DEPC
water. When the agarose was melted, 15 ml 20X MOPS running buffer (0.4M
MOPS, 0.02M EDTA, 0.2M sodium acetate, pH 7), and 54 ml formaldehyde
solution were added. The samples were adjusted so that between 7.5 and 10ug
RNA was loaded per lane of the gel, following dilution in RNA sample buffer
(7ul formaldehyde solution, 4ul 5X MOPS running buffer, 2ul ethidium bromide
solution from 1mg/ml stock, 20ul formamide, 2.5ul bromophenol blue). The gel
was run using precooled 1X MOPS, at 130 volts until the bromophenol blue had
migrated about 3 cm. The gel was then observed under UV light, and the 28S
and 18S bands could be seen. The gel was photographed to demonstrate
equal loading of samples. (Polaroid CU5 88-46 Land Camera). The gel was
then agitated in DEPC treated water for 30 minutes to remove formaldehyde.

2.12.4 Transfer of RNA to membranes

The RNA was transferred, overnight, to the nylon membrane (Boehringer
Mannheim, Lewes, East Sussex, UK) by capillary action. The gel apparatus
was used as a blotting apparatus, with the reservoirs filled with 20X SSC (3M
Sodium Chloride, 0.3M Sodium citrate, pH 7). The RNA was fixed to the
membrane by baking at 120°C for 20 minutes. The blot was then cut into pieces
for hybridising with individual probes, and sealed into hybridisation bags.

2.12.5 Principles of the digoxigenin (DIG) detection system.

The DIG detection system is based on the steroid hapten digoxigenin, which is
a plant product and thus avoids problems with background activity which are
encountered with other haptens. DIG labelled DNA probes are hybridised to
mRNA which is immobilised on a nylon membrane during northern blotting. The
hybrids are detected with an anti-DIG antibody (Fab fragment) conjugated to
alkaline phosphatase. The signal is detected using a chemiluminescent
substrate, CSPD®, followed by autoradiography. The DIG system was chosen
because of the safety of the technique in comparison to radioactive detection,
and the equally high sensitivity.
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2.12.6 Hybridisation with DIG-labelled oligonucleotides

The following reagents were used for the hybridisation stages:

¢ Buffer 1:- 0.1M maleic acid, 0.15M sodium chloride, adjusted to pH 7.5 with
solid sodium hydroxide)

e Blocking stock solution:- 10g Boehringer Mannheim blocking reagent,
100ml buffer 1, heated to dissolve.

o Buffer 2:- Blocking stock solution diluted 1:10 in buffer 1

e Buffer 3:- 0.1M Tris, 0.1M sodium chloride, 50mM magnesium chloride,
adjusted to pH 9.5 with hydrochloric acid.

¢ Hybridisation solution:- 5X SSC (0.75M sodium chloride, 0.075M sodium
citrate, pH 7.0; DEPC treated), 1% blocking reagent (1:10 dilution from
stock), 0.1% Sarkosyl, 0.02% sodium dodecyl sulphate (SDS).

The membrane was prehybridised by incubation at 42°C for 1 hour in
hybridisation solution. The solution was replaced with the DIG-labelled DNA
probe for the appropriate chemokine in the same buffer, and hybridised
overnight at 42°C. The blot was then washed in 2X SSC + 0.1% SDS for 2 x 5
minutes, and in 0.1X SSC + 0.1% SDS for 2 x 5 minutes. All steps were carried
out at 42°C.

2.12.7 DIG labelled probes.

DIG-labelled DNA probes (30 or 31-mer) specific for IL-8, MCP-1, RANTES,
MIP-1a, and B-actin mMRNA were used at 10ng/ml (R&D Systems).

2.12.8 DIG luminescence detection.

This was carried out using components from the Boehringer Mannheim kit No.
1363524, essentially as detailed in the manufacturers instruction sheet. All
steps were carried out at room temperature. The membrane was washed for 5
minutes in washing buffer (0.3% Tween-20 in buffer 1). The membrane was
blocked for 30 minutes in buffer 2, then incubated for 30 minutes in anti-DIG
antibody conjugated to alkaline phosphatase, diluted 1/10,000. The membrane
was then washed in washing buffer for 2 x 15 minutes, then equilibrated for 5
minutes in buffer 3. The lumingen was then diluted 1/100 in buffer 3. The
membrane was placed on a plastic sheet, and the substrate, CSPD®, added
(1ml/membrane). The membrane was covered with the plastic sheet, sealed to
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make a bag, and incubated at 37°C for 15 minutes. This was then exposed to
X-ray film for 1-2 hours. Further exposures were done depending on the initial
exposure. The signal was seen as a dark band on the X-ray film.

Ethidium bromide was included in each sample, enabling confirmation of equal
loading by densitometric analysis. IL-8 specific bands on X-ray film were
quantified by densitometric analysis (Biorad imaging densitometer) using the
Molecular Analyst program. Corrections were made for small differences in
loading by comparison with the -actin control.
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Table 2.1 Murine monoclonal antibodies specific for CMV antigens

Specificity Clone Isotype Source

CMV IE antigens 1 and 2 E 13’ IgG1 Biosoft, Paris, France

CMV IE antigens 1 63.27° 1gG1 Dr. W. Britt, Alabama, USA.

glycoprotein B (gB) 717" 1gG3 Dr. W. Britt, Alabama, USA.

(CMV late antigen)

! Suitable for flow cytometry or immunofluorescent staining on slides.
% Not suitable for flow cytometry.
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Table 2.2. Primary murine monoclonal antibodies used in this study,.

CD Alternative Clone Isotype Proposed Main expression  Source
number names function
class | HLA WE6/32 19G2a Antigen Macrophages, ATCC,
(Heterodimer) presentation dendritic cells,
fibroblasts,
endothelial cells
class | HLA PA 26 1gG1 Antigen As above ATCC
(Heterodimer) presentation
class Il HLA RFDR2 1gG2, Antigen B cells, RFHSM,
presentation monocytes,
dendritic cells
CD2 E rosette RFT11 19G2, Adhesion T cells, NK cells Prof. PCL
receptor, Tl molecule, T Beverley,
cell activation
CcD3 T3, Leud OKT3 IgG2a Signal T cells ATCC
transduction
CcD4 T4, Leu3 RFT4 1gG1 Signal T cell subset RFHSM
transduction
CcD8 T8, Leu2 RFT8 1gG1 Signal T cell subset RFHSM
transduction
CD11a LFA-1 a MEM- IgG1 Adhesion to All leukocytes Caltag
subunit 25 ICAM-1,2,3
CD16 FeyRIII B.E16 19G2, Low affinity NK cells, Serotecg
Fey receptor, granulocytes
ADCC
cD19 RFB9 1gG1 Signal B cells RFHSM
transduction
CD28 Tp44 L293 IgG1 Ligand for Most CD4+, Becton
B7.1, B7.2, subset of CD8+ T  Dickinson,
costimulation  cells
CD31 PECAM-1 9G11 IgG1 Adhesion Endothelial cells, R&D
molecule platelets Systems,
CD45RO LowMW form  UCHL1 19G2, Signal Memory T cells, Prof PCL
of CD45 transduction monocytes Beverley
(Tyrosine
phosphatase)
CD45RA CD45R, high SN130 IgG1 As above Naive T cells, B RFHSM
MW form of cells
CD45
CD45RB  T200 PD7 1gG1 As above Memory T cells, B Dakog

cells, monocytes
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Table 2.2 continued.

CcD Alternative Clone Isotype Proposed Main expression  Source
number names function
CD54 ICAM-1 BB1G-1 1gG1 Adhesion to Widespread R&D
LFA-1 Systems
CD54 ICAM-1 15.2 1gG1 As above As above Novacastra
10
CD56 Leu 19, NCAM NKH1A IgM Adhesion NK cells Coutter,,
CD57 Leu7 HNK1 IgM Unknown NK cells, T cell ATCC
subset
CDs8 LFA-3 TS2/9 19G2a Adhesion to Widespread ATCC
CD2
CD62E E-Selectin, BBIG- 1gG1 Adhesion Activated R&D
LECAM-2 E4 molecule endothelial cells Systems
cDé62L L-selectin, SK11 19G2a Adhesion Leukocytes Becton
LECAM-1 molecule Dickinson
CD69 Activation L78 1gG1 Activation Act. T and B cell, Becton
inducer NK cells, Act. Dickinson
molecule (AIM) Macrophages
CD106 VCAM-1 BBIG- 1gG1 Adhesion to Endothelial cells R&D
V1 VLA4 Systems

" The information in this table was taken from the 3™, 4", and 5™ International Workshops on Human

Leukocyte Differentiation Antigens

2 American Type Culture Collection, Rockville, Maryland, USA

® Produced by the Department of Clinical Immunology, Royal Free Hospital School of Medicine

* Prof. PCL Beverley, University College London.

® Caltag, San Francisco, USA
® Serotec, Kidlington, Oxford, UK
7 Becton Dickinson UK Ltd., Cowley, Oxford, UK

8 R&D Systems, Abingdon, UK
® Dako Ltd, High Wycombe, UK

'® Novacastra, Newcastle upon Tyne, UK

" Coutter Immunology, Luton, UK
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Table 2.3. Secondary antibodies used for fibroblast and lymphocyte
staining

Specificity Antibody type Fluorochrome Source
anti mouse 1gG goat IgG F(ab), fragment  FITC® Sigma’
anti mouse IgG1  sheep IgG F(ab), fragment FITC, PE” SBA“
anti mouse IgG2a sheep IgG F(ab), fragment FITC, PE SBA
anti mouse IgG3  sheep IgG F(ab), fragment FITC SBA
anti mouse IgM sheep IgG PE SBA

'Sigma Chemical Company, Poole, UK

2Southern Biotechnology Associates, Birmingham, Alabama, USA
®Fluorescein isothyocyanate.

“Phycoerythrin
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Table 2.4 Neutralising antibodies specific for cytokines

Cytokine Clone Antibody Neutralising activity Source

IFNB Rabbit 96 units neutralised 90% of the Lee

polyclonal activity.of 10 U of IFN[?, 960 units  Biomolecular
neutralised all the activity of 10 U

IFNp'
IL-1B B-A15 Mouse 1pg neutralised 200pg IL-1p° Serotec
IgG1
TNF-o B-C7 Mouse 1ug neutralised 50pg TNFo* Serotec
IgG1
IL-8 Goat 1ug neutralises 50% of the activity R&D Systems

3
pOchIonaI of 5ng IL-8

' 10 1U/mI of IFNB was added to fibroblasts and the induction of class | HLA was measured by
flow cytometry. The addition of anti-IFNB antibodies at the same time abrogated this increase
as stated.

2 200pg/ml IL-18 or 50pg/ml TNFa were added to fibroblasts and the induction of ICAM-1 was
measured by flow cytometry. The addition of the appropriate neutralising antibodies at the same
time totally abrogated this increase.

3 This figure was stated by the manufacturers.
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CHAPTER 3

THE EFFECT OF CMV INFECTION ON THE
EXPRESSION OF CLASS | HLA: DIFFERENTIATION
BETWEEN INFECTED CELLS AND BYSTANDER
UNINFECTED CELLS



Chapter 3. The effect of CMV infection on the expression of
class | HLA: differentiation between infected ceils and bystander
uninfected cells.

3.1 INTRODUCTION

CMV is epidemiologically linked with allograft atherosclerosis, allograft
rejection, and decreased patient survival following transplantation (Lopez et al.
1974; Rubin et al. 1985; Grattan et al. 1989). It is suggested that CMV infection
may contribute to these processes by the induction of MHC molecules in the
graft, which is associated with increased rejection (von-Willebrand et al. 1986;
Tuder et al. 1994). In support of this proposal, increased expression of class |l
HLA in CMV infected human kidney allografts (von-Willebrand et al. 1986), and
in rat kidney allografts (Ustinov et al. 1994) have been reported. However, in
vitro evidence suggests that CMV does not induce class Il HLA expression, and
may inhibit its induction by IFNy (Sedmak et al. 1990; Sedmak et al. 1994a).
The same group have also shown low class Il HLA expression in the lungs of
patients suffering from CMV pneumonitis (Ng-Bautista and Sedmak, 1995).
There have been conflicting reports regarding the effect of CMV infection on
class | HLA expression in vitro, with some investigators reporting upregulation
in a range of cell types (van-Dorp ef al. 1989; Tuder et al. 1991; Ustinov et al.
1991; van Dorp et al. 1993b; Tuder et al. 1994), and others reporting
downregulation, generally in fibroblasts (Barnes and Grundy, 1992b; Beersma
et al. 1993; Warren et al. 1994). It has recently been established that CMV
infection downregulates the expression of class | HLA in infected cells, due to
the expression of a CMV early gene product (US11) which promotes the
degradation of newly formed class | HLA molecules (Jones et al. 1995; Wiertz
et al. 1996). These findings suggest that CMV infection should reduce the
potential of the graft to present alloantigen rather than contribute to graft
rejection.

Despite the reduction of class | HLA expression and the absence of class i
induction, CMV infected endothelium stimulates proliferation of allogeneic T
cells in vitro (Waldman et al. 1992). It appears that the induction of
inflammatory cytokines produced by activated T cells mediates increased class
Il HLA and adhesion molecule expression on uninfected endothelial cells and it
is suggested that production of cytokines by activated T cells may be
responsible for upregulation of class Il HLA which has been shown in allografts
in CMV infected individuals (Waldman et al. 1993; Waldman et al. 1995a).
Class | HLA expression is also induced by cytokines produced by activated T
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cells, and additionally by IFNB, which is produced by infected cells in the
absence of lymphocyte derived cytokines (Lapierre et al. 1988; Grundy et al.
1988a). Induction of class | expression in the infected allograft may therefore
be a direct mechanism for the induction of alloreactivity.

The aforementioned studies reporting enhancement of class | HLA expression
following CMV infection derived their results from populations of cells
containing a large proportion of uninfected cells. In many cases this was
unavoidable due to the low percentage of infection which can be achieved in
cells other than fibroblasts using laboratory strains of CMV. In the light of the
recent results confirming the downregulation of class | HLA expression by CMV
infection, it is likely that the measurements of class | HLA in the studies where
class | HLA was upregulated were distorted by the presence of large numbers
of uninfected cells. However, it has also been reported that the immediate early
genes of HCMV transactivate the HLA-A2 promoter and increase gene
expression in the Jurkat cell line (Burns et al. 1993), so it is possible that a
direct increase in class | HLA expression takes place in other cell types,
particularly those which undergo only an abortive infection and thus do not
express early genes such as US11.

In the light of discrepant findings from different groups, it was important to
define the patterns of class | HLA expression on both infected cells and
uninfected bystander cells. This was achieved by investigating the CMV status
of infected and uninfected fibroblasts separated from mixed cultures by cell
sorting. Studies using neutralising antibodies specific for IFNB were also carried
out to determine the contribution of this cytokine to the upregulation of class |
HLA which was evident on ‘uninfected bystander cells. Although the
downregulation of class | HLA appears to be important in evasion of the host
immune response (Warren et al. 1994), the expression of class | HLA on
uninfected bystander cells is equally interesting, as the majority of cells in an
infected organ are uninfected.
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3.2 RESULTS

3.2.1 The relationship between CMV infection and class | HLA
expression.

To provide some information about the patterns of class | HLA expression in
infected and uninfected fibroblasts, populations of fibroblasts consisting of
varying proportions of infected and uninfected cells were generated. The class |
HLA expression and the expression of CMV I|E antigen were determined by
single colour flow cytometry.

Subconfluent fibroblast monolayers on duplicate plates were infected with a
virus inoculum which infected a high percentage of cells (5 pfu/cell, >95%
infection), and with two-fold dilutions of this inoculum (neat to 1/64) to a
minimum virus dose of 0.078 pfu/cell (16% infection). Cells from one plate were
stained for the expression of CMV IE antigen at 24 hours post infection. This
time point was chosen for CMV IE staining so that only cells infected by the
initial CMV inoculum were included, not cells infected by a second round of
infection. Cells from the second plate were stained for the expression of class |
HLA at 2 days post infection, as this was the first time point at which discrete
populations of class | HLAg, and class | HLA,,, expression could consistently
be detected. The cells were analysed by flow cytometry.

The expression of class | HLA decreased dramatically following CMV infection
in almost all cells in the population infected with the highest virus dose. In
cultures with lower levels of infection, the decrease in class | HLA on a
proportion of the cells was accompanied by an increase in class | HLA
expression on the remaining cells in the culture. The percentage of infection in
each population was determined by analysis of CMV |E antigen expression
(Figure 3.1a). The change in class | HLA expression on both populations of
cells resulted in the development of two distinct peaks of fluorescence (Figure
3.1b). The percentage of cells which were class | HLAq, or class | HLA,,, was
determined for each population. The percentage of HLA,,, cells was plotted
against the percentage of infected cells (Figure 3.2). A high degree of
correlation (r*=0.991) between the percentage of infection and the percentage
of cells which were class | HLA,,, was found.
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3.2.2 The expression of CMV antigens in the HLA; , and HLA,,,, cell
populations.

The previous experiments suggested that the class | HLA,, cell population
were infected cells, while the class | HLA,y, population were uninfected. In
order to confirm this, it was necessary to measure both surface class | HLA
levels and CMV status in the same cell. It was not possible to perform
simultaneous double staining for surface class | HLA and CMV antigens, as
conditions could not be established whereby the detection of the CMV IE
antigen, which is expressed in the nucleus, could be carried out without
affecting the levels of cell surface molecules. Although CMV glycoproteins can
be detected on the cell surface and in the cytoplasm at later stages of infection,
these are not present at the time points at which HLA downregulation initially
occurs, so could not be used as a marker of infection in these experiments.
Cells expressing high and low levels of class | HLA were therefore separated
using a fluorescence activated cell sorter (FACSORT, Becton Dickinson), and
the separated populations subsequently stained for the expression of CMV IE
or late antigens. The use of monoclonal antibodies of different isotypes for the
staining of class | HLA, CMV IE antigen and glycoprotein B allowed this to be
carried out using isotype specific secondary antibodies.

Mixed populations of infected and uninfected cells were stained at 3 days post
infection for surface expression of class | HLA, using the monoclonal antibody
W6/32 (IgG2a), followed by detection using PE conjugated isotype specific
secondary antibodies. The cells were then separated into two populations
based on either high or low expression of class | HLA. The sorting was carried
out by Dr. Mark Lowdell, Department of Haematology, RFHSM. Populations of
>90% purity in the case of HLA,, cells, and >95% purity in the case of HLA,
cells were purified using this method, as determined by subsequent flow
cytometric analysis. Profiles from a representative experiment are shown in
Figure 3.3. Cytospin preparations were made from each population of cells,
and stained with monoclonal antibodies specific for CMV IE (63.27, 1gG1) or
late proteins (gB, 7.17, IgG3), which were detected by FITC conjugated, isotype
specific secondary antibodies (Table 2.3). Visual examination showed that the
population of HLA,, cells was composed of cells expressing both CMV IE
(>90% of cells) and late antigens (approximately 25% of cells). The population
of HLAg, cells was composed primarily of uninfected cells, but had some
contamination by cells expressing IE antigen only (<10%). No cells expressing
late antigens were present in this population. The IE positive cells appeared to
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be cells which had recently become infected, due to the absence of CMV late
antigens, but may also have been present due to inaccuracy of the cell sorting
procedure. These results confiirmed that the phenotype of class | HLA,
represented the infected population, and that class | HLAg4, represented the
'uninfected bystander' cells.

3.2.3 The intensity of class | HLA expression on ‘uninfected bystander’
cells from mixed populations.

It can be seen from Figure 3.1 that class | HLA expression on the class |
HLAg, populations was higher than expression on uninfected fibroblasts. To
determine the magnitude of this increase, populations with approximately 50%
infected cells were generated, and stained for the expression of class | HLA.
The levels of expression on the class | HLA,g, populations from these mixed
populations were compared to the levels on cells from uninfected populations.
A profile from a representative experiment is shown in Figure 3.4(a). The
average levels of class | HLA on the HLA,g, population were significantly
increased in comparison to uninfected cells (mean fold increase = 4.64+0.67,
p=0.005, n=5 experiments) (Figure 3.4(b)). There were two possible
explanations for this increase. Firstly, a soluble factor released from infected
cells may have increased class | HLA expression on uninfected bystander cells.
Secondly, a component of the viral inoculum may have increased class | HLA
expression on those cells which did not become infected.

3.2.4 The effect of virus dose on the intensity of class | HLA expression
on infected and uninfected bystander cells.

Having demonstrated that class | HLA expression on ‘uninfected bystander’
cells was increased in comparison to uninfected cells, it was also of interest to
determine the relationship between virus dose and the amount of upregulation
on these cells. A soluble factor released by infected cells would be expected to
have a greater effect when the proportion of infected cells in the population is
higher. Whether viral dose affected the extent of downregulation of class | HLA
in the infected population was also investigated.

Cells were infected with virus inoculum at an MOI ranging from 0.078 to 5
pfu/cell. Staining was carried out at day 2 and day 3 post infection. The level of
class | HLA expression on the class | HLAq4, cells was increased as the
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proportion of infected cells in the population increased. Class | HLA expression
on uninfected bystander cells was higher at 2 days than at 3 days post infection
(Figure 3.5). Class | HLA expression on infected cells was decreased in a
proportion of cells at all virus doses used, corresponding with the percentage of
infected cells. There was little change in class | HLA downregulation on the
infected population in response to increasing virus dose (Figure 3.5).

3.2.5 Demonstration of increased class | HLA on uninfected bystander
cells using a dual chamber system.

The results from the previous section suggested that the increase in class |
HLA expression on uninfected bystander cells may be due to the release of
soluble factors by infected cells. To investigate this possibility, a dual chamber
system was used, in which uninfected cells growing on a semi-permeable
membrane (0.45um pore size) in a cell culture insert were exposed to soluble
factors released from infected cells growing in the same well.

Preliminary experiments were carried out to test the efficiency of transfer of
cytokines across the membranes. IL-1B (1ng/ml) or IFNB (100 IU/ml) was
added to fibroblasts in tissue culture plates, and monolayers of fibroblasts on
cell culture inserts were added to these wells and incubated for 24 hours.
ICAM-1 expression on cells exposed to IL-1B was comparable on cells on the
insert or in the plate, indicating efficient transfer of this factor across the
membrane. Transfer of IFNB was tested by the expression of class | HLA in a
similar way, and again similar levels were found on cells on both sides of the
membrane (Table 3.1).

To investigate the effect of soluble factors released from infected cells on class
| HLA expression on uninfected cells, cells growing in the plate were infected
for the usual one hour period, or left uninfected, and washed before addition of
a cell culture insert coated with uninfected fibroblasts. At 2 days post infection, .
fibroblasts from the plates and from the cell culture inserts were removed by
trypsinization and stained for class | HLA expression (Figure 3.6). Uninfected
fibroblasts which had been exposed to infected fibroblasts expressed increased
levels of class | HLA in comparison to uninfected fibroblasts (Mean fold
increase above uninfected levels = 1.22+0.036, mean+SEM, p=0.004, n=5
experiments). This suggested that a soluble factor was released by infected
cells which increased class | HLA expression on uninfected cells.

86



3.2.6 The effect of ganciclovir and foscarnet on class | downregulation
on infected fibroblasts.

Ganciclovir and foscarnet are antiviral agents used for the treatment of CMV
clinically. They allow immediate early and early gene expression, but inhibit the
viral DNA polymerase, thus preventing DNA replication and late protein
synthesis. We have used these agents to prevent CMV late protein synthesis in
infected fibroblasts, in order to determine whether late proteins were required
for the downregulation of HLA on infected cells.

Infected and control uninfected fibroblasts were treated with ganciclovir or
foscarnet at concentrations of 1, 10 and 100ug/ml, or left untreated. These
concentrations of ganciclovir and foscarnet were shown in section 2.7 to
abrogate CMV late protein expression, while permitting CMV IE expression.
Cell surface levels of class | HLA were analysed at 3 days post infection by flow
cytometry. Treatment of infected cells with ganciclovir or foscarnet did not affect
the downregulation of class | HLA which occurred following CMV infection. A
representative experiment is shown in Figure 3.7. These findings suggested
that CMV IE or early proteins were responsible for the downregulation of class |
HLA.

3.2.7 The effect of ganciclovir on the upregulation of class | HLA on
‘uninfected bystander’ cells in mixed populations.

It was important to determine whether ganciclovir treatment abrogated the
increase in class | HLA expression on ‘uninfected bystander’ cells, as this may
be important in vivo. Mixed populations of infected and uninfected fibroblasts
were generated by infection with CMV inoculum at an MOI of approximately 0.5
pfu/cell. Following infection, cells were incubated with ganciclovir (50ug/ml), or
with medium alone. Cells were analysed for the expression of class | HLA at 2
days post infection. The cells treated with ganciclovir formed two populations of
cells expressing high and low levels of class | HLA similar to the cells incubated
in medium alone (Figure 3.8). This showed that immediate early or early events
following infection were responsible for both the class | downregulation on
infected cells and the upregulation on ‘uninfected bystander’ cells.
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3.2.8 Detection of IFNS levels in CMV infected cultures.

It was suspected that the soluble factor responsible for class | HLA upregulation
on uninfected cells was IFNB, as this is known to be induced following CMV
infection of fibroblasts (Steinmassl and Hamprecht, 1994). To determine the
levels of IFNB produced under the conditions used in this study, IFNB levels
were determined by immunoassay of supernatants harvested from fibroblasts
infected at an MOI of 5 pfu/cell, and uninfected fibroblasts, at 6, 12, 24 and 48
hours post infection. IFNB was detected at 24 and 48 hours post infection in
supernatants from infected fibroblasts (3.4 IlU/ml; maximum level detected), and
was undetectable in supernatants from uninfected fibroblasts (Table 3.2). IFNB
production was also measured in cells infected with ‘purified’ virus preparations,
which were used to produce more concentrated viral inoculum. The maximum
amount of IFNB produced in response to this inoculum at 24 hours post
infection was 13.7 IU/ml (Figure 3.9).

3.2.9 The effect of recombinant IFNB on class | HLA expression.

In order to determine the levels of class | HLA induced by recombinant IFNp,
for comparison with the levels induced by soluble factors released from infected
cells, fibroblasts were treated with IFNB at concentrations of 1, 10 and 100
IU/ml and their expression of class | HLA was analysed by flow cytometry at
days 1 to 4 post treatment. Increases in class | HLA expression could be
detected from day 1 post treatment at all the concentrations used. Results are
shown for day 3 post treatment only, when class | MHC expression had
increased to a maximum of 5 fold the levels on untreated uninfected cells in
response to 100 IU/ml of IFNB (Figure 3.10).

The class | HLA levels achieved by treatment with IFN were similar to the
levels induced in cells exposed to infected fibroblasts in a dual chamber
system, but were significantly lower than the levels induced in ‘bystander
uninfected’ cells from infected cultures. It thus appeared that IFN or other
soluble factors released from infected cells could not account for all the
upregulation of class | HLA on ‘uninfected bystander’ cells.
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3.2.10 The role of IFN in the class | HLA upregulation on cells exposed
to infected cells in a dual chamber system.

To investigate the contribution of IFNB to the upregulation of class | HLA on
cells exposed to infected fibroblasts in a dual chamber system, identical
experiments to those in section 3.2.5 were carried out, with the inclusion of
neutralising antibodies specific for IFNB. The antibody added was sufficient to
neutralise at least 10 IU of recombinant IFNB, as tested in Table 2.4.
Fibroblasts were stained for the expression of class | HLA at 3 days post
infection. Increased surface expression of class | HLA took place on cells from
cell culture inserts which were incubated with infected fibroblasts, whereas no
increase took place on control cells incubated with uninfected fibroblasts, in
accordance with the results in section 3.2.5. The addition of anti-IFNB antibody
completely abrogated the increase in class | HLA which occurred on the cells
incubated with infected fibroblasts (Figure 3.12). In contrast, antibodies specific
for IL-1p and TNFa, added in sufficient quantity to neutralise 0.5ng/ml of their
respective cytokines (see Table 2.4), had no effect on the increase in class |
HLA on these cells. This suggested that the soluble factor released by infected
cells which was responsible for the increased class | HLA expression on
uninfected cells in the dual chamber system was IFNB.

3.2.11 Abrogation of Increased class | HLA on uninfected bystander cells
by blocking the activity of IFNp.

To determine whether IFNB was also responsible for the increased class | HLA
expression on uninfected cells in mixed populations of infected and uninfected
fibroblasts, neutralising antibodies specific for IFNB were also added to
experiments similar to those in section 3.2.3. Mixed populations of infected and
uninfected cells were generated, which were subsequently shown to contain
25-35% of infected cells. Neutralising antibodies specific for IFN were added
during and immediately following the 1 hour infection period. Fibroblasts were
stained for the expression of class | HLA at 3 days post infection. The addition
of anti-IFNB antibody significantly reduced the expression of class | HLA on
uninfected bystander cells, but not to the levels seen in uninfected cultures
(mean decrease = 63.3% + 3.78%, mean+SEM, p=0.002, n=3 experiments). A
representative experiment is shown in Figure 3.12. The reason for the
incomplete abrogation of the effect on class | HLA may have been due to
insufficient neutralising activity from the amount of antibody added, but this was
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unlikely, as the levels of IFNB produced by infected cells were never higher
than 13.7 IU/ml when measured, and the antibody was sufficient to neutralise
this amount of recombinant IFNB. It was not possible to test whether the
addition of a higher concentration of antibody would decrease the class | HLA
expression to uninfected levels, as a large quantity of antibody had been used
in the previous experiments, and unfortunately the source was no longer
available.

The results of these experiments suggested that most of the class | HLA
upregulation on ‘uninfected bystander’ cells was due to the action of IFNf
released by infected cells in the same well, but that some upregulation was
caused by other factors. A fundamental difference between this type of
experiment and the dual chamber experiments was that the uninfected
bystander cells had been exposed to viral inoculum alongside infected cells
during the initial infection. This suggested that a component of the inoculum
might be responsible for some of the class | HLA upregulation on the uninfected
bystander cells. Possible candidates are defective viral particles, which could
be present at high levels in viral inoculum, or other cytokines. Either factor
could perhaps explain the higher levels of class | HLA expression in ‘uninfected
bystander cells from infected wells, in comparison to cells exposed to
supernatants released by infected cells or treated with recombinant IFN.

3.2.12 The effect of UV inactivated CMV on the expression of cell surface
class | HLA.

UV inactivation destroys the ability of the virus to replicate, but virions remain
structurally intact. It was not expected that infection with UV inactivated virions
would lead to class | HLA downregulation, as this is a function of a viral gene
expressed at early times post infection. However, it was possible that UV
inactivated virions could induce expression of class | HLA on the treated cells
as was suggested in the previous section.

Cells were treated with CMV inoculum at an MOI of 2-4 pfu/cell, with an
equivalent aliquot of inoculum which had been UV inactivated, or remained
uninfected. Cells were stained for the expression of CMV IE antigen and
surface expression of class | HLA at 3 days post infection. Treatment of
fibroblasts with UV inactivated virus inoculum resulted in no detectable
expression of CMV IE antigen. However, surface expression of class | HLA was
significantly enhanced on cells treated with UV inactivated viral inoculum, in
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contrast to the decrease in class | HLA expression on cells infected with ‘
infectious virus (Figure 3.13). This shows that non infectious viral particles are
capable of causing upregulation of class | HLA on uninfected fibroblasts, and
supports the idea that defective particles in the inoculum may be partially
responsible for the upregulation of class | HLA on ‘uninfected bystander’ cells.

91



Table 3.1. Testing the action of recombinant cytokines across semi-
permeable membranes®. '

Cytokine Location of ICAM-1 Class | HLA
cells expression® expression”

None In well 1 1

IL-1B In well 5.04 Not done

1ng/ml

IL-1B On cell 5.83 Not done

1ng/ml culture insert

IFNB In well Not done 2.28

100 1U/mi

IFNB On cell Not done 2.21

100 IU/ml culture insert

°Fibroblasts were seeded in tissue culture plates or onto the semi-permeable
membranes of cell culture inserts. Recombinant cytokines were added to the
medium in the wells, and the cell culture inserts placed in the wells. Cells from
the wells and the inserts were removed by trypsinisation after 24 hours, and the

expression of ICAM-1 or class | HLA was measured by flow cytometry.

®Values represent the intensity of either ICAM-1 or class | HLA expression in
fluorescence intensity units in relation to the expression of each molecule on
uninfected, untreated cells, which has been assigned a value of 1.0. The results

shown are mean values from duplicate wells.
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Table 3.2. IFNp production following CMV infection®.

Hours post Infected Uninfected
infection

6 -ve -ve

12 -ve -ve

24 3.484 IU/m| -ve

48 2.743 IU/ml -ve

? Fibroblasts were infected with CMV at a multiplicity of infection of 2-4 pfu/cell,
or remained uninfected. Supernatants were harvested at the times post
infection indicated on the table, and assayed for the presence of IFNf by
ELISA. The results shown are mean values from duplicate wells for a
representative experiment.
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Figure 3.1. The effect of virus dose on the expression of class | HLA.

Duplicate plates of subconfluent fibroblast monolayers were infected with neat
viral inoculum, or two-fold serial dilutions of that inoculum, corresponding to an
MOI of 5 pfu/cell at the highest dose to 0.078 pfu/cell at the 1/64 dilution, or
remained uninfected. At 24 hours post infection cells from one set of plates
were removed by trypsinisation and stained for the expression of CMV IE
antigen (a). At 2 days post infection cells were stained for the surface
expression of class | HLA (b). The flow cytometric profiles from a representative
experiment are shown. Dead cells and cell debris were excluded by gating
using forward and side light scatter. Each axis is labelled with the dilution of
viral inoculum used for infection.
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Figure 3.2. The correlation between class | HLA downregulation and CMV
IE gene expression.

The percentage of cells positive or negative for CMV I|E antigen, and high or
low for class | HLA expression, at each virus dilution shown in Figure 3.1 was
determined by placing markers around the separate peaks. The percentage of
cells expressing CMV IE antigen has been plotted against the percentage of
cells which have low class | HLA expression. The data represents means of
triplicate values + SD for a representative experiment similar to that shown in
Figure 3.1.
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Figure 3.3. Cell sorting of class | HLA high and low populations.

Subconfluent fibroblast monolayers were infected with a virus dose insufficient
to infect all the cells in the culture. At 2 days post infection the cells were
removed by trypsinisation and stained for the surface expression of class | HLA
using the monoclonal antibody W6/32, and a PE conjugated isotype specific
secondary antibody for detection. 35% of the cells were found to express low
levels of class | HLA (a). The cells were then sorted on the basis of the class |
HLA expression using a Becton Dickinson FACSORT. Subsequent analysis of
the sorted populations by flow cytometry revealed that the cells sorted on the
basis of low HLA expression were >90% pure (b), while the cells sorted on the
basis of high HLA expression were >95% pure (c). Cytospin preparations of
these cells were subsequently stained for the expression of CMV IE and late
antigens (gB), and examined visually. Approximate percentages of cells
positive for these antigens in the sorted populations are shown alongside the
figures.
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Figure 3.4. The intensity of surface expression of class | HLA on
uninfected bystander cells.

Cultures were generated which contained approximately 50% infected
fibroblasts. At 2 days post infection the cells from infected cultures, and cells
from uninfected control cultures, were removed by trypsinisation and stained for
the surface expression of class | HLA. A marker was placed around the cells
from the mixed cultures (shown in black) expressing high class | HLA (M1), and
the fluorescence intensity was determined. This was compared to the intensity
of expression on cells from uninfected cultures (shown in white). A profile from
a representative experiment is shown (top panel). The bottom panel shows the
combined results from 5 separate experiments, in which the data are
expressed as fluorescence intensity units relative to the mean level of
expression on uninfected cells, which has been assigned the value of 1.0.
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Figure 3.5. The effect of virus dose on the intensity of class | HLA
expression on uninfected ‘bystander’ cells and infected cells.

Fibroblasts were infected with two-fold serial dilutions of viral inoculum ranging
from neat to 1/64. The percentage of infection shown on the x axis was
determined by staining replicate cultures for the expression of CMV IE antigen
at 1 day post infection. The remaining cultures were stained for the surface
expression of class | HLA at day 2 (top panel) and day 3 (bottom panel) post
infection. Dead cells and debris were excluded by gating, and markers were
placed on the low and high peaks of class | HLA expression, representing
infected and uninfected ‘bystander’ cells respectively, as shown in Figure 3.4.
The fluorescence intensity of the high and low HLA peaks from triplicate wells
of each culture are expressed as fluorescence intensity units relative to the
mean level of expression on uninfected cells, which has been assigned the
value of 1.0.
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Figure 3.6. Class | HLA expression of uninfected cells exposed to soluble
factors released from CMV Infected fibroblasts across a seml-permeable
membrane.

A dual chamber system was used in which cells were separated by a semi-
permeable membrane. Cells grown on the base of the well were infected or
uninfected as indicated, whilst those growing on the membrane insert were
uninfected. In the case of wells containing CMV infected cells, the membrane
inserts were added to the wells following the 1 hour virus adsorption period.
Cells were removed by trypsinisation 2 days after infection, and the cell surface
expression of class | HLA measured by flow cytometry. The results are
expressed as fluorescent intensity units relative to the mean level of expression
on uninfected cells grown on the base of the well, which has been assigned the
value of 1.0. The data shown is one of four representative experiments, each of
which was carried out in triplicate. The figure shows the mean and standard
deviation of the three replicates.
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Figure 3.7. The effect of ganciclovir or foscarnet treatment on class | HLA
expression on infected fibroblasts.

Fibroblasts were infected with CMV at an MOI of 2-4 pfu/cell, and treated with various
concentrations of ganciclovir (top panel) or foscarnet (bottom panel). Cells were
removed by trypsinisation 3 days post infection, and cell surface class | HLA
expression measured by flow cytometry. The results are expressed as fluorescent
intensity units relative to the mean level of expression on uninfected cells, which have
been assigned the value of 1.0. The data shown is one of three representative
experiments, each of which was carried out in triplicate. The figure shows the mean
and standard deviation of the three replicates.
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Figure 3.8. The effect of ganciclovir treatment on class | expression on
uninfected bystander cells.

Cells were infected with CMV at an MOI of 0.5pfu/cell (unfilled histograms), or
remained uninfected (filled histograms), and incubated with medium alone (top
panel) or medium containing ganciclovir at 50|ig/ml (bottom panel). At 2 days
post infection the cells were harvested by trypsinisation and stained for the
surface expression of class | HLA. Markers were placed around the high class |
HLA peaks as shown in Figure 3.4, and the fluorescence intensity was
determined. This was compared to the fluorescence intensity of uninfected
fibroblasts. Flow cytometric profiles from one representative experiment from
three independent experiments is shown.
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Figure 3.9. Production of IFNp by cells infected with CMV.

Cells were infected with 3 dilutions of a CMV preparation which had been
concentrated by ultracentrifugation and resuspended in medium. At 24 hours
post infection the supernatant was removed and assayed for the presence of
IFNp by ELISA. The data shown are mean * SD from triplicate samples.
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Figure 3.10. Effect of recombinant IFNB on class | HLA expression.

Following treatment with recombinant IFNB for 24 hours, fibroblasts were
stained for the surface expression of class | HLA. The results are expressed as
fluorescent intensity units relative to the mean level of expression on untreated
fibroblasts, which has been assigned the value of 1.0. The data shown are the
mean + SD from triplicate samples. '
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Figure 3.11. The role of IFNp in the class | HLA increase on uninfected
cells exposed to infected cells across semi-permeable membranes.

A dual chamber system identical to that described in Figure 3.6 was used.
Immediately following infection, neutralising antibodies specific for IL-ip, TNFa,
and IFNp were added to the infected wells as indicated on the figure, and
supplementary antibody (1/10 of the original concentration) was also added the
next day. Cells were removed by trypsinisation 2 days after infection, and the
cell surface expression of class | HLA was measured by flow cytometry. The
results are expressed as fluorescent intensity units relative to the mean level of
expression on uninfected cells grown on the base of the well, which has been
assigned the value of 1.0. The data shown is one of two representative
experiments, each of which was carried out in triplicate. The figure shows the
mean and standard deviation of the three replicates. The asterisks indicate
significantly increased (p<0.05) levels of expression compared to that on
uninfected cells.

104



No antibody
anti IFNp antibody

C

2 92

i

0

5

X g

%

G

0

Uninfected Uninfected IFN-p treated
ceils bystander cells cells

Figure 3.12. The role of IFNp in the class | HLA increase on uninfected
'‘bystander’ cells from mixed cultures of infected and uninfected cells.

Cultures were generated which contained approximately 50% infected
fibroblasts. Neutralising antibodies specific for IFNp were added to infected
cells both during and immediately following infection. Control cells were treated
with 10 |1U/ml recombinant IFNp to confirm the neutralising activity of the
antibody used. At 2 days post infection or treatment the cells from infected
cultures, and cells from control cultures, were removed by trypsinisation and
stained for the surface expression of class | HLA. A marker was placed around
the cells from the mixed cultures expressing high class | HLA, and the
fluorescence intensity was determined. The results are expressed as
fluorescent intensity units relative to the mean level of expression on uninfected
cells, which has been assigned the value of 1.0. The data shown is one of two
representative experiments, each of which was carried out in triplicate. The
figure shows the mean £ SD of the three replicates.
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Figure 3.13. The effect of UV inactivated virus on class | HLA expression.

Virus was UV inactivated and used to infect cells alongside infectious virus.
Cells were removed by trypsinisation 2 days after infection, and the cell surface
expression of class | HLA was measured by flow cytometry. The results are
expressed as fluorescent intensity units relative to the mean level of expression
on uninfected cells, which has been assigned the value of 1.0. The data shown
is one of three representative experiments, each of which was carried out in
triplicate. The figure shows the mean and standard deviation of the three
replicates. The asterisk indicates significantly increased (p<0.05) levels of
expression compared to that on uninfected cells.
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3.3 DISCUSSION

The results presented in this chapter provide evidence that class | HLA surface
expression was downregulated specifically on infected fibroblasts following
CMV infection, and was upregulated on uninfected cells which were exposed to
infected cells. The correlation of the percentage of infection with the percentage
of class | HLA,, cells provided indirect evidence that the virus infected cells
had specifically downregulated their class | HLA. In order to ascertain that this
was the case, cells with class | HLA,,, and class | HLA,g, expression were
physically separated by cell sorting, and double stained for the expression of
CMV antigens. Almost all of the cells with low class HLA showed expression of
CMV immediate early antigens, and around 25% expressed the CMV late
antigen, gB. The class | HLAg, population, in contrast, were predominantly
negative for CMV antigens, although a small proportion of the cells were
expressing CMV immediate early antigen. It is probable that the IE positive
cells were present due to inaccurate separation of the two populations by the
sorter, or that they had recently become infected and had not yet
downregulated their class | HLA, as there was no expression of CMV late
antigens in this population. These ‘uninfected bystander’ fibroblasts had higher
expression of class | HLA than uninfected fibroblasts. From this data it was
concluded that the downregulation of class | HLA is a direct effect of viral
infection, and that increased class | HLA is a secondary effect which occurs on
uninfected cells co-cultured with infected cells.

Since the completion of this part of the present study, similar conclusions have
been reached by another group (Steinmass! and Hamprecht, 1994) using
fibroblasts which were permeabilized with digitonin before double staining for
class | HLA and CMV antigens. In the latter study, virtually all cells with low
class | HLA expressed CMV antigens, as we have shown in the present study.
However, in the Steinmassl and Hamprecht study, the HLA,, population also
contained a large proportion of cells expressing CMV IE antigen, as opposed to
the results presented here, showing a maximum of 5% of CMV IE positive cells
in the HLA,q, population. The digitonin permeabilization of the cells before
staining in the latter study, as opposed to surface staining in the current study,
may be responsible for these differences. Class | HLA has been shown, by both
immunofluorescent staining and immunoprecipitation, to accumulate inside
infected cells, concomitant with decreased surface expression (Barnes and
Grundy, 1992a; Yamashita et al. 1993). It is thus possible that the cells
expressing both CMV IE antigen and high cytoplasmic class | HLA also had low
surface class | HLA expression. The differences may also have been due to the
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‘time point at which the cells were analysed. In the present study, the
experiments were carried out at 2 days post infection, before virus had been
released from the cells, in order to avoid secondary infection. In the Steinmassl
and Hamprecht study, cells were analysed at 3 days post infection, when virus
could already have been released from infected cells. The cells expressing high
levels of class | HLA alongside CMV IE antigen may therefore have been
recently infected but had not yet downregulated their class | HLA.

Several investigators have concluded that class | HLA was increased following
CMV infection (Grundy et al. 1988a; van-Dorp et al. 1989; van Dorp et al.
1993b; Ustinov et al. 1991; Tuder et al. 1991; Tuder ef al. 1994). However, in
these studies, the levels of class | HLA expression were measured by
techniques which provided an average reading of the intensity of expression on
a population of cells. In retrospect it seems obvious that the readings were
flawed by the contamination of the cultures with a large proportion of uninfected
cells which skewed the readings and gave an overall impression of an increase
in class | HLA, due to the high levels on uninfected bystander cells. From the
experiments presented here, examining the effect of different dilutions of virus
inoculum on class | HLA expression, it was clear that two different populations
of cells, with high and low levels of class | HLA, were present in fibroblast
populations infected at a low MOI, and that it was essential to use either flow
cytometry or fluorescent microscopy to determine the class | HLA expression
on each population separately.

In the present study we have shown that IFNB was released by infected cells,
and was responsible for at least some of the upregulation of class | HLA on
‘uninfected bystander’ cells. The addition of anti-IFN antibody to dual chamber
experiments abrogated class | HLA upregulation on uninfected cells exposed to
soluble factors released from infected cells. However, in mixed populations of
infected and uninfected fibroblasts, the addition of anti-IFNB antibody, both in
the viral inoculum and during the subsequent culture period, did not completely
reduce the class | HLA expression on uninfected bystander cells to uninfected
cell levels. It was unlikely that insufficient antibody was the cause of the
incomplete abrogation of the effect, as the antibody had been tested against
recombinant IFNB. Furthermore, the successful abrogation of class |
upregulation on cells from dual chamber experiments, using an identical
concentration of anti-IFNB antibody, suggested that the amount of antibody
used was in excess. The incomplete abrogation of class | HLA upregulation on
uninfected bystander celis therefore supports the idea that the fraction of the
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class | HLA upregulation not neutralised by anti-IFNB antibodies was caused by
another constituent of the viral inoculum.

A similar type of experiment performed by another group (Steinmassl and
Hamprecht, 1994), also showed incomplete abrogation of class | HLA
upregulation on uninfected bystander cells following incubation with a
neutralising antibody specific for IFNB. Thus it is possible that other cytokines
capable of upregulating class | HLA are released by infected cells, or that
another component of the viral inoculum is responsible. Candidates for this
activity are defective or non infectious virus particles. Others have shown a
discrepancy between the magnitude of the class | HLA upregulation on
uninfected bystander cells in mixed cultures, and the upregulation seen using
supernatant transfer, and suggested that this was due to the presence of
incomplete or defective viral particles, which are known to be a major
component of the viral inoculum (Kobayashi et al. 1995). However, these
authors did not formally demonstrate the role of either IFNB or incomplete viral
particles in the process. The increase in class | HLA expression in response to
UV inactivated virions in the present study further supports the idea that
defective virus particles may be capable of inducing the class | HLA
upregulation. This may occur via the induction of IFNB mediated by UV
inactivated or non infectious viral particles, or by the action of a virion structural
protein.

The current influx of reports of downregulation of class | HLA by different
viruses suggests that the process is instrumental to the development of
persistent viral infections (Rinaldo, 1994). Resistance to CTL lysis by CMV
infected fibroblasts has been shown in vitro, using HLA A2.1-restricted CD8+ve
CTL clones and MRC-5 fibroblasts (which are HLA A2.1 positive) exogenously
loaded with influenza virus matrix protein peptides. Infection of the fibroblasts
resulted in a decrease in specific lysis, which was evident from 20 hours post
infection, and persisted throughout the infection. This effect was also found in
the presence of phosphonoformate (foscarnet), demonstrating that the class |
downregulation was mediated either by immediate early or early proteins, but
did not occur following treatment with UV-inactivated viral inoculum (Warren et
al. 1994). These findings correlate with the findings from the present study, as
class | HLA was downregulated in the presence of ganciclovir and foscarnet,
and was not downregulated by UV-inactivated virions. Presentation of
constitutively expressed endogenous peptides and recognition by alloreactive
CTL clones, was also decreased by CMV infection, although alloreactivity was
sustained for longer than peptide specific reactivity (Hengel et al. 1995). That

109



such a severe decrease in specific lysis occurs following CMV infection is an
indication of the potential inmune evasion by CMV infected cells, as it is known
that only a few hundred class | HLA molecules per cell are required to render a
target cell susceptible to T cell killing. The ability of the infected cell to process
structural proteins of the incoming virions and present them via the class |
pathway appears to be an adaptation of the host to the efficient downregulation
of the class | HLA peptide presentation pathway which occurs at early time
points following infection (Riddell ef al. 1991).

It has been shown that pre-treatment of fibroblasts with the cytokines IFNy,
TNF-a, and type | interferons (IFNa and B) can compensate for the negative
effect of CMV infection on class | HLA expression, but cannot restore defective
antigen presentation in cells which are already infected (Hengel et al. 1995).
Although the mode of action of these cytokines is not clear, it appears that they
enhance the production of class | HLA molecules, and maintain the stability of
the mature complexes. The abrogation of the downregulation of class | HLA by
cytokines may explain the paradoxical findings of the important role for CMV
specific CTLs for protection from CMV disease in vivo, alongside resistance to
CTL lysis by CMV infected fibroblasts in vitro. In normal individuals the immune
system may compensate for the actions of CMV in decreasing downregulation
of class | HLA, by producing the appropriate cytokines, and thus prevent severe
disease. The production of IFNB by infected fibroblasts would be expected to
affect class | HLA downregulation in cells undergoing secondary infection from
neighbouring infected cells. Pre-treatment of fibroblasts with supernatants from
infected fibroblasts prior to infection was reported to have a protective effect on
downregulation of class | HLA (Hengel et al. 1995). However in our experience,
in cultures with less than 100% infection, the uninfected cells in the culture
gradually decrease their class | HLA expression over a period of days (data not
shown). It is possible that the release of IFN from the infected cells in such
cultures does not precede the release of infectious virus by a sufficient time
period, but such a mechanism may have a protective role in vivo.

The increased expression of class | HLA on neighbouring uninfected cells may
be important in allograft rejection in vivo, as in infected organs only a small
proportion of the cells are infected. That this occurs in vitro in the presence of
ganciclovir may be important for the understanding of in vivo observations.
Increased expression of class | HLA by uninfected cells in allografts may lead
to recognition of the allograft as foreign by the host immune system. It was
shown in the previously mentioned study (Hengel et al. 1995) that lower
concentrations of cytokines restored the reactivity of alloreactive T cell clones
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than that required by peptide-specific clones, suggesting that alloreactive cells
have different activation requirements than peptide specific clones. In the
following chapter changes in adhesion molecule expression have been
investigated following CMV infection, as adhesive interactions between
lymphocytes and target cells are important in the recognition of infected cells by
T cells.
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CHAPTER 4

ADHESION MOLECULE UPREGULATION FOLLOWING
CMV INFECTION: CYTOKINE MEDIATED OF DIRECT
VIRAL EFFECT?



Chapter 4: Adhesion molecule upregulation following
cytomegalovirus infection: cytokine mediated or direct viral
effect?

4.1 INTRODUCTION

The cellular immune system plays an important role in the host response to
viral infection generally, and to CMV infection specifically. Adhesion molecules
are important in the migration of leukocytes into tissues, and for the activation
of T cells which specifically recognise a foreign peptide presented on a class |
HLA molecule. It is well known that the use of antibodies or soluble ligands to
inhibit interactions between adhesion molecules on leukocytes and target cells
has a profound effect on lymphocyte function. In recent years, there has been
considerable interest in the alteration of the constitutive expression of adhesion
molecules following CMV infection. Since the initial report from this laboratory
demonstrating the upregulation of ICAM-1 and LFA-3 on the surface of CMV
infected fibroblasts (Grundy and Downes, 1993), other reports of increased
adhesion molecule expression in a range of cell types infected with CMV have
been published, but the mechanisms involved have not yet been identified
(Sedmak et al. 1994b; Ito et al. 1995a). Adhesion molecule upregulation at sites
of inflammation in vivo is generally believed to occur as a result of the secretion
of inflammatory cytokine by T lymphocytes and monocytes. The upregulation of
adhesion molecules following CMV infection in vitro takes place in the absence
of lymphocyte derived cytokines, and could result from: 1) cellular activation
initiated by virus binding to the cell membrane, which also occurs in response
to non-infectious virions (Boldogh et al. 1990; Albrecht et al. 1992); 2) the
action of viral proteins produced during the replication cycle; or 3) the effects of
cytokines either present in the viral inoculum or produced by infected cells
(Span et al. 1991).

In this chapter we have investigated whether the upregulation of ICAM-1 and
LFA-3 expression is a direct effect of virus infection, whether infectious virus is
required, and if there is a role for cytokines which may be induced following
CMV infection. An effect mediated directly by the virus would be restricted to
infected cells only, whereas increased adhesion molecule expression regulated
by cytokines may lead to a widespread induction on surrounding cells, with
potentially important consequences for the cell surface signals encountered by
leukocytes in CMV infected tissues. The differentiation between the two was
important, as in vivo only a small proportion of the cells in tissues are infected.
Ganciclovir and foscarnet are currently used for the treatment/prophylaxis of
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CMV infection in transplant recipients and other immunocompromiéed patients.
They are specific inhibitors of CMV late protein synthesis, and have minimal
effects on host cell proteins. The effect of these agents on adhesion molecule
upregulation may have implications for the design of strategies for the
treatment and prevention of CMV disease, and in particular on whether
effective antiviral therapy would be likely to affect pro-inflammatory activities of
the virus. The effect of these agents on the CMV induced upregulation of
adhesion molecules has therefore been investigated.
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4.2 RESULTS

4.2.1 Characteristics of cell surface expression of LFA-3 and ICAM-1
following CMV infection of fibroblasts.

To confirm that LFA-3 and ICAM-1 were upregulated following CMV infection,
infected and uninfected fibroblasts were analysed for the expression of these
two adhesion molecules. Cells were infected at an MOI of 2-4 pfu/cell for this
and all subsequent experiments except where a different viral dose is stated in
the text. This virus dose resulted in 100% infection of the fibroblast population
when tested by staining for CMV immediate early antigen. Levels of adhesion
molecules on infected cells throughout this chapter are expressed in
fluorescence intensity units (FIU), relative to the levels of each molecule on
uninfected control cells at the same time point.

Cells were stained at 3 days post infection, as this was previously shown to be
the time when adhesion molecule expression peaked following CMV infection
(Grundy and Downes, 1993). Figure 4.1 shows the characteristic forward and
side light scatter profiles of uninfected and CMV infected fibroblasts at 3 days
post infection. The cell population was gated to exclude dead cells and debris
from the subsequent analysis.

LFA-3 expression on the population of uninfected fibroblasts was represented
by a single peak that was slightly brighter than the background
autofluorescence of the cells, or cells stained with an irrelevant control antibody
(Figure 4.1). Infection of the fibroblasts resulted in an increase in the intensity
of staining for LFA-3, exemplified by the shifting of the peak to the right. The
resulting profile showed a tighter distribution of LFA-3 expression among the
population of infected cells compared to the uninfected cells (Figure 4.1).

ICAM-1 expression was present at higher background levels on uninfected cells
than LFA-3 expression. The uninfected cells showed a wide distribution of
levels of ICAM-1 among the population, as shown by a broad flow cytometric
profile (Figure 4.1). At 3 days post CMV infection, the profile of ICAM-1
expression was represented by a much tighter peak, at a higher intensity than
that found on uninfected cells (Figure 4.1).
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4.2.2 Visualisation of increased ICAM-1 and LFA-3 expression on
infected and uninfected fibroblasts.

When using flow cytometry, it is always important to examine the stained cells
using a fluorescence microscope, in order to ensure that the values for intensity
of expression of a molecule generated by the flow cytometer are accompanied
by the correct staining pattern on the cells. In the case of surface staining, it is
of paramount importance that the antibodies have not permeated the cells, and
that the results obtained are in fact a measure of surface intensity. As a
characteristic of CMV infection is the generation of ‘cytomegalic’ or enlarged
cells, it was particularly important to examine the adhesion molecule expression
microscopically. It was possible that the increased fluorescence detected by the
flow cytometer did not represent an increase in the density of the molecules on
the cell surface, but was merely a function of the increase in cell size or
autofluorescence. In order to visualise the density of expression of each
molecule on the cell surface, samples of the cells stained for flow cytometric
analysis were also examined by confocal scanning laser microscopy.

Microscopic examination confirmed that the cells were stained on the surface
only. ICAM-1 expression could be seen on uninfected cells, and reflected the
wide range of intensities represented by the broad flow cytometric profiles. The
intensity of fluorescence on infected cells stained for ICAM-1 appeared to be
more uniform among this cell population, and was considerably brighter, than
that on uninfected cells, confirming the flow cytometric results (Figure 4.2). In
the case of LFA-3, the level of staining on uninfected cells could not be
distinguished from unstained cells by microscopic examination. However,
infected cells stained for LFA-3 displayed brighter fluorescence as a ‘ring’
around the cell surface (Figure 4.2). The fact that both molecules appear to be
present at a greater density on the cell surface despite the obvious increase in
cell size and change in cell shape, and hence surface area, confirms that the
increase detected by flow cytometry reflects a true increase in the density of
expression of LFA-3 and ICAM-1 on the cell surface.

4.2.3 The effect of recombinant cytokines on ICAM-1 expression.

IL-1B and TNFo are known to upregulate ICAM-1 expression. In order to

compare the ICAM-1 levels on CMV infected fibroblasts with those induced by
recombinant cytokines, cells were treated with recombinant IL-13 or TNFa at

concentrations between 0.0001 ng/ml and 10 ng/ml, and their ICAM-1 levels
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measured by flow cytometry at 24 hours post infection. A representative
experiment is shown in Figure 4.3. ICAM-1 expression in response to IL-1p was
maximal at 1ng/ml (2.2 +0.9 FIU; mean + SD). In contrast, ICAM-1 expression
in response to TNFa continued to increase up to the highest dose tested,
10ng/ml (3.6 + 0.5 FIU). At levels of IL-1f and TNFa in the picogram range
(0.0001-0.01 ng/ml), ICAM-1 levels were not significantly increased above
control levels (p<0.05). Significantly higher levels of ICAM-1 expression were
achieved by treatment with TNFa than IL-18 at all concentrations above
0.01ng/ml (p>0.05). Cells from the above experiments were also stained for cell
surface LFA-3, but this was not increased by treatment with any of these
cytokines (data not shown).

Over a number of experiments, the average fold increase in LFA-3 expression
on infected cells relative to uninfected levels was found to be 4.17 + 0.254
(mean + SEM, n=12, range=2.88-5.62). The average increase in ICAM-1
expression on infected cells was 3.15 fold + 0.45 (n=10, range=1.9-6.26)
(Figure 4.4). That the CMV induction of ICAM-1 was of similar magnitude to the
induction by inflammatory cytokines suggested that CMV is indeed a very
potent stimulator of ICAM-1.

IFNB has been reported by some groups to upregulate ICAM-1 expression in
human embryonic lung fibroblasts (Shen et al. 1995), whereas data from others
is not in agreement with this (Dustin et al. 1986b). To test the effect of IFNB on
ICAM-1 expression, cells were treated with recombinant IFNfB at concentrations
of 1, 10 and 100 IU/ml, and their ICAM-1 levels measured by flow cytometry at
days 1 to 4 post treatment. There was no significant increase in the surface
expression of ICAM-1 from uninfected control cells under any of these
conditions (data not shown).

4.2.4 The relative roles of virions and cytokines from CMV inoculum on
adhesion molecule upregulation.

CMV inoculum is harvested from infected cells, and thus contains cytokines
and other factors released from infected cells, in addition to viral particles. To
investigate the role in the adhesion molecule upregulation of the virus and of
the other factors from the inoculum, virions were removed from the inoculum by
ultracentrifugation prior to ‘mock infection’ of fibroblasts, and the virus free
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inoculum and the ‘purified’ virions were tested separately for their effect on
adhesion molecule expression.

Fibroblasts were treated with virus free inoculum, ‘purified’ virions, or
unprocessed viral inoculum for 1 hour, or remained uninfected. Cells were
analysed by flow cytometry for the expression of CMV IE antigens, and for
surface expression of ICAM-1 and LFA-3 at 3 days post infection. The cells
infected with unprocessed infectious viral inoculum or ‘purified’ virus showed
>95% infection. Cells infected with unprocessed viral inoculum showed
upregulation of both ICAM-1 and LFA-3 to 2.2 and 4.9 fold the uninfected
levels, respectively, in the experiment shown. Levels of expression of these
molecules induced by treatment with purified virions were not significantly
different from these values (p>0.05) (Figure 4.5). In contrast, cells treated with
virus free inoculum showed no expression of CMV IE antigen, and no
upregulation of ICAM-1 and LFA-3 surface expression in comparison to levels
seen on uninfected cells. These results suggested that virions alone were
sufficient to induce the upregulation of ICAM-1 and LFA-3, and that cytokines in
the inoculum were not responsible for the effect.

4.2.5 UV inactivation of CMV inoculum.

UV inactivation damages the viral DNA by the formation of thymidine dimers,
thus preventing viral replication. However, the virions are still able to bind to
cells as their proteins are relatively unaltered by such treatment. Treatment of
cells with UV inactivated virions was therefore used to test whether viral
infectivity was required for the induction of adhesion molecule expression, or
whether early activation events resulting from virus binding to the cell were
sufficient.

Cells treated with UV irradiated inoculum for the usual 1 hour infection period
were stained for the expression of CMV IE proteins, and adhesion molecule
expression, at 3 days post infection. Cells treated with UV inactivated inoculum
showed no expression of CMV I|E antigens, confirming effective inactivation of
viral infectivity. They also showed no increase in adhesion molecule expression
above that found on uninfected cells (Table 4.1). This result suggested that
some degree of viral protein expression was required for adhesion molecule
upregulation to take place.
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Cytokines present in the viral inoculum would not be expected to be affected by
UV treatment. To confirm that this was the case under the conditions used
here, cells were treated with IL-1p or IFNB which had been subjected to
identical UV irradiation as the viral inoculum. Cells treated with these cytokines
manifested the appropriate biological effects of these cytokines, namely the
induction of ICAM-1 (for IL-1B) or class | HLA induction (for IFNB), whether the
cytokines were irradiated or not (Table 4.1). This suggested that other
cytokines in the inoculum would probably also not be affected by UV irradiation,
and thus agreed with the previous result showing that cytokines present in the
inoculum were not responsible for adhesion molecule upregulation.

4.2.6 The effect of virus dose on adhesion molecule upregulation.

Having determined that viral infectivity was required for adhesion molecule
upregulation, the effect of multiplicity of infection was investigated. Infection of
fibroblasts at a low MOI, resulting in a mixture of infected and uninfected cells,
was useful for determining whether infection of a small proportion of cells
resulted in a general upregulation of adhesion molecules throughout the cell
population.

Cells were infected with CMV inoculum at a range of dilutions that resulted in
96% infection at the highest dilution (MOI= 5), and 12% infection at the lowest
dilution (MOI= 0.078). The percentage of cells infected was measured by
staining for CMV IE antigen using the monoclonal antibody E13, and flow
cytometric analysis. LFA-3 and ICAM-1 cell surface expression were measured
at 3 days post infection by flow cytometry.

The average level of LFA-3 expression of the cell population was dependent on
the levels of the input virus. A population of cells with increased LFA-3
expression became evident at the lowest virus dose, resulting in the
appearance of a bimodal peak, presumably representing basal expression in
the uninfected cells, and higher expression in the infected cells. The proportion
of cells with high LFA-3 expression increased with increasing virus dose, until
at the highest dose all cells showed increased LFA-3 expression (Figure 4.6).
CMV infection of fibroblasts therefore resulted in the uniform expression of high
levels of LFA-3 which were greater than the levels in uninfected cells.

The change in ICAM-1 expression in response to increased virus dose showed
a different pattern, characterised by the loss of cells from the lower end of the
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range of constitutive ICAM-1 expression, and their accumulation in the higher
end of the range. Thus the resuliting population at the highest virus dilution was
composed of cells with ICAM-1 expression equivalent to the highest level of
ICAM-1 expression in the uninfected cell range (Figure 4.6). It appeared that
the population of cells in the uninfected population expressing high ICAM-1
levels did not increase their ICAM-1 expression further upon infection.

4.2.7 The association of ICAM-1 and LFA-3 upregulation with low class |
HLA expression.

In the previous chapter, class | HLA expression on the cell surface was shown
to correlate with the percentage of infection. To determine whether the
upregulation of adhesion molecules was specifically associated with CMV
infected cells, or whether there was a more general effect throughout the
infected cultures, class | HLA downregulation was used as an indirect marker of
infection to distinguish infected from uninfected cells in a mixed population of
infected and uninfected cells.

At 3 days post infection, fibroblasts from 100% infected, 50% infected, and
uninfected populations were double stained for the expression of class | HLA
and either LFA-3 or ICAM-1. Double staining was carried out using pairs of
primary antibodies of different isotypes i.e. LFA-3 (Clone TS2/9, 1gG2a) with
class | HLA (Clone PA2.6, IgG1), or ICAM-1 (Clone BBIG 11, IgG1) with class |
HLA (Clone W6/32, IgG2a). The primary antibodies were then detected using
isotype specific secondary antibodies, and the cells analysed by flow cytometry.
The flow cytometry data was visualised as contour plots to show the expression
of the two markers in relation to one another. Flow cytometric profiles from a
representative experiment are shown in Figure 4.7.

It was evident that in the 50% infected populations there were two distinct
populations of cells, HLA,g, and HLA,,, For cells stained for LFA-3, it could
also be seen that on HLA,,, (‘infected’) cells LFA-3 expression was high, in both
infected and 50% infected populations. On HLAy, (‘uninfected bystander’) cells
from partially infected cultures, LFA-3 expression did not differ from the levels
on cells from uninfected cultures. Thus it was concluded that LFA-3 expression
was upregulated specifically on infected cells in the culture.

In the case of ICAM-1 the data was more difficult to interpret. Although a similar
pattern was seen, showing high levels of ICAM-1 expression on HLA,,, cells,
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the levels on the HLA4, cells in 50% infected populations had increased
slightly from the levels on uninfected cultures (fold increase= 1.63 + 0.25 (mean
+ SEM), p=0.02, n=4 experiments). However, the increase in ICAM-1
expression on the latter HLA5, (uninfected bystander) population was much
less than the increase on the HLA,, (infected) cells (fold increase from
uninfected levels= 4.82 + 0.78, p=0.02, n=4). In 50% infected populations the
increased ICAM-1 expression was therefore predominantly associated with the
class | HLA,,, population. It was possible that cytokines released from infected
cells had caused the small degree of ICAM-1 upregulation on the class |
HLAg uninfected bystander cells, and this possibility is investigated in a
separate section. An alternative explanation is that the increase in ICAM-1
expression on uninfected bystander cells is due to a very recent infection of
these cells by the virus produced by the infected cells.

4.2.8 Cytokine production by CMV infected fibroblasts.

Although we had established that the upregulation of LFA-3 and ICAM-1
required infectious virus, it was not clear whether this was a direct viral effect
on the adhesion molecule levels, or whether the effect was secondary to CMV-
induced cytokine induction in the infected cells. Supernatants from infected
fibroblasts were screened for the presence of cytokines known to upregulate
the expression of ICAM-1. The cytokines investigated were IL-18, TNF-o. IFNy,
and IL-4. Fibroblasts are not normally associated with the production of these
cytokines, but it was possible that CMV infection may have altered the cytokine
profile of the fibroblasts. Supernatants were also assayed for the presence of
other cytokines known to be produced by fibroblasts, such as IL-6, IL-8, G-CSF
and GM-CSF.

Supernatants were harvested from infected and uninfected fibroblasts at 24, 48
and 72 hrs post infection, and tested for the presence of a range of cytokines
by immunoassay. No production of IL-4, IFNy, IL-1B or TNFo was detected
from either infected or uninfected fibroblasts at any of the time points tested.
Table 4.2 shows the detection level of each cytokine assay, and the results
obtained for infected and uninfected supernatants at 48 hours post infection.

Infected fibroblasts produced increased levels of IL-6 and IL-8 relative to the
levels produced by uninfected fibroblasts (Table 4.2). The addition of
recombinant IL-6 or IL-8 to uninfected fibroblasts did not alter their expression
of ICAM-1 or LFA-3 when added in recombinant form at concentrations

121



between 10 and 1000pg/ml for periods of 1 to 4 days (data not shown). The
induction of IL-8 by CMV is investigated in further detail in Chapter 6.

4.2.9 The effect of neutralising antibodies against IL-13 or TNFa on
ICAM-1 expression.

Although there have been no reports of IL-1B or TNFa protein production by
fibroblasts, and we detected none in the previous experiment, there have been
reports of IL-1B and TNFa mRNA expression in CMV infected fibroblasts
(St.Jeor et al. 1993), and of stimulation of these genes by CMV IE proteins
(lwamoto et al. 1990; Geist et al. 1994). To ensure that undetectable levels,
or locally acting IL-1B or TNFa were not responsible for the ICAM-1
upregulation following CMV infection, neutralising antibodies to IL-13 and TNFa
were added to the culture medium both during and after virus adsorption. Cell
surface expression of ICAM-1 on infected cells was not altered by the addition
of neutralising antibodies against either IL-1p or TNFa, whilst these antibodies
were shown to be capable of significantly reducing the increase in ICAM-1
expression following treatment with 0.5ng/ml of their respective cytokines
(Figure 4.8). We thus concluded from these experiments that these two
cytokines commonly responsible for ICAM-1 upregulation were not responsible
for the ICAM-1 upregulation that occurs following CMV infection.

4.2.10 Treatment of fibroblasts with virus-free supernatants from infected
cells.

To examine the potential effect of soluble factors released from infected cells, it
was necessary to expose uninfected cells to such factors without the latter
actually becoming infected. Firstly, this was achieved by treating uninfected
fibroblasts with virus free supernatants from infected fibroblasts. Supernatants
were harvested from infected or uninfected fibroblasts at 1 and 2 days post
infection. Although only a small amount of virus, if any, would be expected to be
present at such an early time point after infection, the supernatants were
ultracentrifuged to ensure that no virus was present. Fibroblasts were
incubated with the virus free supernatants (diluted 1:1 in fresh MEM/4% FCS)
for 2 days, and analysed for changes in adhesion molecule expression. No
difference was found in the expression of ICAM-1 or LFA-3 on the cells treated
with the virus free supernatant from infected fibroblasts, as compared to
supernatant from uninfected fibroblasts (Figure 4.9). In Chapter 3, it was shown
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that class | HLA was increased by IFNp released from infected cells. Thus, as a
positive control, fibroblasts treated with virus free supernatants were also
analysed for the expression of class | HLA, the levels of which were increased
by the transfer of such supernatants (Figure 4.9). This data suggested that
under these conditions, the supernatants from infected fibroblasts did not
contain factors capable of altering the surface expression of ICAM-1 and LFA-
3.

4.2.11 Continuous exposure to infected fibroblasts in a dual chamber
system.

The above experimental design required that supernatants were harvested at
specific time points and stored prior to ultracentrifugation, raising the possibility
that their biological activity may have been altered during the experiment. It was
also possible that cytokines were released at earlier time points than those
used for supernatant harvests, and thus had already bound back to cellular
receptors, and were no longer present in the supernatant. For this reason a
second approach was used, in which infected and uninfected cells were grown
on either side of a semi-permeable membrane, so that the uninfected cells
could be directly and continuously exposed to any soluble factors as they were
produced by the infected cells.

Uninfected cells growing on a semi-permeable membrane in a cell culture insert
were added to wells of infected or uninfected fibroblasts immediately after the 1
hour virus adsorption period. Uninfected cells co-cultured with infected
fibroblasts, and control cells co-cultured with uninfected fibroblasts, were
stained for the expression of CMV IE antigen and adhesion molecule
expression at 3 days post infection. No viral infection was passed to uninfected
cells growing on the membrane, as the time point investigated was 3 days post
infection, when very little virus had been released by the infected cells. Neither
ICAM-1 nor LFA-3 expression was increased in uninfected cells continuously
exposed in this way to the soluble factors released from the CMV infected cells
(Figure 4.10). This data agreed with the previous findings that no soluble
factors capable of increasing levels of ICAM-1 or LFA-3 were released by CMV
infected fibroblasts.
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4.2.12 The effect of ganciclovir or foscarnet treatment on CMV induced
adhesion molecule expression.

Having determined that adhesion molecule upregulation was a direct viral
effect, ganciclovir and foscarnet were used to determine whether CMV late
proteins were involved in this process. Infected and control uninfected
fibroblasts were treated with ganciclovir or foscarnet at concentrations of 1, 10
and 100ug/ml, or left untreated. Preliminary experiments were carried out to
determine the concentrations required to abrogate late protein synthesis. These
experiments are described in section 2.7. Cell surface levels of ICAM-1 and
LFA-3 were analysed at 3 days post infection. Treatment of infected cells with
ganciclovir or foscarnet did not prevent the upregulation of either ICAM-1 or
LFA-3 following CMV infection (Figure 4.11). This suggested that CMV late
proteins were not required for the upregulation of either of these adhesion
molecules, as late protein expression is minimal under these conditions.

Furthermore, treatment of infected cells with all concentrations of ganciclovir or
foscarnet used (1-100ug/ml) resulted in significant increases in LFA-3 above
the levels found on untreated infected cells. In the case of ICAM-1, the
expression on infected cells was significantly increased at 1ug/mi of ganciclovir
in the experiment shown, but treatment with ganciclovir or foscarnet did not
reproducibly increase levels of ICAM-1 expression compared to CMV infection
alone.

4.2.13 The effect of ganciclovir treatment on the kinetics of adhesion
molecule upregulation following CMV infection.

As LFA-3 and ICAM-1 upregulation occurred in the presence of antiviral agents,
we investigated whether such treatment also affected the kinetics of adhesion
molecule induction by CMV. LFA-3 and ICAM-1 levels were analysed at daily
time points up to 7 days post infection in the presence or absence of 50ug/mi
ganciclovir (Figure 4.12).

Ganciclovir treatment of infected cells resulted in a continued increase in LFA-3
expression at day 4 post infection, when levels on untreated infected cells had
already begun to decline. At day 7, LFA-3 expression remained at a higher
level on ganciclovir-treated infected cells compared to untreated infected
controls. In the case of ICAM-1, there was no significant difference between
ganciclovir-treated and untreated infected cells at days 2 and 4 post infection,

124



but at day 7, ganciclovir-treated infected cells showed significantly increased
levels of ICAM-1 compared to untreated infected controls. The ganciclovir-
treated cells thus retained higher levels of both adhesion molecules in the
presence of effective antiviral treatment, and in the absence of the release of
infectious virus. The antiviral treatment thus appeared to prolong the length of
time for which adhesion molecule expression was enhanced.

4.2.14 Adhesion of CD2+ve lymphocytes to ganciclovir-treated infected
fibroblasts.

In the following chapter we have investigated the effect of increased adhesion
molecule expression on the adhesion of CD2+ve lymphocytes to CMV infected
fibroblasts. Since ganciclovir-treated infected cells expressed equally high
levels of adhesion molecules as control infected cells, the adhesion of CD2+ve
lymphocytes to these cells was investigated. A quantitative adhesion assay was
carried out at day 3 post infection, using resting CD2+ve lymphocytes purified
by negative depletion and labelled with tritiated leucine. The development of the
adhesion assay is detailed in Chapter 2 and Chapter 5. Lymphocytes were
added to confluent monolayers of either infected, infected with ganciclovir
treatment, or uninfected fibroblasts, and the percentage of cells binding was
calculated. Three separate experiments were carried out. In 2 experiments, the
percentage of lymphocyte adhesion to ganciclovir-treated fibroblasts was
significantly higher than adhesion to uninfected fibroblasts, while in the third
experiment (Donor 2) there was a slight, but not significant increase (Figure
4.13). The levels of adhesion to ganciclovir-treated infected fibroblasts were
always significantly lower than adhesion to untreated infected fibroblasts. As
the levels of ICAM-1 and LFA-3 were similar in ganciclovir-treated or untreated
infected fibroblasts, the reason for reduced levels of lymphocyte adhesion to
the ganciclovir-treated cells is not clear.
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TABLE 4.1 The effect of ‘infection’ with UV inactivated CMV on the cell
surface expression of LFA-3 and ICAM-1 of fibroblasts.

Fluorescence intensity units™

LFA-3 ICAM-1  Class | HLA
Uninfected 1.00 (0.09)  1.00 (0.09) ND
Infected 421 (0.18)  3.75 (0.22) ND
UV-virus infected  0.86 (0.07)  0.85 (0.08) ND
IL-1B ND 2.86 ND
IL-1B + UV ND 3.01 ND
IFNB ND ND 1.37
IFNB + UV ND ND 1.39

*Numbers represent the fluorescence intensity of class | HLA, ICAM-1 and LFA-
3 in relation to the expression of each molecule on uninfected cells, which have
been assigned a value of 1.0. Means of triplicates are shown with standard
deviations in brackets. Cytokine data represent the means of values from
duplicate wells.

PCells were analysed at 3 days post infection or cytokine treatment.
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TABLE 4.2. Cytokine production by CMV infected fibroblasts.*

Cytokine Detection level of assay Uninfected Infected
IL-1B 0.3 pg/ml -ve -ve

TNFa 4.8 pg/ml -ve -ve

IL4 3.0 pg/mi -ve -ve

IFNy 0.03 IU/mi -ve -ve

IL-8 4.7 pg/mi 125pg/ml 400 pg/ml
IL-6 0.35 pg/mi 80pg/ml 300 pg/mi
GCSF 7.2 pg/mi -ve -ve
GM-CSF 1.5 pg/mi 10 pg/mi 7 pg/ml

® Supernatants were harvested from infected or uninfected fibroblasts at 2 days
post infection and cytokine measurements were performed by immunoassay.
The values shown represent the means of triplicate samples.
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Figure 4.1. Flow cytometric analysis of LFA-3 and ICAM-1 expression on
CMYV infected and uninfected fibroblasts.

Infected or uninfected fibroblasts were stained for the cell surface expression of LFA-3
or ICAM-1 at 3 days post infection. Scatter profiles (Forward scatter vs side scatter)
for uninfected (a) and infected (b) cells were gated to exclude cell debris and dead
cells, as shown. Fluorescence histograms show the expression of LFA-3 on
uninfected (c) and infected (d) fibroblasts, and ICAM-1 on uninfected (e) and infected
(f) fibroblasts. The black filled histograms represent the adhesion molecule
expression, while the unfilled histograms represent fibroblasts stained with an
irrelevant control antibody. A shift to the right indicates an increase in fluorescence
intensity. The number of cells with a particular fluorescence intensity is indicated on
the y axis.
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Figure 4.2. Visualisation of the cell surface expression of ICAM-1 and LFA-3
expression on CMV infected and uninfected fibroblasts.

Cells which had been surface stained at 3 days post infection for the expression
of ICAM-1 and LFA-3 by flow cytometry were applied to poly-L-lysine coated
slides and examined by confocal scanning laser microscopy. Magnification x 400.
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Figure 4.3 The effect of recombinant cytokines on the cell surface
expression of ICAM-1 on fibroblasts.

Fibroblasts were treated with a range of concentrations of recombinant IL-1 or
TNF-a, from 0.0001ng/mi to 10ng/ml. ICAM-1 levels were measured at 24
hours post infection by flow cytometry, and are expressed as fluorescence
intensity units relative to the mean levels on untreated cells which have been
assigned a value of 1. The results shown are representative of 3 experiments
carried out in triplicate.
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Figure 4.4. The extent of the increase in the cell surface expression of
ICAM-1 and LFA-3 following CMV infection.

The fold increases of ICAM-1 or LFA-3 expression on infected cells relative to
the levels on uninfected cells were calculated, from a number of separate
experiments (ICAM-1, n=10; LFA-3, n=12). Cells were infected with CMV at a
MOI of 2-4 pfu/cell and then analysed for the cell surface expression of each
molecule at 3 days post infection. The levels of ICAM-1 or LFA-3 on uninfected
cells were assigned a value of 1. Each data point represents the fold increase
in ICAM-1 or LFA-3 in an individual experiments. The bar represents the mean
fold increase for the expression of each molecule.
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Figure 4.5 The effect of purified virus and virus-free inoculum on the cell
surface expression of ICAM-1 and LFA-3.

Fibroblasts were infected with unprocessed CMV inoculum (‘Infected’),
inoculum which was ultracentrifuged to remove infectious virions (‘virus free), or
virions removed from the inoculum by ultracentrifugation (‘purified’ virus). Cells
were removed by trypsinisation 3 days after infection, and the cell surface
expression of ICAM-1 (a) or LFA-3 (b) measured by flow cytometry. The results
are expressed as fluorescent intensity units relative to the mean level of
expression on uninfected cells, which has been assigned the value of 1.0. The
experiments shown are representative of 3 similar experiments. The data
shown represents the mean + SD for triplicate samples.
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Figure 4.6(a). The effect of virus dose on the cell surface expression of
LFA-3.

Fibroblasts were infected with dilutions of virus inoculum which resulted in
MOIs ranging from 0.075 to 5 pfu/cell, as labelled on the histograms, or
remained uninfected. Cells were stained at day 3 post infection for the
expression of LFA-3. Increasing doses of virus resulted in an increase in
fluorescence intensity of LFA-3 from the uninfected levels, which is represented
by a shift of the cell population to the right.
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Figure 4.6 (b). The effect of virus dose on the cell surface expression of
ICAM-1.

See Figure 4.6 (a) for experimental design.
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Figure 4.7 (a). The relationship between class | HLA expression and LFA-
3 expression following CMV infection.

Fibroblasts were infected with viral inoculum sufficient to infect 100% of cells,
50% of cells, or remained uninfected. Cells were double stained at day 3 post
infection for the expression of LFA-3 (Y axis) and class | HLA (X axis).
Representative flow cytometric profiles are shown.
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Figure 4.7 (b). The relationship between class i HLA expression and
ICAM-1 expression following CMV infection.

Fibroblasts were infected with viral inoculum sufficient to infect 100% of cells,
50% of cells, or remained uninfected. Cells were double stained at day 3 post
infection for the expression of ICAM-1 (Y axis) and class | HLA (X axis).
Representative flow cytometric profiles are shown.
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Figure 4.8 The effect of neutralising antibodies specific for IL-1p and
TNFa on the expression of ICAM-1 on CMV infected fibroblasts.

The appropriate neutralising antibody was added both during the 1 hour
infection and in the medium added to the cells after the infection. Control wells
were treated with IL-1p or TNFa at 0.5ng/ml. At 3 days post infection or
cytokine treatment cells were stained for the expression of ICAM-1. The results
are expressed as fluorescent intensity units relative to the mean level of
expression of ICAM-1 on uninfected cells, which has been assigned the value
of 1.0. These results are representative of two separate experiments. The
figure shows the mean + SD of 3 replicates.
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Figure 4.9. The cell surface expression of ICAM-1, LFA-3, and class | HLA

on fibroblasts exposed to supernatants transferred from CMV infected or

uninfected cells.

Supernatants were removed from infected or uninfected fibroblasts at 1 or 2 days post
infection. Any infectious virus in the supernatants was removed by ultracentrifugation.
Cells were treated with supernatants from infected or uninfected cells for 2 days,
before they were removed by trypsinisation and cell surface adhesion molecule
expression measured by flow cytometry. Control infected and uninfected cells were
processed in parallel. The results are expressed as fluorescent intensity units relative
to the mean level of expression on uninfected cells, which has been assigned the
value of 1.0. The data shown is representative of three experiments, each of which
was carried out in triplicate. The figure shows the mean and standard deviation of the
three replicates.
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Figure 4.10 The cell surface expression of LFA-3 and ICAM-1 on
uninfected cells directly exposed to soluble factors released from CMV
infected fibroblasts.

A dual chamber system was used in which cells were separated by a transwell
membrane. Cells grown on the base of the well were infected or uninfected as
indicated, whilst those growing on the transwell membrane insert were
uninfected. In the case of wells containing CMV infected cells, the membrane
inserts were added to the wells immediately following the 1 hour virus
adsorption period. Cells were removed by trypsinisation 3 days after infection,
and the cell surface expression of ICAM-1 (a) or LFA-3 (b) measured by flow
cytometry. The results are expressed as fluorescent intensity units relative to
the mean level of expression on uninfected cells grown on the base of the well,
which has been assigned the value of 1.0. The data shown is one of four
representative experiments, each of which was carried out in triplicate. The
figure shows the mean £ SD of the three replicates.
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Figure 4.11. The effect of treatment with various concentrations of
ganciclovir or foscarnet on levels of expression of ICAM-1 or LFA-3 on
CMV infected fibroblasts.

Cells were removed by trypsinisation 3 days post infection, and cell surface adhesion
molecule expression measured by flow cytometry. The results are expressed as
fluorescent intensity units relative to the mean level of expression of ICAM-1 (a and b)
or LFA-3 (c and d) on uninfected cells treated with the relevant drug concentration,
which have been assigned the value of 1.0. The data shown is one of three
representative experiments, each of which was carried out in triplicate. The figure
shows the mean and standard deviation of the three replicates. The asterisks indicate
significantly increased (P<0.05) levels of expression compared to that on infected
cells not treated with the antiviral agents.
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Figure 4.12. The effect of ganciclovir treatment on the expression of
ICAM-I or LFA-3 on CMV infected fibroblasts.

Ganciclovir (50|ig/ml) was added following the 1 hour virus adsorption period.
Cells were removed by trypsinisation at the time points shown and cell surface
expression of ICAM-1 (top) or LFA-3 (bottom) measured by flow cytometry. The
results are expressed as fluorescent intensity units relative to the mean level of
expression on uninfected cells at that time point, which have been assigned the
value of 1.0. The data shown is one of four representative experiments, each of
which was carried out in triplicate. The figure shows the mean + SD of the three
replicates. The asterisks indicate significantly increased (P<0.05) levels of
expression on treated infected cells compared to those on untreated infected
controls at the relevant time point.
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Figure 4.13. The adhesion of T lymphocytes to fibroblast monolayers in a
quantitative adhesion assay.

Fibroblasts were seeded at 2 days post infection to form confluent monolayers
in a 96 well plate which were used in an adhesion assay the following day.
Fibroblasts were either infected, infected and treated with ganciclovir, or
uninfected. Purified CD2+ve lymphocytes labelled with tritiated leucine were
added to the wells, and unbound T cells were removed by washing. The
amount of radioactivity bound was determined by scintillation counting. This
value is expressed as a percentage of the radioactivity in the original population
of T cells added to the well. The asterisks indicate significantly increased
adhesion relative to levels of adhesion to uninfected fibroblasts. Three separate
experiments are shown. The figure shows the mean + SD for triplicate wells.
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4.3 DISCUSSION

In the present study, it was confirmed that the cell surface expression of ICAM-
1 and LFA-3 is increased following CMV infection. The levels of ICAM-1
expression on infected cells were similar to those achieved by stimulation of
uninfected cells with TNFa or IL-1B, which are strong inducers of ICAM-1.
Increased LFA-3 expression in response to cytokines on fibroblasts has not
been shown by others, and we found no increase in response to recombinant
cytokines in the present study. Upregulation of ICAM-1 and LFA-3 expression
following infection of cells with purified virus showed that CMV alone was
sufficient to cause equal levels of adhesion molecule induction in the absence
of extraneous factors normally present in the viral inoculum. Treatment with the
virus free portion of the inoculum had no effect on adhesion molecule
expression. Likewise, infection of cells with UV inactivated virus inoculum did
not result in the upregulation of adhesion molecule expression, showing that
the interaction of the virus particles with the cell surface, without the ensuing
viral replication, was insufficient to induce expression of ICAM-1 and LFA-3.

The upregulation of ICAM-1 on infected cells was not abrogated by treatment
with neutralising antibodies specific for IL-18 or TNF-a either during or following
infection, showing that the presence of these cytokines in the inoculum, or
induction at low or undetectable levels following infection, was not responsible
for the effect. LFA-3 or ICAM-1 expression was not increased on cells treated
with virus free supernatant from infected fibroblasts, or on cells continuously
exposed to soluble factors released from infected fibroblasts across a semi-
permeable membrane. This indicated that adhesion molecule expression is not
increased by cytokines released by infected cells, suggesting that in vivo,
adhesion molecule upregulation on bystander uninfected cells would not take
place. In mixed populations of infected and uninfected cells, the upregulation of
ICAM-1 or LFA-3 predominantly took place on cells with decreased expression
of class | HLA, suggesting that the upregulation of adhesion molecules
occurred specifically on infected cells.

It is important to distinguish between effects taking place on infected cells and
uninfected cells in the same culture. In this study dual chambers were used to
physically separate infected and uninfected cells during the experiment. For
other experiments, the two were discriminated between during analysis, by the
use of low class | HLA as an indirect marker of infection. In investigating
changes which take place in infected cells it is important to ensure that a high
level of infection is achieved, so that results are not distorted by the presence of
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uninfected cells. Since the beginning of this project, upregulation of ICAM-1
following CMV infection has been confirmed by other groups, both on
fibroblasts, and on endothelial cells. However, the discrimination between
effects on infected cells and bystander uninfected cells in infected cultures have
largely been ignored in other studies. Increased ICAM-1 expression has been
found in CMV infected cultures of proximal tubular epithelial cells, alongside
increased class | HLA expression (van Dorp ef al. 1993a). However, in the
latter study, only a minority of the cells were infected with CMV, and no attempt
was made to differentiate between the ICAM-1 expression on infected and
bystander uninfected cells during the analysis, which was carried out using a
cell ELISA system. Another group has also reported increased ICAM-1
expression on human embryonic lung fibroblasts, but again only 10-20%
infection was achieved by 2 days post infection (lto ef a/. 1995a), and no
attempt was made to identify infected cells separately during analysis of the
data. In the latter study, increased LFA-3 expression was not found in infected
cultures, which is in conflict with our findings, but this may be explained by the
low level of infection achieved. The finding from the present study that ICAM-1
was increased specifically on infected cells was confirmed by a report from
another group, who showed by double staining that the expression of CMV
early antigen localised with increased ICAM-1 expression (Sedmak et al.
1994b). Other results from this laboratory have shown that patterns of
expression of ICAM-1 and LFA-3 following infection of endothelial cells are
similar to those described here for fibroblasts, and that the mechanism involved
also appears to be independent of cytokines (L.P. MacCormac, unpublished
observations).

It was shown in the present study that the increase in the expression of ICAM-1
or LFA-3 on the surface of CMV infected fibroblasts was not inhibited by
ganciclovir or foscarnet treatment. Indeed such antiviral treatment enhanced
the effect of CMV infection on adhesion molecule expression, particularly in the
case of LFA-3. In addition the kinetics of alterations in adhesion molecule
expression on ganciclovir-treated infected cells was affected, with levels of both
ICAM-1 and LFA-3 continuing to increase following the peak of expression in
untreated infected cells, and remaining at enhanced levels when those on
untreated infected cells had begun to decline. The similarity of the increase in
LFA-3 levels following both ganciclovir and foscarnet treatment suggested that
this molecule had further increased above normal infected cell levels in
response to the effect of the antiviral drugs on the virus replication cycle, rather
than to some other function of the drugs on the treated cells. ICAM-1 was not
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upregulated further on foscarnet-treated infected cells compared to untreated
infected cells, although there was some increase following ganciclovir
treatment. However, the data obtained using both these drugs showed that
effective antiviral treatment did not prevent the CMV-induced increase in
adhesion molecule expression, and thus suggested that the upregulation of
ICAM-1 and LFA-3 was due to the effects of CMV immediate early or early
genes, rather than to CMV late genes. Despite the high levels of both ICAM-1
and LFA-3 on ganciclovir-treated infected cells at the time of the adhesion
assays the levels of resting lymphocyte adhesion were not as high as adhesion
to infected fibroblasts which were not ganciclovir-treated. The reasons for this
are not clear, but it is possible that differences in the cytoskeleton of
ganciclovir-treated infected cells may be responsible for the difference, as the
cells exhibit a more rounded appearance than untreated infected cells, which
spread out after the initial cell rounding which follows infection. Interactions
between adhesion molecules and the cytoskeleton are important in regulating
clustering of adhesion molecules and thus their avidity for their ligands.
Although lymphocyte adhesion to ganciclovir-treated cells was not as high as to
untreated infected cells, it was significantly greater than adhesion to uninfected
fibroblasts, suggesting that infected fibroblasts remain a target for CD2+ve
lymphocytes when virus replication has been halted by ganciclovir treatment.

The reasons why treatment with ganciclovir results in prolonged upregulation of
adhesion molecule expression may be due to the disruptive effect of this agent
on the CMV replication cycle. In cells treated with ganciclovir or foscarnet,
disruption of the virus replication cycle results in the breakdown of the normal
regulatory controls on the expression of the immediate early genes (Hermiston
et al. 1990; Jenkins et al. 1994), some of which are regulated by a feedback
inhibition mechanism. One of the gene products of the |IE2 gene (IE233g,,) iS
actually a 'late' protein in terms of when it is produced in the replicative cycle
(Jenkins et al. 1994), and functions in the inhibition of the immediate early gene
expression. Blocking late protein synthesis may interrupt the inhibition of IE
gene expression, leading to an accumulation of IE proteins. The agents
commonly used to block the expression of CMV IE or early gene products
(cyclohexamide and actinomycin D) are not specific for CMV genes, but also
affect the expression of cellular genes. Thus it was not possible to carry out
similar experiments to those carried out using ganciclovir and foscarnet in order
to investigate the effect of inhibition of the immediate early and early genes on
adhesion molecule expression.
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An attempt was made to address the possibility that an accumulation of CMV IE
proteins may be responsible for the prolonged adhesion molecule upregulation.
Plasmids containing constructs expressing the 72kD and 86kD gene products
of CMV JE1 were obtained from Dr. Ray Jupp (Roche) with the intention of
transfection of human embryonic lung fibroblasts, so that the characteristics of
the resulting transfectants with respect to ICAM-1 and LFA-3 expression could
be determined. However, using a variety of different transfection techniques,
including Lipofectin™(Gibco), electroporation, and calcium chloride,
transfection of human embryonic lung fibroblasts was not achieved, although all
these techniques were used successfully in parallel transfections using Cos
cells and human kidney epithelial cells. It has been documented that primary
cells are more difficult to transfect than cell lines, due to their irregular growth
characteristics (Gorman, 1985). It was unfortunate that the intended
experiments could not be carried out in the time available. The use of viral
mutants with particular viral genes deleted may be enlightening in determining
the viral proteins which are important in adhesion molecule upregulation, as
has been the case for class | HLA downregulation, but the success of such an
approach would depend on whether the proteins of interest were essential for
viral replication.

Adhesion molecule expression is upregulated following infection with several
other viruses, both in vitro and in vivo. Increased adhesion molecule expression
in vivo is generally attributed to the production of inflammatory cytokines by
activated T cells recruited to the site of infection (Volpes et al. 1992; Marker et
al. 1995). Cytokines induced in virally infected cells have also been shown to
be responsible for adhesion molecule upregulation in vitro. A recent study has
described enhanced expression of ICAM-1 in pulmonary epithelial cells infected
with respiratory syncytial virus (RSV), due to the induction of IL-1 following
infection (Patel et al. 1995). ICAM-1 expression was also increased in human
airway epithelial cells infected with Parainfluenza virus, presumably by a
cytokine mediated mechanism. In the latter system, increased ICAM-1
expression was associated with enhanced neutrophil binding and subsequent
tissue damage (Tosi et al. 1992). Measles virus infection of glial cells was
shown to upregulate ICAM-1 expression in an IFNa dependent manner (Kraus
et al. 1992). This cytokine was shown in a previous study from this laboratory to
be absent from the supernatants of CMV infected fibroblasts (J.E.Grundy,
unpublished observations). West Nile Virus (WNV), a flavivirus, also induces
ICAM-1 expression on human embryonic fibroblasts (Shen et al. 1995). This
effect was biphasic, with direct viral induction of ICAM-1 at 4 hours post

146



infection, but induction regulated by virus induced soluble factors occurring at
24 hours post infection. The latter effect was assumed to be due to the release
of IFNB by the infected cells, as this group also showed a small increase in
ICAM-1 expression in response to IFNB (100U/ml), although this was not
formally demonstrated. ICAM-1 expression was also increased in a similar
manner by the related flavivirus, Kunjin. In the same study, ICAM-1 induction by
an interferon-dependent mechanism was seen with Ross river virus, an
alphavirus, but no induction of ICAM-1 followed infection with vaccinia,
adenovirus 2 and 5 (all DNA viruses), or Semliki forest virus (Shen et al. 1995).
In the present study, the addition of recombinant IFNB did not affect the cell
surface expression of ICAM-1 on fibroblasts. This is in contrast to the above
findings, but in agreement with the findings of Dustin et al (Dustin ef al. 1986a),
who reported no induction of ICAM-1 by IFNB treatment of human dermal
fibroblasts. From the results presented in this chapter, it appears that IFN is
not responsible for induction of ICAM-1, as class | HLA is increased in an IFNB
dependent manner in supernatant transfer and transwell experiments, but
ICAM-1 expression is not altered by exposure to soluble factors released by
infected cells by either of these methods.

The direct effect of viral infection on ICAM-1 expression is a novel method of
adhesion molecule induction, and one which may occur prior to the recruitment
of mononuclear cells. ICAM-1 expression is increased in hepatitis B virus (HBV)
infection in vivo (Volpes et al. 1990), due to the activation of the ICAM-1 gene
by the HBV X protein. This protein acts on the ICAM-1 gene in a similar way to
IL-18, which is via NF«B activation. Class | and Il genes are also
transactivated by this HBV protein (Hu et al. 1992). Both ICAM-1 and LFA-3 are
upregulated in human T cells transformed by HTLV-1, due to the action of the
Tax | protein (Imai et al. 1993; Tanaka et al. 1995). HTLV-1 possesses the Tax
| protein in addition to the typical retroviral genes. Tax / is a potent inducer of
viral transcription and is also capable of transactivating a wide variety of cellular
genes (Sugamura and Hinuma, 1993). Both HBV X protein, and Human T cell
leukaemia virus type 1 (HTLV-1) Tax / increase the expression of ICAM-1, and
in the case of Tax /, LFA-3, when transfected into cell lines. LFA-3 expression
is decreased in EBV positive Burkitt's lymphoma cells, and this is thought to be
a mechanism for immune escape by the virus. Burkitt's lymphoma cells with
normal levels of ICAM-1, but low levels of LFA-3 are poor targets for virus
specific CTLs, stressing the importance of LFA-3 in target cell/CTL conjugate
formation (Gregory et al. 1988).
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Although the LFA-3 gene has been cloned (Seed, 1987), and there is a wealth
of information about its structure and function, information about the regulation
of its transcription is limited. Cytokine induced LFA-3 upregulation in fibroblasts
has not been shown, and reports of cytokine induction in other cell types are
rare. Induction of LFA-3 by IL-4 was shown in Burkitt's lymphoma cells
(Rousset et al. 1989). Induction of LFA-3 was also shown in human kidney
epithelial cells in response to a combination of IFNy and TNFa (Kirby et al.
1993). Increased expression of LFA-3 is also found in some disease states.
LFA-3 levels were increased in hepatocytes in chronic hepatitis, and the latter
was correlated with severity of inflammation, but this was not restricted to viral
hepatitis, and the reason for the induction of LFA-3 was not known (Autschbach
et al. 1991). LFA-3 and ICAM-1 expression were also increased in dermal
fibroblasts from patients with systemic sclerosis, and enhanced .levels of
expression were maintained as the cells were passaged, although again the
mechanism for the upregulation of these adhesion molecules was not
understood (Shi-Wen et al. 1994). Studies in the above areas may elucidate the
mechanisms involved in the control of LFA-3 expression.

To summarise the results from this chapter, the in vitro finding that ICAM-1 and
LFA-3 expression appears to be controlled directly by the virus indicates that a
similar mechanism may occur in vivo, independently of the induction of pro-
inflammatory cytokines. Importantly it was found that the adhesion molecule
induction by CMV was accentuated rather than prevented by antiviral therapy
with ganciclovir or foscarnet. Thus, despite effective antiviral treatment, CMV
infected cells may continue to act as a focus for pro-inflammatory activity, which
could contribute to immunopathology and contribute to the pathology of CMV
disease. In subsequent chapters we have investigated the functional
consequences of adhesion molecule upregulation for leukocyte binding to CMV
infected fibroblasts and their activation.
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CHAPTER 5

ADHESION OF CD2+ve LYMPHOCYTES TO CMV
INFECTED FIBROBLASTS



Chapter 5. Adhesion of CD2+ve lymphocytes to CMV infected
fibroblasts.

5.1 INTRODUCTION

Adhesion is the critical first step in a number of cellular immune responses,
including antigen-specific and antigen-independent leukocyte activation,
cytotoxicity of T cells and NK cells, and migration of leukocytes to sites of
infection. Such interactions are regulated both by the levels of adhesion
molecule expression, and the affinity or avidity of the molecules for their
ligands, in order to prevent inappropriate adhesive interactions taking place
(Springer, 1990).

Although T cell activation induces increased levels of CD2 expression, and the
expression of a high avidity form of CD2, adhesion of LFA-3 to CD2 on resting
T cells also takes place (Hahn et al. 1992b). This does not occur at the normal
physiological densities of CD2 and LFA-3, but is enhanced by increased
expression of either molecule (Dustin and Springer, 1991). In contrast, the LFA-
1/ICAM-1 interaction does not take place under resting conditions, as the
activation of the LFA-1 molecule is a prerequisite for its function (Dustin and
Springer, 1989; Cabanas and Hogg, 1991). It is known that many interactions
increase the adhesiveness of LFA-1 for ICAM-1, including classical
chemoattractants, lipopolysaccharide, treatment with certain anti-LFA-1
antibodies, and engagement of the TCR/CD3 complex (Rothlein and Springer,
1986; van Kooyk et al. 1989). Evidence is emerging that different activation
stimuli exert distinct effects on the LFA-1 molecule. Both CD3 and phorbol ester
activation increase T cell adhesion by inducing clustering of LFA-1 leading to
the acquisition of a high affinity state, while magnesium activation increases the
avidity of individual LFA-1 molecules by changing the conformation of the
molecule (Stewart et al. 1996). Since activated cells are commonly found in the
peripheral blood during CMV infection (Yang ef al. 1989; Reinke ef al. 1994a;
Bertoletti ef al. 1994a), the effect of T cell activation on lymphocyte adhesion to
CMV infected fibroblasts was investigated in the present study.

Other changes following CMV infection involve the expansion of certain subsets
of lymphocytes. In particular, the CD57+ve subset, which encompasses
subpopulations of both T cells and NK cells, is expanded at 2 to 6 months after
infection, and remains elevated in CMV seropositive individuals (Labalette et al.
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1994; Wang et al. 1995). Expansion of the CD28-ve population also occurs
during CMV infection and in other viral infections, and appears to constitute the
most cytotoxic population of T cells (Labalette et al. 1994; Borthwick et al.
1994). There is also an inversion of the CD4/CD8 ratio in the peripheral blood
during CMV infection, due to an increase in the absolute numbers of CD8+ve
lymphocytes (Bukowski et al. 1983, Carney et al. 1983). High levels of CD8+ve
lymphocytes are found in tissues affected by viral infections and graft versus
host disease (Janossy et al. 1982), while tissues affected by autoimmune
disorders are infiltrated by a large proportion of CD4+ve T lymphocytes.

The selective accumulation of memory cells in inflammation is also well known,
such as in rheumatoid synovium and pleural and peritoneal infiltrates (Pitzalis
et al. 1988). Memory cells can be defined by their expression of different
isoforms of the leukocyte common antigen, CD45. CD45RO is a marker for
memory T cells (Smith et al. 1986), while CD45RB is expressed at high levels
on naive T cells and is lost as cells are repeatedly activated and differentiate
further. CD45RB,,,, thus represents the most differentiated subset of memory
cells (Salmon et al. 1994). CD45RA is the marker for naive cells, and thus the
reciprocal subset of the CD45RO subset. The memory subset of T cells
(CD45RO+ve cells) also express increased levels of CD2, LFA-3 and LFA-1 in
comparison to the CD45RA+ve subset, and are thus functionally adapted to
increased adhesion (Sanders et al. 1988). The adherence of the T cell subsets
mentioned above to CMV infected and uninfected fibroblasts has been
examined.

The aims of this chapter were to assess the functional consequences of the
ICAM-1 and LFA-3 upregulation following CMV infection. The adherence
characteristics of CD2+ve lymphocytes to CMV infected fibroblasts have been
investigated, following activation by three different stimuli; CD3 crosslinking,
treatment with phorbol ester, and treatment with magnesium ions in the
absence of other divalent cations. An analysis of the resting T cell subsets, or
the NK cell subset, which adhered to infected fibroblasts was also carried out.
Finally, the effect of CMV infection on the ability of fibroblasts to enhance CD3
mediated activation T cell activation was investigated.
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5.2 RESULTS

5.2.1 Development of a quantitative adhesion assay

An important part of preliminary work in this chapter was the development of a
quantitative adhesion assay, to be used for the investigation of the important
parameters in adhesion of both resting and activated lymphocytes to CMV
infected and uninfected fibroblasts. In the initial stages of development of the
adhesion assay, it was necessary to establish a reliable method for quantitation
of the number of lymphocytes bound to fibroblast monolayers. Several methods
for quantitation of lymphocyte adherence were compared, including detection
with antibodies, radiolabelling of the T cells with tritiated leucine, or chromium-
51, and visual counting of bound cells from photographs of the cells.

A cell ELISA was devised, utilising detection of CD45 on the adherent
lymphocytes by a monoclonal antibody, followed by detection of this antibody
using a HRP conjugated secondary antibody, and the addition of the substrate,
TMB, to produce a measurable colour reaction. This technique resulted in high
background levels of colour development, which could not be reduced by
further washing without detachment of a large proportion of the cells from the
wells (data not shown). It was therefore not possible to quantitate the numbers
of adherent cells using this technique.

Labelling of lymphocytes with chromium-51, which enters the cells by diffusion,
was assessed as a potential method of quantitation of adherent cells.
Chromium-51 uptake was a simple and reliable method of cell labelling, at least
for resting lymphocytes. However, due to the nature of the chromium uptake,
the label also leaks out of the cells relatively easily. The degree of leakage from
resting lymphocytes was assessed over a one hour period, and was found to
be minimal. An example of the amount or radioactivity incorporated into the
cells and lost through leakage is shown in Table 5.1. However, the leakage
may be increased following T cell activation, either due to changes in the
lymphocytes following activation, or due to the multiple washing steps required
in some of the protocols used in this study.

Visual counting involves counting the number of adherent lymphocytes bound
to the fibroblasts. This can be achieved by photographing the cells and
counting the number of adherent cells in random fields of view on the
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photographs. Visual counting limits the number of wells which can be screened
due to the time required for photography and counting of the cells, and the
large numbers of photographs generated when photographing replicate fields
of view under each condition. Examples of the photographs which were used
for visual counting are shown in Figure 5.2(a).

Labelling with tritiated leucine involves the incorporation of the labelled amino
acid into proteins synthesised by the cell during the labelling period. To
determine the optimal conditions for leucine labelling of lymphocytes, the cells
were incubated with either 10 or 50uCi/ml *H-leucine either for 1 hour or
overnight. An example of the amount of labelling achieved is shown in Figure
5.1. Overnight incubation resuited in high levels of leucine incorporation, but a
significant decrease in viability of the lymphocytes. During a one hour
incubation, 50uCi was shown to result in a greater incorporation of radiolabel
than 10uCi for the same time period. These conditions were used for
subsequent experiments.

3H leucine incorporation, was the assay chosen for quantitation of lymphocyte
adherence to fibroblasts. The incorporation of the amino acid into cellular
proteins dispensed with the problem of leakage of the label from the cells
during the assay as was the case using chromium-51.  emitters such as tritium
have a better safety profile than y emitters such as chromium-51. In addition, *H
has a half-life of 12 years, and the compound is stable for at least 1 year, in
comparison to the half-life of chromium-51 which is 28 days. Tritium is thus a
more convenient isotope for use in the laboratory.

5.2.2 Determination of the lymphocyte number resulting in maximal
binding of resting CD2+ve lymphocytes

Having shown that tritiated leucine was incorporated into resting lymphocytes at
sufficient levels for use in a quantitative adhesion assay, the next stage of
development of the adhesion assay was to determine the effect of changes in
the number of lymphocytes added to each well of fibroblasts. It was also
important to confirm that *H leucine labelling provided a reliable representation
of the levels of lymphocyte adherence which could be seen by visual
examination. Experiments were carried out in which *H leucine labelled
lymphocytes were added to wells of infected and uninfected fibroblasts at
concentrations resulting in between 1 x 10° and 1 x 10° lymphocytes per well of
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fibroblasts. The wells were photographed before solubilization of the contents
and measurement of the amount of radioactivity present in each well.

Figure 5.2(a) shows representative random fields of view from wells of infected
and uninfected fibroblasts, to which between 10° and 10° CD2+ve lymphocytes
had been added per well. The mean numbers of adherent cells from 3 random
fields of view are shown in Figure 5.2(b). Figure 5.2(c) shows the mean number
of counts per minute of *H leucine bound to each well. The results obtained by
these two methods show similar patterns, both in the number of cells resulting
in maximal binding, and in the difference in T cell binding to infected and
uninfected cells. At all cell numbers used there was significantly increased T
cell binding to infected cells in comparison to uninfected cells. Figure 5.2(d)
shows that a linear relationship exists between the number of cells counted
visually and the counts per minute (CPM) bound/well.

Figure 5.2(e) shows the percentage of °H leucine labelled lymphocytes binding
to the fibroblasts in relation to the original aliquot of cells added to the well. A
higher percentage of lymphocytes were bound to infected fibroblasts in
comparison to uninfected fibroblasts at all cell numbers used. The differential
between the percentage of adherent lymphocytes to infected and uninfected
fibroblasts was maximal at 5 or 7.5 x 10° cells per well. The percentage of
adherent cells declined when 1 x 10° cells were added per well, suggesting that
the binding sites on the infected fibroblasts for resting lymphocytes had been
saturated. It was decided to use 5 x 10° cells per well in all subsequent
experiments, as this provided similar results to using 7.5 x 10° cells, but
reduced the number of cells required for each experiment.

5.2.3 Characteristics of binding of resting CD2+ve lymphocytes to
infected and uninfected fibroblasts.

To define the parameters responsible for the increased adhesion to CMV
infected fibroblasts compared to uninfected fibroblasts, adhesion was
measured under normal assay conditions (37°C, in RPMI), and either in the
absence of divalent cations at 37°C, or in the presence of divalent cations
(RPMI) at +4°C. Adhesion between CD2 and LFA-3 is not affected by either of
these conditions, whereas the ICAM-1/LFA-1 adhesive interaction is sensitive
to temperature and changes in divalent cations, in particular magnesium.
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Following 3H leucine labelling, the lymphocytes were divided into three aliquots,
one of which was washed and resuspended in divalent cation free buffer. The
cells were then added to the fibroblast wells (prewashed in divalent cation free
buffer), and the quantitative adhesion assay was carried out. From the
remaining two aliquots, one was applied to wells of infected and uninfected
fibroblasts as described previously, but following centrifugation was incubated
at 4°C for 10 minutes, while the other aliquot of lymphocytes was incubated in
the presence of divalent cations (RPMI medium), and at 37°C. Increased
adhesion to infected fibroblasts over uninfected fibroblasts was maintained
under divalent cation-free conditions, and decreased only slightly when the
assay was carried out at +4°C (Figure 5.3). This suggests that the enhanced
adhesion of CD2+ve lymphocytes to infected fibroblasts is not due to increased
interactions between ICAM-1 and LFA-1, as such interactions would not be
favoured under these conditions. As LFA-3 is increased on the surface of CMV
infected fibroblasts, and is functional under resting conditions, it is likely to be
principally responsible for the increased adhesion.

5.2.4 Binding of activated T cells to infected and uninfected fibroblasts.

To determine the functional effect of the ICAM-1 increase on the fibroblasts
following infection, the adherence of activated T cells to infected and uninfected
fibroblasts was measured.

Tritiated leucine labelled lymphocytes were either resting or activated by one of
three activation stimuli, before use in a quantitative adhesion assay. The
percentage of cells adhering to infected or uninfected fibroblasts was calculated
in relation to the original population added to the well, as for the above
experiments using resting T cells (Figure 5.4).

Resting lymphocytes

Adhesion of resting lymphocytes to infected fibroblasts was 2.18 fold higher
than adhesion to uninfected fibroblasts (1.72 + 0.08 % adhesion to uninfected
cells, 3.76 + 0.48 % adhesion to infected cells, n= 3 experiments).

CD3 activation

CD3 activation of lymphocytes resulted in significantly enhanced the adhesion
to infected fibroblasts above resting levels (fold increase 3.76, p=0.004, n=3).
Binding of CD3 activated lymphocytes to uninfected fibroblasts was also
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increased above resting levels (fold increase 3.32, p=0.06, n=3). Activation of
lymphocytes by the CD3 pathway thus resulted in increased adhesion of
lymphocytes to both infected and uninfected cells. The adhesion of CD3
activated lymphocytes to infected fibroblasts remained significantly enhanced
above adhesion to uninfected fibroblasts (fold increase= 2.5, p=0.013, n=3).

Magnesium activation

Magnesium activation of lymphocytes also resulted in significantly increased
adhesion to both infected (3.61 fold, p=0.03, n=3 experiments) and uninfected
fibroblasts (2.38 fold, p=0.014, n=3) above adhesion of resting lymphocytes.
The differential in adhesion between infected and uninfected fibroblasts was
also maintained following this treatment (3.3 fold greater adhesion to infected
fibroblasts, p=0.043, n=3).

Phorbol ester activation

Phorbol ester stimulation caused the greatest increase in lymphocyte binding
above resting levels to both infected (8.71 fold, p=0.039, n=3) and uninfected
fibroblasts (15.12 fold, p=0.002, n=3). From visual inspection, the monolayers
of both infected and uninfected fibroblasts appeared to be saturated by
lymphocytes (not shown). The adherence of phorbol ester stimulated T cells to
infected fibroblasts was increased slightly in comparison to uninfected
fibroblasts, but the differential between the two was smaller than that found
under other conditions of lymphocyte activation, or using resting lymphocytes
(1.26 fold increase, p=0.09, n=3). From the three experiments carried out, the
difference between adherence to infected and uninfected fibroblasts was
statistically significant in only one experiment.

These results showed that adherence of both activated and resting
lymphocytes was increased by CMV infection of fibroblasts above adherence to
uninfected fibroblasts. Activated cells generally adhered at higher levels than
resting cells suggesting that the activation of integrins had facilitated adhesion
of activated lymphocytes to ICAM-1 expressed on fibroblasts and further
upregulated on infected fibroblasts.

5.2.5 Blocking of T cell binding using antibodies to ICAM-1 and LFA-3

The contribution of ICAM-1 and LFA-3 to the increased binding of activated
lymphocytes to CMV infected fibroblasts was investigated, using blocking
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antibodies specific for each of these molecules. One hour before the adhesion
assay, the fibroblast monolayers were pre-treated with blocking antibodies
specific for ICAM-1, LFA-3, and irrelevant isotype controls, all of which were
washed off before the addition of lymphocytes to the wells. The results are
shown in Figure 5.5.

CD3 activated T cells

Adherence of CD3 activated lymphocytes to infected fibroblasts was
significantly reduced by antibody against ICAM-1. Values were comparable to
those seen using uninfected fibroblasts (Infected fibroblasts, 14.1 + 2.31%
binding; infected + anti-ICAM-1, 6.5 + 1.92 % binding; uninfected fibroblasts,
5.71 £1.59 % binding; mean + SEM, n=3 experiments). Treatment of infected
fibroblast monolayers with anti-LFA-3 antibody had no inhibitory effect on CD3
activated lymphocyte adhesion. The binding of CD3 activated lymphocytes to
uninfected fibroblasts was not significantly altered by treatment of the
fibroblasts with antibody against either ICAM-1 or LFA-3.

Magnesium activated T cells.

The adherence of magnesium activated lymphocytes to infected fibroblasts was
also significantly reduced by antibody against ICAM-1, to values comparable to
the levels binding to uninfected cells (Infected fibroblasts, 13.56 + 2.27%
binding; infected + anti- ICAM-1, 4.11 + 0.29 % binding; uninfected fibroblasts,
4.10 + 1.51 % binding; mean + SEM, n=3 experiments). Treatment of infected
fibroblast monolayers with anti-LFA-3 antibody had no inhibitory effect on the
adhesion of magnesium activated lymphocytes. Levels of binding of
magnesium activated lymphocytes to uninfected fibroblasts were not
significantly altered by treatment of the fibroblasts with antibody against either
ICAM-1 or LFA-3.

Phorbol ester activated T cells

The adherence of phorbol ester activated lymphocytes to infected fibroblasts
was also significantly reduced by antibody against ICAM-1, to values lower than
the levels binding to uninfected cells (infected fibroblasts, 32.75 + 5.38%
binding; infected + anti-ICAM-1, 16.49 + 4.53 % binding; uninfected fibroblasts,
26.0 + 4.18 % binding; mean + SEM, n=3 experiments). Treatment of infected
fibroblast monolayers with anti-LFA-3 antibody had no inhibitory effect on
phorbol ester activated lymphocyte adhesion. Levels of binding of phorbol ester
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activated lymphocytes to uninfected fibroblasts was not significantly altered by
treatment of the fibroblasts with antibody against either ICAM-1 or LFA-3.

From these experiments it is evident that increased adhesion of activated T
cells to infected fibroblasts is related to the increased levels of ICAM-1 which
are expressed following CMV infection. The absence of inhibition of adhesion
by anti-LFA-3 antibodies suggests that this adhesion pathway is not enhanced
by T cell activation.

5.2.6 Phenotypic analysis of the T cell subsets bound to infected and
uninfected fibroblasts.

Because increased numbers of CD2+ve lymphocytes adhered to infected
fibroblasts, experiments were carried out to determine whether this was due to
a general increase in the adherence of all T cell subsets, or whether a specific
subset was responsible for the increased adherence. The subsets selected for
investigation were of interest due to their increased or decreased presence in
the peripheral blood and infected organs of CMV infected patients, or patients
infected with other viruses.

Following a large scale adhesion assay using unlabelled lymphocytes, non
adherent lymphocytes were removed from the wells, and the adherent
lymphocytes were then detached from the fibroblasts. This resulted in five
different populations of cells: the original population, the populations adhering
to infected, or uninfected fibroblasts, and the non-adherent population from
infected or uninfected fibroblasts, all of which were stained for various markers
and analysed by flow cytometric analysis. Cells were stained for CD2
expression to enable gating of the CD2+ve population, and for two other
markers. The results are expressed as the percentage of cells positive for each
antigen, defined by placing a marker at the threshold of fluorescence of the
irrelevant antibody control. In the case of CD45RB and LFA-1, cells were
defined as expressing high or low levels of each molecule by the placing of a
marker between the two populations.

The results of this analysis, which was carried out using lymphocytes from 5
different individuals, are shown in Figure 5.6.
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Memory markers

CD45R0O+ve cells were present in significantly increased proportions in the
adherent populations recovered from both infected and uninfected fibroblasts
compared to the proportions in the original population. The same was found for
T cells expressing CD45RB at low levels. Although these subsets were present
at significantly increased proportions in the adherent cell populations, there was
no difference between the proportions bound to infected or uninfected
fibroblasts (Figure 5.6(a-c)).

NK markers

Cells expressing NK markers such as CD16, and cells which were
CD2+ve/CD3-ve/CD8+ve, did not constitute a higher proportion of the adherent
populations than the original population (Figure 5.6(d,e)). Although CD56
expression was investigated in 4 individuals, only two had detectable levels of
CD56+ve cells, and the proportions were so low that a conclusion could not be
reached regarding the adherence properties of these cells.

CD28 and CD57

CD28-ve cells were present at significantly increased proportions in the
populations binding to both infected and uninfected fibroblasts compared with
the original population. However, this was not the case for CD57+ve cells which
were present at increased levels in the adherent populations in only two out of
four individuals, and adhered preferentially to the uninfected fibroblasts (Figure

5.6 (f,g)).

CD4 / CD8 subsets

CD8+ve cells were present in increased proportions in the adherent
populations recovered from both infected and uninfected fibroblasts compared
to the proportions in the original population, but the increase was not
statistically significant. There was a corresponding decrease in the proportion of
CD4+ve cells binding to both infected and uninfected fibroblasts, which was
statistically significant, but again there was no difference between the
proportions binding to infected and uninfected fibroblasts (Figure 5.6 (h,i)).

CD2 expression

CD2 was used as the marker to distinguish lymphocytes from fibroblasts, so
was present on all adherent cells analysed. The levels of CD2 expression on
adherent cells compared to the original population were examined. It was found
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that CD2 expression on lymphocytes adhering to infected fibroblasts was
higher than CD2 expression on the original population of lymphocytes for cells
from all 5 individuals tested. In two experiments, cells adhering to uninfected
fibroblasts also had high CD2 expression, while in the other three experiments,
cells adhering to uninfected fibroblasts had CD2 expression equivalent to the
level of expression on the original population (Figure 5.7). These results
suggest that the increased expression of LFA-3 on the infected fibroblasts
preferentially attracts the binding of cells with higher levels of CD2 expression.

LFA-1 expression

LFA-1 is present on all lymphocytes, but two distinct populations of cells exist,
expressing either high or low levels. LFA-1 expression was analysed in only
two individuals. The cells adhering to either infected or uninfected fibroblasts
consisted of a greater proportion of cells expressing high levels of LFA-1 than
the original population (data not shown). However, the non-adherent cell
population was not devoid of LFA-1y, cells, so this marker is not definitive of
the adherent population.

The results of the above experiments therefore showed that although certain
subsets of lymphocytes preferentially adhere to fibroblasts, the increased
adhesion molecule expression on infected cells does not specifically induce the
adherence of any of the T cell subsets tested. It appears rather that the
increased adhesion results from a greater capacity of the infected fibroblasts to
support binding of the population of lymphocytes which have the characteristics
which enable them to adhere. Memory T cells, which express higher levels of
adhesion molecules, have a greater capacity for binding to fibroblasts than
naive T cells.

5.2.7 The effect of CMV infection on lymphocyte proliferation

Due to the role of ICAM-1 and LFA-3 as costimulatory molecules, preliminary
experiments were carried out to determine whether CMV infection enhanced
the ability of fibroblasts to costimulate CD3 mediated T cell activation. Although
fibroblasts are not professional antigen presenting cells, it was hypothesised
that the enhanced expression of LFA-3 or ICAM-1 might provide a costimulus
to increase anti-CD3 mediated T cell proliferation.
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PBMCs were incubated in wells containing one of the following combinations:
infected fibroblasts (3 days post infection), infected fibroblasts and anti-CD3,
uninfected fibroblasts, uninfected fibroblasts and anti-CD3, anti-CD3 alone, or
no stimulus. Proliferation was measured by thymidine incorporation at days 2 to
6 post incubation. The results from day 4 (Figure 5.8), correlated with the peak
of proliferation, and are representative of the general pattern of responses at
other time points.

Minimal proliferation was observed when PBMCs were incubated with infected
fibroblasts in the absence of CD3 activation (resting 269+9.31 CPM; infected
fibroblasts 308+27 CPM; mean+SEM, p=0.26). Incubation with uninfected
fibroblasts resulted in a small increase in proliferation from resting levels
(379+£12.7; p=0.001). Addition of anti-CD3 antibody resulted in significantly
increased proliferation. Co-incubation of PBMCs with anti-CD3 antibodies and
CMV infected fibroblasts resulted in decreased levels of proliferation in 5 out of
6 donors. The average levels decreased from 4873+208 CPM in the presence
of anti-CD3 antibodies only, to 3534+693 CPM in the presence of infected
fibroblasts (mean+SEM, p=0.06). Incubation with uninfected fibroblasts did not
have this negative effect on CD3 stimulated activation. PBMCs from 3 CMV
seronegative and 3 CMV seropositive volunteers were used in this experiment,
but there was no difference in the responses between the two groups, so the
results are presented together. The exception to this was that one CMV +ve
donor showed increased proliferation when co-incubated with infected
fibroblasts in the presence of anti-CD3 antibodies.

Although proliferation in response to anti-CD3 was decreased by the presence
of CMV infected fibroblasts, the nature of the proliferation assay does not
provide sufficient information to define whether this was a general effect
throughout the population of lymphocytes, or whether some lymphocytes
became activated while others died or were unresponsive, leading to an overall
decrease in proliferation in the well.

5.2.8 The effect of CMV infection on lymphocyte activation.

During viral infections and in allograft rejection, activation of effector function of
both CD4 and CD8 positive cells may take place in the absence of proliferation
of resting lymphocytes. To investigate whether there was any evidence of
activation of a population of cells without proliferation, the expression of an
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activation marker, CD69, was analysed. This marker was selected as it is one
of the first indicators of lymphocyte activation, appearing within hours of
activation, and continues to be expressed in the presence of the stimulus (Testi
et al. 1994). '

PBMCs from CMV seronegative volunteers were simultaneously activated with
anti-CD3 monoclonal antibodies and co-cultured either with infected or
uninfected fibroblasts, or in medium only. PBMCs were also incubated with
infected or uninfected fibroblasts in the absence of another activation stimuli.
PMA stimulation was used as a positive control, and lymphocytes incubated
with no stimulus were used as a negative control. Cells were co-cultured for 1
or 3 days, when they were removed from the cultures and stained for the
expression of CD4, CD8 and CD69. CD4 and CD8 positive populations were
analysed separately for the percentage of cells expressing CD69, by triple
colour flow cytometry. A marker was placed around the threshold of CD69
expression in the absence of any stimuli. This was used to determine the
percentage of positive cells following activation.

The results from 3 days post incubation for CD4 and CD8 positive cells are
shown for 3 separate experiments (Figure 5.9). Due to the variation in levels of
CD69 expression in cells from the three donors, mean values have not been
calculated. The positive control of PMA stimulation routinely induced CD69
expression on >95% of both CD4 and CD8 positive lymphocytes (data not
shown). CD69 was expressed at low levels following incubation with infected or
uninfected fibroblasts in the absence of CD3 activation. CD69 expression was
increased to between 15 and 27% following CD3 activation. Incubation with
infected fibroblasts and anti-CD3 antibodies lead to increased CD69 expression
above this level on both CD4 and CD8 positive cells in two individuals, and in
CD4 positive cells only in the third individual. Incubation with uninfected
fibroblasts had either no effect on anti-CD3 activation, or caused a slight
increase in CD69 expression on both CD4 and CD8 positive cells.

These results suggest that a portion of lymphocytes which do not respond to
CD3 activation alone are costimulated by CMV infected fibroblasts to express
CD69. As CD69 is a very early activation marker it is not possible to ascertain
from this experiment whether these cells subsequently become fully activated
or alternatively become apoptotic or anergic.

162



TABLE 5.1 Uptake of chromium-51 by lymphocytes®.

Activity of >'Cr added to 4x10” lymphocytes 7x10° CPM, 200uCi

Total activity incorporated by  4x10” | 1.8x10° CPM

lymphocytes (25.7% incorporation)

Mean activity in 1x10° lymphocytes 40497 CPM

Leakage of >'Cr from 1 x 10° lymphocytes® 2549 CPM

(1 hour at 37°C) (6.2% of original activity)

Uptake of leaked °'Cr by fibroblasts® 60.5 CPM

(1 hour at 37°C) (2.3% of leaked *'Cr)
(0.002% of original activity)

@ Chromium-51 was added to lymphocytes and incubated for 1 hour at 37°C.
The table shows the amount of chromium-51 incorporated by the lymphocytes.

® Aliquots of 1 x 10° lymphocytes were incubated for a further 1 hour at 37°C.
The lymphocytes were removed by centrifugation and the amount of chromium-
51 which had leaked was measured.

° The supernatants containing leaked chromium were incubated with fibroblasts

for 1 hour at 37°C. The amount of chromium taken up by the fibroblasts was
measured.
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Figure 5.1. Incorporation of tritiated leucine by purified CD2+ve
lymphocytes.

Lymphocytes were resuspended at a concentration of 5 x 107 cells/ml in
leucine-free RPMI. Tritiated leucine was added at a concentration of either
10uCi/ml or 50uCi/ml, and incubated at 37°C for either 1 hour or overnight (16
hours). The cells were then washed twice and resuspended in PBS at 1 x 10’
cells/m! . Aliquots containing the numbers of cells shown on the x axis were
applied to a filter mat, and the radioactivity incorporated was measured using a
Wallac B plate reader, and expressed as counts per minute (CPM) incorporated

in each aliquot.

164



Infected fibroblasts; 1 x TO®lymphocytes Uninfected fibroblasts: 1x10® lymphocytes

- VU
Infected fibroblasts: 5x10® lymphocytes Uninfected fibroblasts: 5x10® lymphocytes

* %

f C 1

Y/ . /r# Y. "-f

v 3%

Infected fibroblasts: 1x10® lymphocytes Uninfected fibroblasts: 1x10® lymphocytes

_*]/\

Figure 5.2 (a). Titration of the cell numbers required for optimal T cell
adhesion.

Tritiated leucine-labelled resting T cells were added to confluent monolayers of infected
(3 days post infection) and uninfected fibroblasts in 96 well plates. T cells were added to
each well at the concentrations indicated. The adhesion assay was carried out as
described in section 2.8. Photographs of resting T cells adhering to infected (left panel)
and uninfected (right panel) fibroblasts are shown (a). The number of T cells added to
each well is marked on the figure. Continued on next page.
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Figure 5.2 (b-e). Titration of the cell numbers required for optimal T cell
adhesion.

The mean number of lymphocytes bound to infected or uninfected fibroblasts from 3
random fields of view was plotted against the number of cells added per well (b). Cells
were solubilised, the amount of H leucine bound per well was measured, and this
was plotted against the number of cells added per well (c). The numbers of cells
counted visually was plotted against CPM of leucine bound (d). Finally the CPM in the
original lymphocyte aliquot added to the well was used to convert the CPM bound to
each well to a percentage adherence value (e). The latter method of presentation is
used in subsequent experiments. The experiment shown is representative of two
separate experiments, each of which was carried out in triplicate.
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Figure 5.3. The binding of resting CD2+ve lymphocytes to infected and
uninfected fibroblasts in the presence of EGTA, and at 4°C.

Resting T cells were labelled with ftritiated leucine, resuspended at 5 x 10®
cells/ml in RPMI, and separated into 3 equal aliquots for use in the adhesion
assay. One aliquot was washed in cation-free buffer, containing EGTA, and a
second aliquot of cells remained in RPMI, for use in an adhesion assay at 37°C.
The third aliquot (in RPMI) was used for an identical assay on a separate plate,
which was incubated at 4°C. 100pl was reserved from each aliquot for a total
count of the leucine added per well. The results are expressed as the
percentage of the original population which bound to the fibroblasts during the
assay. The experiment shown is one of two separate experiments. The data
shown is the mean = SD of triplicate values.
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Figure 5.4. Adhesion of activated CD2+ve iymphocytes to CMV infected
and uninfected fibroblasts.

Resting CD2+ve lymphocytes were labelled with tritiated leucine and divided
into four equal aliquots, which were activated by the different stimuli as
indicated, or remained resting. The labels on the X axis refer to lymphocytes
either activated by crosslinked anti-CD3 antibodies (anti-CD3), treated with
5mM Mg in the presence of 1mM EGTA (magnesium), or treated with 50nM
PdBu (phorbol) in the presence of 1mM Ca™ and 0.3mM M™ 5 x 100
lymphocytes were added to each well of CMV infected or uninfected fibroblasts
in a quantitative adhesion assay. The percentage of cells adhering was
calculated in relation to the amount of radioactivity added. The figure shows
mean values + SEM calculated from 3 separate experiments.
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Figure 5.5(a). The effect of blocking antibodies on the adherence of CD3
activated lymphocytes.

Infected and uninfected fibroblast monolayers were treated with blocking
antibodies specific for ICAM-1 and LFA-3 prior to the adhesion assay. The
results from control wells without antibody pretreatment are shown, but the
addition of irrelevant isotype control antibodies produced identical results. All
conditions for activation were identical to those in Figure 5.3. The figure shows
mean values + SEM calculated from 3 separate experiments.
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Figure 5.5(b). The effect of blocking antibodies on the adherence of
magnesium activated lymphocytes.

Experimental conditions were identical to Figure 5.5(a). The figure shows mean
values £ SEM calculated from 3 separate experiments.
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Figure 5.5(c). The effect of blocking antibodies on the adherence of
phorbol ester activated lymphocytes.
Experimental conditions were identical to Figure 5.5(a). The figure shows mean

values £ SEM calculated from 3 separate experiments.
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Figure 5.6 (a-c). Expression of CD45 isoforms on lymphocyte populations

adherent to infected and uninfected fibroblasts.

A large scale adhesion assay was carried out using unlabelled CD2+ve lymphocytes.
5 x 10° lymphocytes were added to each well containing monolayers of either infected
or uninfected fibroblasts (3 days post infection), and incubated for 1 hour at 37°C. The
non-adherent population was removed, and the adherent cells were then detached
from the fibroblasts as described. This resulted in five different populations of cells:
the original population, the lymphocytes adherent to infected (IA), or uninfected (UA)
fibroblasts, and the non-adherent population from infected (IN) or uninfected (UN)
wells. Each was stained for the expression of the surface markers shown on the Y
axis of each graph. Each data point represents the mean percentage (from duplicate
values) of CD2+ve lymphocytes expressing each marker, from one individual. The
expression of most markers was assessed in five individuals. The bars represent the

means calculated from the five individual values.
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Figure 5.6 (d-g). Expression of NK cell markers, CD28 and CD57 on
lymphocyte populations adherent to infected and uninfected fibroblasts.

The experimental design was identical to that described for Figure 5.6 (a-c).
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Figure 5.6 (h,i). Expression of CD4 and CD8 on lymphocyte populations
adherent to infected and uninfected fibroblasts.

The experimental design was identical to that described for Figure 5.6 (a-c).
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Figure 5.7. CD2 expression on lymphocyte populations adherent to
infected or uninfected fibroblasts.

Lymphocytes harvested from the experiments described in Figure 5.5 were
stained for the expression of CD2. The latter was used as a marker for
lymphocyte gating so was present on all cells analysed. The levels of CD2
expression were calculated in relation to the levels on the original lymphocyte
populations from each individual, which were assigned a value of 1. Each set of
differently shaded bars represents data from a separate individual. The labels
on the X axis correspond to those in Figure 5.6. The bars show mean values of
duplicate samples + SD.
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Figure 5.8. The proliferation of PBMCs in response to CMV infected and
uninfected fibroblasts.

PBMCs were purified from 6 normal donors and incubated in wells (1 x 10°well)
containing CMV infected or uninfected fibroblasts (2 x 10%well), in the presence or
absence of anti-CD3 antibodies. Control wells contained PBMCs without fibroblasts.
Fibroblasts were treated with mitomycin C at 3 days post infection for use as
stimulator cells. Ganciclovir (1pg/ml) was included in the wells to prevent the
production of viral DNA. Tritiated thymidine was added for 18 hour pulses at days 2 to
6 post incubation, after which the amount of incorporated tritiated thymidine was
measured. The results from day 4 are shown. The six data points for each condition
represent the mean proliferation from triplicate wells for each of six individuals.
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Figure 5.9. CD69 expression following PBMC co-culture with CMV

infected or uninfected fibroblasts.

PBMCs were incubated with either CMV infected fibroblasts (immediately following
infection), or uninfected fibroblasts, in the presence or absence of anti-CD3
antibodies, or with anti-CD3 antibodies alone. The contents of the wells were
harvested at 3 days post infection and the cells triple stained for the expression of
CD4, CDS and CD69. The CD4 and CDS populations were analysed separately for
the expression of CD69. The bars show the mean percentage of lymphocytes
expressing CD69 after each stimulus, from duplicate samples for each condition, from
3 separate experiments.
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5.3 DISCUSSION

The main aim of this chapter was to determine the differences in T cell binding
between uninfected and CMV infected fibroblasts which resulted from the
increased levels of cell surface ICAM-1 and LFA-3 following CMV infection. The
titration of cell numbers for optimal binding in the adhesion assay showed that
at low cell concentrations, binding to infected and uninfected fibroblasts was
sparse, and the differential between the two was small. The number of
lymphocytes adherent to infected fibroblasts increased concomitant with
increases in the number of lymphocytes added per well, until a plateau in the
number of adherent lymphocytes was reached at an input lymphocyte number
of 7.5 x 10° per well. The binding of lymphocytes to uninfected fibroblasts was
less affected by cell concentration, suggesting that the molecules available for
adhesion of CD2+ve lymphocytes had been saturated on uninfected cells. The
possibility that stearic hindrance or other physical constraints were responsible
for the plateau in lymphocyte adherence was ruled out by subsequent
observations that activated lymphocytes adhered at substantially higher levels.
This pattern of adhesion suggested that only a subset of lymphocytes have the
capacity to adhere to fibroblasts, and that the presence of higher levels of
adhesion molecules on infected fibroblasts allows a greater proportion of these
cells to bind.

The critical parameters for the adhesion of T cells to uninfected fibroblasts have
been investigated by others, although the conditions used were slightly different
(Abraham et al. 1988; Cabanas and Hogg, 1991). Previous studies in dermal
fibroblasts fixed with formaldehyde showed that spontaneous binding of resting
T cells to fibroblasts was abolished by such fixation (Abraham et al. 1988). We
have also found this to be true (data not shown). This suggests that movement
of the molecules on both the target cell and the lymphocytes is required for
efficient adhesion. The molecules involved in the background adherence to
uninfected fibroblasts have not been identified, but it is likely that carbohydrate
moieties are involved, as the presence of the sulphated fucose polysaccharide,
fucoidin, is partially inhibitory to this process (Brandley et al. 1987; Abraham et
al. 1988). Lymphocyte binding to fibronectin and other unidentified extracellular
matrix components on fibroblasts also takes place (Abraham et al. 1989).

A previous study from this laboratory demonstrated that resting T cell binding to
infected fibroblasts utilised the LFA-3/CD2 adhesion pathway, and there was a
minimal role for the LFA-1/ICAM-1 interaction (Grundy et al. 1993).
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Experiments examining the effect of divalent cation-free conditions, and
performance of the assay at +4°C were carried out to confirm this finding. The
increased binding of CD2+ve lymphocytes to infected fibroblasts above
uninfected fibroblasts was maintained under both these conditions. There was
a slight decrease in the level of adhesion of CD2+ve lymphocytes to infected
fibroblasts at +4°C, but levels of binding remained significantly higher than to
uninfected cells. The decrease may be due to a general slowing down of
cellular processes at this temperature, as the assay duration was only ten
minutes. The maintenance of the increased binding capacity of infected
fibroblasts under divalent cation-free conditions confirms the minimal role for
integrin mediated interactions in the binding of resting CD2+ve lymphocytes.

The adhesion of activated lymphocytes may be more relevant than that of
resting lymphocytes to the interactions which take place between leukocytes
and CMV infected cells in vivo, as CMV infection, and other viral infections are
associated with activation of peripheral blood lymphocytes (Yang et al. 1989;
van den Berg et al. 1992; Reinke et al. 1994b), and increased expression of B,
integrins in particular (Reinke et al. 1994c, Borthwick et al. 1996). Graft-versus-
host disease, which is strongly associated with development of CMV
pneumonitis, is characterised by the activation of T cells, NK cells and B cells
(Dokhelar et al. 1981; Ringden et al. 1987; Sullivan and Parkman, 1983).
Stimulation with CMV antigen in vitro also leads to the generation of cells of an
activated phenotype, expressing high levels of adhesion molecules (Nakano et
al. 1993; Ito et al. 1995b). In the present study, activation of T lymphocytes by
CD3 crosslinking and magnesium treatment induced significantly increased
adherence to infected fibroblasts in comparison to uninfected fibroblasts.
Lymphocytes activated by phorbol ester also adhered to infected fibroblasts at
high levels, but adherence to uninfected fibroblasts was almost as high. It is
possible that the surface area of the infected fibroblasts could not support
further lymphocyte binding in line with the higher levels of adhesion molecules
due to stearic hindrance by the high levels of binding. Adhesion of all activated
lymphocytes to infected fibroblasts could be reduced to low levels by blocking
with an anti-ICAM-1 monoclonal antibody, whilst the latter did not affect their
adherence to uninfected fibroblasts. From the previous studies of other groups
it had been expected that the binding of activated T cells would involve the
ICAM-1/LFA-1 adhesion pathway (Dustin and Springer, 1989; Cabanas and
Hogg, 1991), and indeed, the LFA-3/CD2 pathway appeared to play a minor
role in the binding of CD2+ve lymphocytes following activation in the present
study, as treatment with the anti-LFA-3 monoclonal antibody had no significant
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effect on levels of adhesion. LFA-1/ICAM-1 interactions may be incompatible
with the maintenance of CD2/LFA-3 interactions, as the LFA-1 and ICAM-1
molecules are significantly larger than CD2 and LFA-3. As the ICAM-1 and
LFA-1 molecules do not appear to interact in the adhesion of resting CD2+ve
lymphocytes, these larger molecules may be excluded from the zone of
contact, and thus favour the CD2/LFA-3 interaction under resting conditions
(Davis and van der Merwe, 1996).

The analysis of the resting T cell subsets and NK cells which bound to infected
and uninfected fibroblasts showed that no subset showed preferential
adherence to infected fibroblasts. The identification of memory T cells
(CD45RO+ve and CD45RB,,) as the preferentially adhering population
suggests that these cells have evolved to adhere to target cells and hence
migrate through tissues and carry out their function when encountering the
appropriate antigen. Memory T cells, as defined by the expression of CD45R0,
express higher levels of adhesion molecules in order to have this function
(Sanders et al. 1988; Akbar et al. 1991). The cells adhering to infected
fibroblasts were found to have increased expression of CD2 and LFA-1 in the
present study. A recent observation in a mouse model of viral encephalitis has
shown that while antigen specificity does not influence entry of lymphocytes
into inflamed tissues at any stage of infection, only antigen specific cells are
retained, suggesting that these cells are unable to leave the tissue (Irani and
Griffin, 1996) The efficient adhesion of memory T cells defined by expression of
CD45R0, and the most differentiated memory cells, CD45RB,,,, may lead to the
selective retention of these cells in the tissues. The increased expression of
adhesion molecules on CMV infected fibroblasts may act to prolong the
adherence of such lymphocytes to infected cells and thus increase the
efficiency of antigen recognition.

CD28-ve lymphocytes, which are considered to be the principal CTL effector
cells, and contain cytotoxic granules (Borthwick et al. 1994; Kern et al. 1996),
were found to adhere at increased proportions to both infected and uninfected
fibroblasts. Cells expressing cytotoxic granules are predominant in
bronchoalveolar lavage fluids of Ilung allograft recipients during CMV
pneumonitis (Humbert et al. 1994). A population of LFA-1,4, CD57+ve,
CD8+ve lymphocytes is expanded in patients exhibiting late-acute renal
allograft rejection and symptomless CMV infection (Reinke et al. 1994c). The
co-expression of these markers has not been investigated in the present study,
but LFA-1,g, cells were shown to preferentially adhere to fibroblasts, while
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increased adherence of CD57+ve cells to fibroblasts was not seen. This agrees
with the clinical observation that CD57+ve cells were not found in the organs of
patients exhibiting increased peripheral blood levels of CD57+ve cells during
CMV infection (Reipert et al. 1992). The clinical significance of the CD57+ve
cell expansion following CMV infection has not been established, but it has
been suggested that they are terminally differentiated anergic cells which
suppress MHC-restricted CTL function (Wang and Borysiewicz, 1995). It would
be interesting to investigate the adhesion properties of lymphocytes from CMV
infected individuals, due to the many differences in the lymphocyte populations
in comparison to normal individuals.

NK cells accumulate in tissues early after CMV infection (Maher et al. 1985;
Natuk and Welsh, 1987), and do not require prior activation to migrate or exert
their cytotoxic effect. They also migrate more quickly than T cells in in vitro
assays (Taub et al. 1995; Berman et al. 1996). NK cells are reconstituted
earlier than T cells following BMT, and thus could be important in the control of
infection in the absence of the T cell response. In the present study, NK cells,
as defined as either CD16+ve, or CD2+veCD3-ve, were not found at increased
levels in the adherent lymphocyte populations, either to infected or uninfected
fibroblasts. The reason for the poor adherence of NK cells to fibroblasts is not
Clear.

In addition to the retention of lymphocytes in tissues, adhesion molecules may
also function in the co-stimulation of lymphocytes. Both ICAM-1 and LFA-3
have been shown to have a costimulatory function in vitro (Tiefenthaler et al.
1987; Altmann et al. 1989; Hahn and Bierer, 1993). In the present study,
incubation of CD3 activated T lymphocytes with infected fibroblasts resulted in
increased numbers of activated T cells in comparison to CD3 activation alone,
as defined by the early lymphocyte activation marker CD69. However, it can not
be assumed that CD69 expression is always followed by full activation of the
cell, as many activation stimuli only result in partial activation, and the fate of
these cells is not clear, as increased proliferation was not observed in
thymidine incorporation experiments. This may be due to the selective
activation of a proportion of lymphocytes in the cultures, in conjunction of either
death or anergy of the remaining cells. Activation in viral infections is also
associated with increased cell death by apoptosis (Akbar et al. 1993), but there
was no obvious morphological evidence of apoptosis in these cultures. Cell
cycle analysis may provide an insight into the numbers of cells which are
proliferating, anergic, or apoptotic. Further experiments are therefore required
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to determine whether CMV infected fibroblasts are providing a positive or
negative signal to lymphocytes. The proportion of cells which became activated
may represent effector cells which do not require a signal through CD28 in
order to exhibit effector function, in contrast to the proliferation of resting cells
which requires a signal from B7 on professional antigen presenting cells
(Azuma et al. 1992; Azuma et al. 1993a). LFA-3 and ICAM-1 are involved in
activation of virus specific effector cells (de Waal Malefyt et al. 1993), and the
upregulation of these molecules following CMV infection may thus enhance the
activation of virus effector cells, and provide protection from disease. However
increased interaction between allospecific effector cells and CMV infected
fibroblasts may lead to increased activation of the latter cells that may
contribute to tissue damage and allograft rejection.
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CHAPTER 6

ALTERATIONS IN CHEMOKINE PRODUCTION BY CMV
INFECTED FIBROBLASTS AND THEIR ROLE IN
LEUKOCYTE RECRUITMENT



Chapter 6. Alterations in chemokine production by CMV Infected
fibroblasts and their role In leukocyte recruitment.

6.1 INTRODUCTION

Chemokines interact with leukocytes by activating integrins to facilitate strong
adhesion to the endothelium and thus migration through interstitial tissues, and
additionally provide a concentration gradient for the spatial localisation of
migration (Adams and Shaw, 1994). The selectivity of chemokines is achieved
by the expression of specific chemokine receptors on leukocyte subsets
(Mackay, 1996). Both non-immune cells and migrated leukocytes are sources
of chemokines in tissues. The stimuli leading to chemokine production vary
among different cell types, and include cellular activation, the action of
cytokines, and viral and bacterial infection (Van Damme et al. 1989; Okamoto
et al. 1993). Stimulation of chemokine production by viral infection may be a
host mechanism for attracting particular leukocytes to sites of infection.

The accumulation of specific leukocyte subsets within tissue is a fundamental
feature of inflammation. Different diseases, such as cystic fibrosis, rheumatoid
arthritis, and atherosclerotic disease are associated with particular patterns of
leukocyte infiltration that correlate with differential expression of chemokines
(Strieter et al. 1994). In viral infections, migration of leukocytes to sites of
infection is important for control of the infection, but accumulation of leukocytes
may also lead to tissue damage. It is well established that T cell activity causes
immunopathology in the lung in respiratory syncytial virus infections (Alwan et
al. 1994; Openshaw, 1995). In certain conditions associated with CMV
infection, such as CMV pneumonitis and allograft rejection, activated T cells or
cytotoxic effector T cells accumulate in the tissues (Humbert ef al. 1992,
Humbert et al. 1994, Ouwehand ef al. 1994). Altered chemokine production
following CMV infection, together with adhesion molecule upregulation, may
change the patterns of leukocyte migration through tissues. Furthermore, the
expression of the CMV encoded 8 chemokine receptor may be important in
determining the balance of chemokines in infected tissues (Neote ef al. 1993;
Gao and Murphy, 1994).

The aims of this chapter were to establish the profile of chemokines produced
by CMV infected fibroblasts, at both the protein and mRNA levels and then to
determine whether specific subsets of leukocytes migrated through endothelial
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monolayers towards supernatants from CMV infected fibroblasts. The
transendothelial migration of neutrophils and different subsets of resting T cells
was investigated.
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6.2 RESULTS

6.2.1 CMV infection of fibroblasts enhances steady state levels of IL-8
and MCP-1 mRNA.

To investigate the profile of chemokines induced following CMV infection of
fibroblasts, total cellular RNA was extracted from infected and uninfected
cultures at selected times post infection, and analysed by northern blotting. The
blots were probed for the presence of IL-8, MCP-1, RANTES, and MIP-1a
mRNA using complementary DNA probes.

At two hours post infection, IL-8 mMRNA could not be detected in either
uninfected or CMV infected fibroblasts. IL-8 mRNA in infected cells was first
detected at 6 hours post infection, and remained above the levels in uninfected
cells at all time points measured (up to 48 hours post infection). The levels of
IL-8 mRNA in infected cells were lower at 24 hours than at 12 and 48 hours,
although still significantly above the levels in uninfected cells. Steady state
levels of MCP-1 mRNA were increased following CMV infection, reaching
maximal levels at 12 hours post infection after which they declined (Figure 6.1).

There was no detectable expression of RANTES or MIP-1ac mRNA at any of the
above time points (data not shown). Subsequent experiments therefore
focused on the production of IL-8 and MCP-1.

6.2.2 CMV infection enhances production of IL-8 by human embryonic
lung fibroblasts.

To characterise the effect of CMV infection on IL-8 production, culture
supernatants from infected fibroblasts were harvested and assayed for the
presence of IL-8 by immunoassay at 6, 12 and 24 hours post infection. Higher
levels of IL-8 were consistently found in infected cell supernatants compared to
those from uninfected cells. While constitutive levels of IL-8 produced by
uninfected fibroblasts were low in all experiments (2.45+0.56ng/10° cells, n=4),
peak levels in infected cultures were significantly increased, to a mean of
11.08+1.17ng/10° cells (n=4, p=0.001), representing a mean fold increase of
4.8710.53 from uninfected levels at the same time points. Enhanced IL-8 levels
were detected from as early as 6 hours post infection. Figure 6.2 shows mean
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IL-8 levels produced in 2 identically prepared cultures of fibroblasts established
from different donors.

6.2.3 MCP-1 levels in supernatants from human embryonic lung
fibroblasts are decreased by CMV infection.

To investigate the effect of CMV infection on MCP-1 levels at the protein level,
supernatants from CMV infected, and uninfected control fibroblasts, were
harvested at 24, 48, and 72 hours post infection, and assayed for MCP-1
production by ELISA. The uninfected fibroblasts were found to produce MCP-1
constitutively. At 24 hours post infection, MCP-1 levels in supernatants from
infected fibroblasts were significantly lower than the levels present in uninfected
cell supernatants (mean = 63% of uninfected level, range 49%-79%). By 48
hours, the levels measured in the infected supernatant had decreased
dramatically, to 4% of uninfected levels (range 1.6%-5.4%), as was the case for
supernatants harvested at 72 hours post infection (Figure 6.3). Cells treated
with virus free inoculum were found to produce similar constitutive levels to the
uninfected cells, suggesting that the decreased levels of MCP-1 in the infected
cultures were a result of viral infection (data not shown).

Supernatants were also tested for the presence of the § chemokines MIP-1a
and RANTES, but these cytokines were not detectable in supernatants from
either uninfected or CMV infected fibroblasts (data not shown).

6.2.4 CMV-induced upregulation of IL-8 and MCP-1 mRNA is a direct viral
effect.

In addition to virions, CMV inoculum contains other factors released from
infected cells. It was therefore possible that the increase in IL-8 and MCP-1
mRNA levels was in response to another factor present in the viral inoculum.
To address this issue, cells were infected with a ‘purified’ virus preparation, and
the IL-8 and MCP-1 mRNA levels were measured at 24 hours post infection.
This virus preparation induced increases in IL-8 (Figure 6.4) and MCP-1
(Figure 6.5) mRNA levels similar to those achieved by whole CMV inoculum,
suggesting that the cytokines in the inoculum were not responsible for this
effect.
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6.2.5 CMV induced upregulation of IL-8 protein is a direct viral effect.

Although it was shown in Chapter 4 that supernatants from CMV infected
fibroblasts contained no detectable IL-18 and TNFq, it was possible that low
levels of these cytokines, or other cytokines induced by infection could be
responsible for the IL-8 upregulation in CMV infected fibroblasts. IL-8 protein
levels in infected supernatants were measured in the presence of neutralising
antibodies specific for IL-1B and TNFa, which were added to the cells both
during the 1 hour virus adsorption period, and following infection. The
concentrations of antibodies used were sufficient to neutralise the activity of
0.5ng/ml of their respective cytokines (Table 2.4). Treatment with neutralising
antibodies also had no effect on IL-8 production (Figure 6.6). The effect of virus
free inoculum on IL-8 production was also investigated. Fibroblasts were also
infected with ‘purified’ virus, and produced similar levels of IL-8 to cells infected
with the usual CMV inoculum. CMV inoculum from which the virus was
removed by ultracentrifugation had no effect on IL-8 production by fibroblasts.
This further confirmed that the increased production of IL-8 following infection
was not a secondary effect of cytokines present in the inoculum.

6.2.6 Sequestration of recombinant MCP-1 by infected fibroblasts.

it was possible that the MCP-1 levels were decreased in infected cultures due
to either inhibition of constitutive production by CMV infection, or by
sequestration of the MCP-1 by the infected cells as a result of the expression of
the CMV encoded B chemokine receptor. In order to test which of these two
possibilities was occurring, recombinant MCP-1 was added to infected and
uninfected cells at 1000 and 10,000pg/m| at the time of infection, and the
supernatants were harvested at 24 and 48 hours post infection. At 24 hours
post infection, the levels of MCP-1 in both infected and uninfected cultures
were approximately equal to the sum of the constitutive levels produced by
uninfected cells and the amount of recombinant MCP-1 added. In contrast, at
48 hours post infection, infected cell supernatants contained greatly diminished
levels of MCP-1 in comparison to uninfected cell supernatants (Figure 6.7).
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6.2.7 Increased neutrophil transendothelial migration occurs in response
to supernatants from CMV infected fibroblasts.

IL-8 is a powerful neutrophil chemoattractant, and also induces the migration of
some T cell subsets and NK cells. The supernatants from CMV infected
fibroblasts were first tested for the ability to influence neutrophil migration.
Supernatants were harvested from infected and uninfected fibroblasts at 6
hours post infection, and tested for their ability to enhance the transmigration of
neutrophils across an endothelial cell monolayer. Labelled neutrophils were
placed on the top of a cell culture insert coated with endothelial cells, and
migration towards supernatants from infected or uninfected fibroblasts placed in
the lower chamber, or IL-1B controls, was measured.

Under resting conditions (i.e. only medium present in the lower chamber), 8.5 +
3.12% (meantSE, n=4) of the starting neutrophil populations migrated during
the period of the assay. This basal level was designated 100%. Neutrophil
migration towards supernatant from infected fibroblasts was significantly higher
than that towards supernatant from uninfected fibroblasts (321 £ 32% of basal
levels for infected cells, 152 t+ 16% for uninfected cells, p<0.05, n=4
experiments) (Figure 6.8). Supernatants from uninfected fibroblasts were also
found to increase neutrophil migration above the basal level. This observation
was consistent with the constitutive low level production of IL-8 by different
fibroblast lines as measured by ELISA described above.

6.2.8 Inhibition of CMV induced transendothelial migration by
neutralising antibody specific for IL-8.

In order to determine whether the increase in neutrophil transmigration was due
to the presence of increased levels of IL-8, supernatants harvested from
infected and uninfected cells at 6 hours post infection, as well as positive (the
chemotactic peptide fMLP, 10'7M) and negative controls (medium), were
preincubated with a neutralising antibody against IL-8, or an IgG control
antibody for 30 minutes before the transmigration assay was carried out. In
wells containing the fibroblast supernatant, this treatment reduced the
percentage of transmigrating cells to the levels of control wells, confirming that
the chemotactic activity for neutrophils in both infected and uninfected
supernatants was due to the presence of IL-8 (Figure 6.9). In contrast,
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migration of neutrophils towards the chemotactic peptide fMLP (10”M) was not
affected by the neutralising antibodies specific for IL-8 (632% of control
migration with control antibody, 690% with anti-IL-8). These results showed that
the predominant factor increasing neutrophil migration towards supernatants
from CMV infected fibroblasts was indeed IL-8.

6.2.9 Increased neutrophil transmigration is independent of alteration of
endothelial adhesion molecules.

Neutrophil transmigration occurs as a result of a multistep process, involving
both adhesion molecules and chemokines. It was possible that cytokines
present in supernatants from CMV infected fibroblasts had caused alterations in
endothelial adhesion molecule expression, which may have contributed to the
increased migration observed. To test for this possibility, endothelial cells were
treated with identical supernatants to those which were used in the migration
assays, and their adhesion molecule expression analysed. Cells were treated
with supernatants from infected or uninfected cells, IL-1B at 10ng/ml, or fresh
medium (all at a final concentration of 10% FCS). The endothelial cells were
exposed to the supernatants for 2 hours, which was equivalent to the duration
of a neutrophil migration assay. The endothelial cells were subsequently
stained for expression of ICAM-1, PECAM, VCAM, and E-Selectin, and
analysed by flow cytometry. On cells treated with supernatants from infected
and uninfected cells, the expression of these molecules was not altered in
comparison to cells treated with fresh medium. In contrast, cells treated with IL-
1B showed increased levels of E-Selectin, and a small increase in VCAM and
ICAM-1 levels, but no changes in PECAM levels, as would be expected on IL-
1B stimulated cells at his early time point (Figure 6.10). Thus we concluded that
changes in the expression of these adhesion molecules on endothelial cells did
not contribute to the CMV-induced neutrophil migration.

6.2.10 T cell migration in response to supernatants from CMV infected
fibroblasts.

IL-8 is a T and NK cell chemoattractant in addition to its effects on neutrophil
migration. Supernatants from infected and uninfected fibroblasts had been
tested for the presence of the chemokines IL-8, MCP-1, MIP-1a. and RANTES

by ELISA, but assays for other chemokines which attract T cells were not
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available. A functional assay was therefore carried out to determine whether
the supernatants from CMV infected and uninfected fibroblasts induced T cell
transendothelial migration. Supernatants harvested from fibroblasts at 6, 24, 48
and 72 hours post infection were tested in transendothelial migration assays. T
cell migration takes place at a much slower rate than neutrophil migration, so
migration assays were allowed to proceed for 18 hours. It was not possible to
use chromium-51 in such a long assay due to problems with leakage from the
cells. Instead, the numbers of migrated cells were counted using the Cytoron
Absolute flow cytometer, which counts the absolute number of cells in a cell
suspension of known volume.

Transendothelial migration assays were carried out using T cells purified from
different individuals and supernatants generated from infected fibroblasts in 5
independent experiments. The amount of T cell migration towards infected or
uninfected supernatants harvested at 24 hours post infection are shown for
each of the 5 experiments (Figure 6.11). The increase or decrease in T cell
migration observed using supernatants harvested at 24 hours post infection
was representative of the activity at other time points. No consistent pattern of
increased migration towards infected or uninfected fibroblasts emerged from
these experiments. The migration of T cells was increased by infected
supernatants in 3 out of 5 experiments, while the reverse was true for the other
two experiments. It was therefore not possible to speculate on the presence or
absence of T cell chemotactic activity based on these results.

6.2.11 Phenotyping of T cells migrating towards supernatants from CMV
infected fibroblasts.

Although the previous experiment did not show any consistent increase in T cell
migration towards supernatants from infected fibroblasts, it was possible that
certain subsets of T cells were preferentially attracted. Large scale
transmigration assays were carried out in order to harvest a sufficient number
of migrated lymphocytes for flow cytometric analysis. Both starting and
migrated populations were stained for the expression of CD4, CD8, CD45
isoforms, the adhesion molecules LFA-1 and L-selectin, the NK cell marker
CD16, and CD28, a marker which is absent on cytotoxic T cells. Cells were
stained with CD3 to gate the T cell population during analysis, and with CD2
when investigating CD16 positive cells. This experiment was carried out using
PBMCs from three different individuals. The results from a representative
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experiment are shown in Figure 6.12. There were no differences in the
phenotypes of migrating lymphocyte subsets in response to either infected or
uninfected supernatants in comparison to the control wells (containing medium
only). However, certain subsets were present at increased levels in the
migrated populations in comparison to the original populations.

NK cells

NK cells were distinguished by CD16 expression. These cells were not found in
any of the migrated populations (Figure 6.12 (a)).

CD28

CD28 positive cells were present at increased levels in the migrated
populations, but there were no differences between control migration, and
migration stimulated by infected and uninfected supernatants (Figure 6.12(b)).
This was in contrast to the results from Chapter 5, where CD28-ve cells
showed increased adherence to fibroblasts.

Adhesion molecules

T cells can be divided into those which express high and low levels of LFA-1.
The CD45RO+ve populations contained mainly LFA-1,g, cells. These cells
were present at greatly increased levels in the migrated cell populations. The
CD45RA+ve populations consisted of equal proportions of LFA-1,,, and LFA-
Tow cells. CDA45RA+/LFA-1,4, cells migrated, whereas migration of
CD45RA+/LFA-1,,, cells was undetectable (Figure 6.12(c,d)). L-selectin
(CD62L) is a lymphocyte adhesion molecule which is responsible for the initial
interaction between the lymphocyte and the endothelium. There was no
selective enrichment for cells either expressing or lacking this molecule in the
migrated populations (data not shown).

Memory markers

The expression of CD45 RA, RO and RB was investigated in both CD4+ve and
CD8+ve T cell subsets. CD4 positive cells showed preferential migration of the
memory subsets, represented by CD45RB,,,, and CD45RO+ve populations, but
the proportion was not different between uninfected and infected supernatants,
or control wells (Figure 6.12(e,f)). CD45R0O+ve/CD8+ve cells also migrated
preferentially relative to the starting population (Figure 6.12(g)). The proportion
of CD8+ve/CD45RB,,, cells was too small to analyse, as the CD45RB,,,
phenotype was present predominantly in the CD4 population.
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Supernatants from CMV infected fibroblasts thus do not appear to preferentially
attract any of the above resting T cell subsets or NK cells. The proportion of NK
cells in the migrating populations was particularly low, in comparison to the
proportions of NK cells in the original populations.
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Figure 6.1. IL-8 and MCP-1 mRNA levels in CMV-infected and uninfected
fibroblasts.

Fibroblasts were infected with CMV strain AD169 (l), or left uninfected (U). At the times
indicated (hours post infection), total cellular RNA was prepared, and IL-8, MCP-1 and
actin mRNA were detected by Northern blotting. The bands detected were visualised by
chemiluminescence and autoradiography, and the figure shows an autoradiograph from
a representative experiment (a). The intensity of the IL-8 or MCP-1 mRNA bands
detected in part (a) were quantified by laser densitometry, and the data was converted to
arbitrary Densitometry Units (b and c). Adjustments were made for slight differences in
loading by densitometric analysis of the actin mRNA levels. The data shown are
representative of two similar experiments.

194



15.0

Expt. 1 Expt. 2 "zzzm Uninfected
Infected
12.5
Io 100
*0
oo 7.5
c 50
254
0.0 %
6 12 24 6 12 24 6 12 24 6 12 24

Hours post infection

Figure 6.2. IL-8 protein production by CMV infected fibroblasts.

Subconfluent fibroblast monolayers were either infected with CMV strain
ADIBY, or left uninfected, and their supernatants harvested at the times
indicated from the time of initial infection. IL-8 protein levels were quantified by
ELISA, and are expressed as ng/10® fibroblasts. Two representative
experiments performed on identically prepared fibroblast cultures derived from
different donors are shown. The results shown represent the mean £ SD from
triplicate wells in each experiment.
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Figure 6.3. Effect of CMV infection on levels of MCP-1 protein.

Fibroblasts were infected with CMV inoculum, or left uninfected. The
supernatants were harvested at the times indicated on the graph and assayed
for the presence of MCP-1 by ELISA. The results are expressed as pg MCP-
1/ml. The data shown represent the mean from duplicate wells. Two
representative experiments are shown.
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Figure 6.4. The effect of purified virus on IL-8 mMRNA expression.

CMV strain AD169 was purified from other extraneous factors in the viral
inoculum by two rounds of ultracentrifugation and resuspension in fresh medium
(‘pure virus'). Total cellular RNA was extracted at 24 hours post infection, from
cells infected with this inoculum, uninfected cells, or fibroblasts treated with IL-ip
(10ng/ml) and IL-8 and actin (A) mRNA levels were detected by Northern blotting.
An autoradiograph of the bands detected by chemiluminescence is shown (top
panel). The intensity of the mRNA bands were quantified by laser densitometry
and presented as arbitrary densitometry units as described for Figure 6.1 (bottom
panel).
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Figure 6.5. The effect of purified virus on MCP-1 mRNA expression.
The expression of mRNA for MCP-1 was investigated by Northern blotting. See
figure 6.4 for experimental design.
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Figure 6.6. Effect of extraneous factors from the viral inoculum on IL-8
protein expression.

Fibroblasts were infected with CMV inoculum, virus free inoculum (virus
removed by ultracentrifugation), ‘pure virus' (as for Figure 6.4), or left
uninfected. Neutralising antibodies specific for IL-1p or TNFa (10pg/ml) were
added both during and immediately following infection, to wells treated with
CMV inoculum, virus free inoculum and uninfected controls. Levels of IL-8
protein were measured by ELISA at 24 hours post infection, and are expressed
as pg IL-8/ml. The data shown represents the mean + SD from triplicate wells
in one representative experiment. Similar results were obtained in a separate
experiment.
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Figure 6.7. The removal of recombinant MCP-1 from supernatants
incubated with CMV infected fibroblasts.

Fibroblasts were infected with CMV inoculum at a MOI of 2-4 pfu/cell, or left
uninfected. Following the one hour inoculation period, the inoculum was
replaced with medium containing 1000 or 10,000 pg/ml recombinant MCP-1, or
medium alone. The supernatants were harvested at 24 or 48 hours post
infection and their MCP-1 levels measured by ELISA. The data shown
represents the mean from duplicate wells. The experiment shown is
representative of three similar experiments.
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Figure 6.8. Transendothelial migration of neutrophils towards
supernatants from infected or uninfected fibroblasts.

Supernatants were harvested from cultures of CMV infected or uninfected
fibroblasts at 6 hours post infection. The migration of *Cr-labelled neutrophils
placed in the top of a cell culture insert coated with endothelial monolayers,
towards the supernatant, or medium, in the bottom of the chamber, was
measured over a 2 hour period. ‘IL-1 @treated endothelium' used as a positive
control was preincubated with 2ng/ml of IL-1p for 3 hours prior to the assay,
rinsed and placed in wells with fresh medium. All supernatant samples were
tested in duplicate wells. Data from individual experiments were normalised
such that % migration of the control (medium only) wells was designated 100%.
The data shown represents the mean + SEM of 4 separate experiments.
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Figure 6.9. The effect of neutralising antibodies specific for IL-8 on
neutrophil migration.

Anti-IL-8 antibodies or irrelevant control antibodies were added to supernatants
from CMV infected and uninfected fibroblasts at a concentration of 20|ig/ml for
30 minutes prior to the transmigration assay. The experimental design was
otherwise identical to that described in Figure 6.7. The graph shows %
migration relative to the medium only control, for irrelevant antibody wells or
wells containing anti-IL-8 antibody. Migration towards the bacterial chemotactic
peptide fMLP was not affected by the addition of anti-IL-8 antibody (632% of
control migration with control antibody, 690% with anti-IL-8, data not shown).
The data points represent the mean of duplicate wells and are representative of
four separate experiments.
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Figure 6.10. Endothelial adhesion molecule expression following
treatment with supernatants used for migration assays.

Endothelial

cells were treated for 2 hours with fresh medium

(C)

(d)

(a),

supernatants from uninfected (b) or CMV infected (c) fibroblasts, or with IL-1

at |Ong/ml as a positive control (d). Endothelial cells were then analysed for
the cell surface expression of ICAM-1, PECAM-1, VCAM-1, and E-Selectin by
flow cytometry. Flow cytometry profiles from a representative experiment are

shown.
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Figure 6.11. Transendothelial migration of CD2+ve lymphocytes towards
supernatants from infected or uninfected fibroblasts.

Purified CD2+ve lymphocytes were placed on the upper chamber of a cell
culture insert coated with endothelial cells. The lower chamber contained
supernatants from infected fibroblasts (24 hours post infection), or uninfected
fibroblasts. The migration of CD2+ve Iymphocytes across endothelial
monolayers towards each supernatant was measured by the counting of
migrated lymphocytes using the Cytoron Absolute flow cytometer after
migration had proceeded for 18 hours. The results are expressed as
percentage migration of the starting population. All supernatant samples were
tested in duplicate wells. The data represent the mean £ SD from 5 separate
experiments.
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Figure 6.12 (a and b). Analysis of GDIS and CD28 subsets in migrated
populations.

Purified CD2+ve lymphocytes were placed on the upper chamber of a cell
culture insert coated with endothelial cells. The lower chamber contained
supernatants from infected fibroblasts (24 hours post infection), uninfected
fibroblasts, or medium only (control migration). After 18 hours the phenotype of
each of the migrated lymphocyte populations was compared to the starting
population by flow cytometry. Lymphocytes were gated on the basis of their
characteristic forward and side scatter profiles, and the expression of CD2.
Representative profiles from 3 separate experiments are shown.
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Figure 6.12 (c and d). Analysis of LFA-1 expression in migrated
populations.

The same populations described in Figure 6.11 (a and b) were stained for the
expression of LFA-1. The experimental conditions were as described in Figure
6.11 (a and b), except that cells were gated on the basis of forward and side
scatter and CD3 expression (c) or CD45RA (d), before further analysis of LFA-1

expression.
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Figure 6.12 (e,f,g). Analysis of CD45RO and RB expression in migrated
populations.

The same populations described in Figure 6.11 (a and b) were stained for the
expression of CD4, CD8 and CD45RO, or CD4, CD8 and CD45RB. The
experimental conditions were as described in Figure 6.11 (a and b). CD4 and
CD8 populations were then analysed separately for the expression of CD4
isoforms.
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6.3 DISCUSSION

In this study, we have shown that CMV infection of fibroblasts resulted in
increased production of IL-8 mMRNA and protein. This was a specific effect of
the virus and was not attributable to cytokines contained in the viral inoculum.
The increased IL-8 produced by CMV infected fibroblasts had functional
consequences, as demonstrated by the ability of supernatants from CMV
infected cells to significantly enhance neutrophil transendothelial migration
above levels achieved using supernatants harvested from uninfected cells. The
increase in neutrophil migration occurred in the absence of alterations of
adhesion molecule expression on the endothelial cells. The role of IL-8 in
inducing neutrophil migration was confirmed by demonstrating that
preincubation of fibroblast supernatants with neutralising antibodies to IL-8
reduced neutrophil transmigration to basal levels.

Transcription of the IL-8 gene in fibroblasts is induced by IL-1B, TNFa, and
phorbol esters (Strieter et al. 1989a). The transcription is regulated by both an
NF-xB-like factor, and an NF-IL-6-like factor, which interact co-operatively with
two adjacent but distinct cis-elements on the IL-8 promoter (Mukaida et al.
1990). The increased IL-8 mRNA levels in CMV infected fibroblasts were first
detected at 6 hours post infection, and showed a biphasic pattern, declining at
24 hours but recovering at increased levels by 48 hours, although actin mMRNA
levels remained stable. We also showed an increase in IL-6 mRNA following a
similar time course to that shown for IL-8 in the present study (data not shown),
and this has been reported by others. It was suggested that the biphasic
pattern of IL-6 induction resulted from early activation of preformed cytoplasmic
NF-B, followed by de novo induction of NF-xB later in infection (St.Jeor et al.
1993), as CMV infection activates NF-xB DNA-binding and enhancer activities
(Kowalik et al. 1993). Thus IL-6 and IL-8 may be upregulated by the same
mechanism following CMV infection. We have shown in chapter 4 that ICAM-1
expression was upregulated by CMV infection, an effect which was also
independent of the production of cytokines, such as IL-1B or TNFa by the
infected cells. As NF-xB also acts as a dominant regulator of the ICAM-1 gene
(Mukaida et al. 1990; Collins et al. 1995), a common mechanism may be
responsible for the increases in production of IL-8, IL-6 and ICAM-1 following
CMV infection.

IL-8 mRNA levels are also increased following herpes simplex virus infection of
keratocyte cultures, showing a temporary decline at 6 hours post infection
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(Oakes et al. 1993). It was suggested that this decline may have been due to
fluctuations in the abundance of particular viral proteins at different stages of
the replication cycle. The increase in IL-8 protein and mRNA levels in CMV
infected cells at 6 hours post infection suggests that a CMV immediate early
gene product may be responsible. The CMV immediate early proteins control
regulation of their own promoters, as well as those of CMV early and late
genes, and can regulate the promoters of other viral and cellular genes
(Tevethia et al. 1987; Stenberg et al. 1990). However, some of the CMV
structural proteins which are introduced into the infected cell following virus
entry, also have the potential to transactivate cellular genes (Britt and Auger,
1986; Liu and Stinski, 1992), and are thus also possible candidates for the
effect on IL-8 production. IL-8 gene expression is induced by the
Hepatitis B virus X protein which activates NF-xkB (Mahe et al. 1991). The
induction of IL-8 by respiratory syncitial virus also involves NFxB and NF-IL-6
(Mastronarde et al. 1996). A number of other viruses also increase the
production of IL-8 in infected cells, including influenza A infection of airway
epithelial cells (Choi and Jacoby, 1996), herpes simplex virus infection of
corneal keratocytes (Oakes et al. 1993), measles virus infection of fibroblasts
(Van Damme et al. 1989), and rotavirus infection of epithelial cells (Sheth et al.
1996). The mechanisms responsible for IL-8 induction have not been clarified
for these other viruses.

The major leukocyte subset recruited in the experiments presented in this
chapter were the neutrophils. Neutrophil accumulation at sites of CMV infection
has been reported (Smyth ef al. 1993), but is not a common finding. The
absence of neutrophil infiltrates at sites of CMV infection in vivo may be due to
the short time period following infection before the switch to mononuclear
infiltration is initiated. Neutrophils are the first leukocytes to be recruited to sites
of infection, responding to both increased adhesion molecule expression and
presentation of particular chemokines such as IL-8 on the endothelium. IL-8 is
also chemotactic for NK cells and NK-like T cells which are also recruited at
early stages of infection and accumulate in virally infected tissues (Natuk and
Welsh, 1987). The production of IFNp is inhibitory to IL-8 production, and this
may cause the switch in the migration patterns to monocytes and T cells
(Oliveira et al. 1992). The recruitment of neutrophils by CMV infected
fibroblasts and other interstitial cells may therefore be central to the initiation
and maintenance of leukocyte migration to sites of infection, as neutrophil-
derived cytokines and mediators may act to promote the recruitment and
activation of other cell types, including monocytes and T cells, which are
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commonly found in infected tissues (Strieter et al. 1992; Lloyd and Oppenheim,
1992). As neutrophils, like other leukocytes, are potent sources of chemokines,
their recruitment is likely to generate a cascade of chemokine production to
orchestrate the subsequent patterns of leukocyte migration.

The earlier reports of chemotactic activity of IL-8 for T cells were somewhat
controversial (Larsen et al. 1989) until the recent detection of IL-8 receptors on
a subset of T cells using radioligand binding and functional assays (Xu et al.
1995; Qin et al. 1996). The receptors are expressed at lower levels on T cells
than neutrophils (Mackay, 1996). IL-8 receptor expression on T cells is reported
to be very variable among individuals, and is easily downregulated during T cell
purification processes (Xu et al. 1995; Qin et al. 1996). The concentrations of
IL-8 required for T cell migration is also variable among individuals (Qin et al.
1996). The detection of T cell migration in response to other o chemokines, in
particular IP10, has also yielded discrepant results from different groups,
possibly for similar reasons (Taub et al. 1993; Roth et al. 1995). We have
shown in this chapter that IL-8 induced by CMV infection increases the
migration of neutrophils towards sites of infection, but the induction of T cell
migration by supernatants from infected fibroblasts was not a reproducible
finding. Factors such as variations in the composition of the T cell population
from different individuals, and variation in IL-8 receptor expression, which
determines the concentration of IL-8 required for a chemotactic response, may
explain the inconclusive results obtained regarding T cell migration in the
present study. There was also no difference in the subsets migrating towards
supernatants from infected fibroblasts in comparison to supernatants from
uninfected fibroblasts or resting endothelium. A recent study from this
laboratory has shown that in an identical experimental system, levels of
migration of T lymphocytes are increased in response to IL-15 and RANTES,
but the phenotypes of the migrated cells were identical to cells migrating across
resting endothelium (Borthwick et al. 1996). Other groups have also reported
identical percentages of particular phenotypes following migration across
resting or IL-1 stimulated endothelium, suggesting that the memory phenotypes
have a greater intrinsic capacity to migrate (Cush et al. 1992; Pietschmann et
al. 1992). Earlier studies showing increased migration of memory lymphocytes
in response to particular chemokines were carried out in chemotaxis chambers
without endothelium (Schall et al. 1990; Schall et al. 1993). It is now accepted
that transendothelial migration is a more accurate representation of lymphocyte
migration in vivo. Activation of T cells and NK cells alters their migratory activity,
probably due to an increase in expression of chemokine receptors in addition to
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activation of B, integrins (Loetscher et al. 1996a). Increased migration has been
shown using in vitro activated lymphocytes, and in vivo activated lymphocytes
from patients with acute Epstein Barr virus infection (Borthwick et al. 1996). A
more comprehensive investigation into the migratory properties of purified T
cell subsets, including activated cells, may uncover differences in migration
towards infected and uninfected supernatants.

MCP-1 mRNA was present at increased levels in CMV infected fibroblasts.
MCP-1 gene expression in fibroblasts can be regulated by similar factors as
those regulating IL-8 expression, such as IL-1B and TNF-a (Strieter et al.
1989b). MCP-1 protein was constitutively produced by uninfected fibroblasts,
and the levels found in infected fibroblast supernatants were similar at 24 hours
post infection. However, at 48 and 72 hours post infection, MCP-1 protein
levels in infected cultures were reduced significantly in comparison to
uninfected cultures. We hypothesised that rather than CMV infection reducing
the production of MCP-1 protein, the MCP-1 had bound to the CMV encoded B
chemokine receptor and become internalised by the cell, thus reducing the
levels in the supernatant. The subsequent demonstration of the sequestering of
exogenously added recombinant MCP-1 by infected fibroblasts, but not
uninfected controls, suggested that this was the case. The MCP-1 was
removed from the supernatant by infected cells only at 48 and 72 hours post
infection, but there was little effect at 24 hours post infection. As the CMV gene
encoding the B chemokine receptor is expressed at late times post infection
(Chee et al. 1990b; Welch et al. 1991), the depletion of MCP-1 from the
supernatant correlates with its predicted time of the expression of this molecule
in infected cells. An antibody to the US28 gene product has not yet been
produced (T. Schall, personal communication), so the time and levels of
expression following infection, at the protein level, cannot be confirmed in any
other way at present.

Although the US28 gene has been expressed in transfected cell lines, and is
transcribed during CMV infection, the presence of a functional chemokine
receptor on CMV infected fibroblasts has not been demonstrated by others
(Neote et al. 1993, Gao and Murphy, 1994). The pattern of cellular expression
of US28 remains to be defined. However, the fact that the protein appears to be
expressed at late times post infection means that it is not likely to be expressed
in cells which do not support a productive CMV infection, such as monocytes. It
is also not known whether the US28 gene product is a component of the virus
envelope, but the structure of the protein would predict that this may be a
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possibility. Although the assay used in the present study has measured the
uptake of MCP-1 by CMV infected fibroblasts, the CMV US28 gene product
when expressed in transfected cell lines, is a high affinity receptor for other
chemokines. The binding of MIP-1a, MIP-18 and RANTES to the CMV-
encoded [ chemokine receptor have been characterised, but other f
chemokines may also bind this receptor, as it was shown to be more
promiscuous than the other chemokine receptors known at the time (Neote et
al. 1993; Gao and Murphy, 1994).

The control of chemokine expression and chemokine receptor expression is
likely to be important in the control of leukocyte migration to sites of CMV
infection in vivo. The importance of chemokines in recruiting leukocytes to sites
of viral infection has been demonstrated in a MIP-1a deficient mouse model,
where delayed clearance of influenza virus was observed in the absence of this
chemokine. These mice were also resistant to cocksackievirus B3 induced
myocarditis, which is caused by leukocyte infiltration (Cook et al. 1995).
Histopathological examination of tissues from mice infected with both viruses
revealed a profound decrease in the number of mononuclear cells which had
accumulated in the tissues. It is interesting that such dramatic effects resulted
from the depletion of only one chemokine, as it is often suggested that there is
a great deal of redundancy in chemokine function. The MCMV genome has
been sequenced, and is reported to contain a US28 homologue, although the
sequence of this protein has not yet been published. The existence of a murine
CMV homologue for this gene would open the way for investigations into the
role of the US28 gene in vivo to be initiated.
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CHAPTER 7

GENERAL DISCUSSION



Recruitment of leukocytes to sites of infection, and their subsequent recognition
of infected cells in tissues is essential for the control of viral infections. The
present study has shown that CMV infection of fibroblasts induces expression
of the adhesion molecules ICAM-1 and LFA-3 specifically on infected cells, by a
cytokine independent mechanism, leading to increased adhesion of both
resting and activated lymphocytes. These changes also occurred in the
presence of ganciclovir. CMV infected cells also produced increased levels of
IL-8, which stimulated the selective transendothelial migration of neutrophils.
Expression of MCP-1 mRNA was also increased following CMV infection, but
this did not translate to increased expression of MCP-1 protein, possibly due to
the sequestering of this chemokine by the expression of a CMV encoded B
chemokine receptor on infected cells. Increased expression of adhesion
molecules and production of chemokines by infected cells would be expected to
enhance the migration and adhesion of leukocytes to sites of infection.
Increased expression of class | HLA on uninfected bystander cells was also
shown, due predominantly to the release of IFNB by CMV infected cells.
Increased expression of class | HLA, adhesion molecules and chemokines are
generally considered to be proinflammatory features. CMV also modulates
other factors of the host immune response, such as downregulation of class |
HLA expression, which is an immune evasion mechanism, and the expression
of a CMV encoded B chemokine receptor, the function of which is not clear at
present.

The findings from the present study were derived from a fibroblast model of
CMV infection. Recent studies showing that fibroblasts constitute a major target
cell population for CMV infection in both lung and gastrointestinal tissues in vivo
emphasise the importance of determining the effects of CMV infection on
normal fibroblast function (Sinzger et al. 1995). Fibroblasts are increasingly
being recognised as important participants in acute and chronic inflammation,
in addition to their traditional role in the production of extracellular matrix
components and the maintenance of connective tissue (Strieter et al. 1989a).
The anatomical location of fibroblasts in the tissues may allow them to actively
participate in communication between vascular and interstitial tissues.
Mechanisms have been proposed by which chemokines could be rapidly
transported from cells such as fibroblasts in the tissues to the endothelium,
where they are bound to cell surface proteoglycans and displayed to leukocytes
to mark the underlying area of infection (Rot et al. 1996). The production of
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chemokines and other inflammatory mediators or chemotactic factors by
fibroblasts may be an important factor in the initiation of inflammatory events.

ICAM-1 and LFA-3 upregulation following CMV infection was a direct viral
effect, and was nof mediated by cytokines. Increased expression of these
adhesion molecules following CMV infection of endothelial cells has been
reported by others and also appears to occur by a cytokine independent
mechanism (Sedmak ef al. 1994b). The fibroblast model for adhesion may
therefore be representative of adhesive events between leukocytes and
endothelium, and have potential consequences for the extravasation and
activation of leukocytes in the initial stages of allograft injury which occur at the
endothelium. The accumulating evidence that endothelium is a target for CMV
infection in vivo underlines the potential importance of adhesion molecule
expression in these processes, as leukocyte/endothelium interactions are
required for the initial infiltration of leukocytes into tissues.

The increased expression of adhesion molecules and increased chemokine
production shown here in vitro would be expected promote the recruitment of
leukocytes to sites of infection in vivo, and prolong their residency in infected
tissues. This may be beneficial for inmunocompetent hosts, who can mount a
rapid immune response and thus control infection in most cases. However, in
immunosuppressed patient groups, such as solid organ transplant patients and
BMT patients, the spread of the virus is not controlled by the compromised host
immune system, so is allowed to progress to a greater extent. The altered
balance between the protective immune response, and the capacity of the
immune response to mediate tissue damage may therefore contribute to
manifestations of certain types of CMV disease in these patient groups. In the
following sections, the findings from the present study are discussed in the
context of clinical findings from infected individuals, and histopathological
findings from both patients with CMV disease and animal models.

CMYV infection in normal individuals

In the immunocompetent host, CMV infection rarely results in symptomatic
disease, suggesting that in immunocompetent individuals the immune response
is able to limit viral replication. The upregulation of adhesion molecules and
chemokine expression following virus infection is a process which would be
expected to aid the host in the elimination of virally infected cells. It is
interesting therefore that the virus itself induces such processes which benefit
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the host response, and thus appears to threaten its own survival. The
upregulation of adhesion molecules following CMV infection may be a ‘by-
product’ of the stimulation of host transcription factors by CMV which are
intended to maximise the transcription of viral genes (Boldogh et al. 1993). An
example of this is activation of NF-xB by CMV infection (Yurochko et al. 1995),
which enhances the expression of viral genes, but which may also be
responsible for the upregulation of ICAM-1 and IL-8 in CMV infected cells
shown here, as the these genes are also regulated by NFxB (Mahe et al. 1991,
Zamai et al. 1994; Ledebur and Parks, 1995). The transcription factors which
control the expression of LFA-3 have not been identified, but may also overlap
with cellular transcription factors induced by the virus.

Following primary infection, CMV is not cleared from the body by the immune
system, but remains in a latent or persistent state which can reactivate when
the host is severely immunosuppressed. This is due to the incomplete
eradication of virally infected cells by the host inmune response, allowing the
escape of some infected cells and the establishment of latency. The
downregulation of class | HLA appears to be a mechanism used by CMV to
evade the immune response. It results in a significant decrease in the killing of
infected cells (Hengel ef al. 1995), and may contribute to the persistence of the
virus. The increased expression of adhesion molecules on infected cells may
enhance the formation of conjugates between infected cells and CTLs, as has
been shown in vitro in the present study. This may be particularly important in
the generation of effector responses in response to a limited number of viral
peptide/TCR complexes.

The role of CMV infection in rejection of solid organ allografts.

In the present study it has been shown that CMV infection leads to increased
expression of adhesion molecules on infected cells, and increased expression
of class | HLA on uninfected cells surrounding the infected cells. The latter is
likely to be an important factor in vivo, where uninfected cells outnumber
infected cells. Increased expression of MHC antigens and adhesion molecules
on endothelial cells is postulated to be a major factor leading to the induction of
immune responses to allo-MHC in the transplanted organ (Steinhoff et al. 1988;
Adams et al. 1989; Andersen et al. 1992). The induction of adhesion molecule
expression on the infected cells, and the upregulation of class | HLA on
uninfected bystander cells, both shown in this study, may contribute to the
allogenicity of the graft, and be partially responsible for the association between

216



CMV infection and rejection of the grafted organ. The present study has also
shown that increased adhesion of in vitro activated T lymphocytes is enhanced
following CMV infection of fibroblasts. Many of the cells in the peripheral blood
during CMV infection in transplant recipients are activated, so presumably
would also show increased capacity to adhere to CMV infected cells. CMV
related rejection episodes in renal transplant recipients are associated with an
increased incidence of IFNy-producing activated CD8+ memory cells in the
blood (Bertoletti et al. 1994a), and the expansion of CD57+ve/LFA-
1brignt/ CD8+ve memory cells (Reinke ef al. 1994c). Lymphoid activation in CMV
infected transplant recipients has been associated with chronic rejection
episodes (Lautenschlager ef al. 1990; Lautenschlager and Hockerstedt, 1993;
Bertoletti ef al. 1994a). Increased expression of adhesion molecules on these in
vivo activated lymphocytes may allow these cells to enter the graft, and
become selectively retained in the infected tissue due to the presence of LFA-3
and ICAM-1 on infected cells. Accumulation of activated lymphocytes is found
in biopsies from rejecting organs. Many of these lymphocytes are likely to be
activated lymphocytes recruited from the peripheral blood, which are commonly
found in CMV and other viral infections (Yang et al. 1989; Borthwick et al.
1996). CMV associated rejection of cardiac (Koskinen et al. 1994) and renal
allografts (Richardson et al. 1981) is associated with an inflammatory infiltrate
consisting predominantly of T lymphocytes and monocytes (Richardson et al.
1981; Koskinen et al. 1994). In cardiac allograft recipients, this infiltrate
consisted primarily of alloreactive T cells (Ouwehand ef a/. 1994). Studies using
susceptible mouse strains have shown that CMV-induced myocarditis and
hepatitis are also characterised by the presence of CD8+ T cells in the tissues
(Lawson et al. 1989; Olver et al. 1994).

It was shown here that CMV infection of fibroblasts also supported increased
adhesion of resting lymphocytes, which appeared to be mediated by the
CD2/LFA-3 interaction. Since LFA-3 is a costimulatory molecule for T cell
activation, migrated lymphocytes may also be activated in situ by the cellular
interactions in the allograft. It is well documented that the binding of a
combination of ICAM-1, LFA-3 or B7 to their ligands is essential for activation
through the TCR to take place, and that the absence of these signals may
render the cells anergic (van Seventer et al. 1991; Guinan et al. 1994). While
costimulation through CD28 appears to be essential for primary activation and
proliferation of resting T cells (Azuma et al. 1992), costimulatory signals from
ICAM-1 and LFA-3 are sufficient for the activation of effector cells (Azuma et al.
1993a; de Waal Malefyt et al. 1993). Increased expression of ICAM-1 and LFA-
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3 by CMV infected cells may thus be sufficient to costimulate the generation of
allogeneic effector cells in the allograft. Ligation of CD2 on T cells by LFA-3
augments production of IFNy and IL-2 by T cells, and TNFa and IL-1 by
monocytes (Webb et al. 1990). The increased production of IL-6 by CMV
infected fibroblasts, which has been reported in the present study and by others
(St.Jeor et al. 1993), may also contribute to CD2 mediated T cell activation, and
generation of CTLs as IL-6 has these functions in vitro (Lorre et al. 1990;
Okada et al. 1988). IL-6 serum levels are also increased in vivo during CMV
pneumonitis and allograft rejection (Humbert et al. 1993).

Increased levels of ICAM-1 have been correlated with rejection in liver
allografts (Adams et al. 1989), and the participation of the ICAM-1/LFA-1
interaction in the graft rejection process has been documented by several
groups. Monoclonal antibodies which block this interaction have been shown to
promote allograft engraftment and prolong allograft survival (Isobe et al. 1992).
In a xenogeneic model, treatment with ICAM-1 specific antibodies delayed
lymphocyte infiltration into the graft, and inhibited rejection (Zeng et al. 1994).
Both ICAM-1 and LFA-3 are commonly expressed in rejecting organs, either at
higher than constitutive levels, or on cells which do not normally express these
molecules (Steinhoff et al. 1993). The upregulation of these molecules in vivo is
often attributed to the production of inflammatory cytokines by activated T cells
or other lymphoid cells which have entered the graft. However, an in vivo study
has shown that ICAM-1 upregulation in the liver precedes lymphoid activation
during CMV infection in liver allograft recipients, suggesting that ICAM-1
upregulation is not a result of cytokine induction by activated T cells, at least in
the early stages of infection (Lautenschlager and Hockerstedt, 1993). The latter
finding suggests that the upregulation of ICAM-1 in the absence of activated T
cells, reported in the present study, may also be important in vivo.

Infection of rats with rat CMV is the animal model most frequently used for
investigating transplant-associated complications of CMV infection (Stals ef al.
1990). Some of the in vitro findings from the present study, such as increased
adherence of activated T cells, and increased expression of ICAM-1, have also
been documented in the rat model. Following allogeneic aortic transplantation,
rat CMV infection is associated with chronic rejection (Lemstrom et al. 1993),
with increased numbers of T cells, particularly activated CD8+ve cells, in
perivascular areas and adhering to the blood vessels, and enhanced smooth
muscle cell proliferation and intimal thickening (Bruggeman et al. 1995;
Lemstrom et al. 1995). Increased expression of ICAM-1 was also found in cells
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of the graft (Bruggeman et al. 1995). The inflammatory response and intimal
thickening were reduced by immunosuppressive therapy, confirming the role of
the immune system in the development of this pathology (Lemstrom et al.
1994).

We have also shown increased production of IL-8 in the present study,
accompanied by increased transendothelial migration of neutrophils. In addition
to its effect on neutrophil migration, IL-8 is also chemotactic for NK cells and a
subset of T cells, although possibly in a different concentration range (Sebok et
al. 1993; Roth et al. 1995, Qin et al. 1996). The recruitment of neutrophils,
which are capable of producing other chemokines to stimulate the recruitment
of mononuclear cells (Strieter et al. 1992; Liao et al. 1995), may be an early
step in a cascade of events leading to accumulation of mononuclear cells, and
increasing the possibility of allograft rejection. Chemotactic factors are also
likely to be important in the migration of smooth muscle cells in chronic
rejection. We have shown that the CMV encoded chemokine receptor is
functional on infected fibroblasts. The potential expression of this receptor by
infected smooth muscle cells may be important in the migration of these cells,
and in the proliferative response, due to the activation signals transduced upon
engagement of chemokine receptors. The ligation of chemokine receptors
leads to the activation of transcription factors and cellular genes (Bokoch,
1995). Binding of RANTES to T cells has also been shown to mediate T cell
activation in the absence of an antigen specific stimuli (Bacon et al. 1995).

The role of the cellular immune response in CMV pneumonitis.

The clinical data supporting the hypothesis that the T cell response contributes
to the pathology of CMV pneumonitis has been discussed in the general
introduction. The increased expression of adhesion molecules and the
increased adherence of activated T lymphocytes to CMV infected fibroblasts
has been reported in the present in vitro study. These findings appears to be
relevant to histopathological findings from lung tissue during episodes of CMV
pneumonitis in allogeneic bone marrow transplant recipients. In particular the
increased adherence of differentiated memory cells and cytotoxic T
lymphocytes shown here in vitro appears to translate to increased accumulation
of these cells in vivo. The accumulation of activated T lymphocytes (both CD4
and CD8) in the perivascular region in the lungs of CMV pneumonitis patients
has been documented (Muller et al. 1995). The latter patients also displayed
increased expression of ICAM-1 on the alveolar epithelium (Muller et al. 1995).
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It also has been shown that the lymphocytes present in the BAL of patients with
CMV pneumonitis are primed cells, showing a greater proliferative response to
various T cell activation stimuli than cells from the peripheral blood from the
same patients (Zeevi ef al. 1992). Increased accumulation of cytotoxic T cells in
lung tissue was also shown to occur (Humbert et al. 1992; Humbert et al.
1994). These cells may be represented by the CD28-ve population which was
shown in the present study to be over-represented in the adherent populations.

It was shown here that increased expression of ICAM-1 was important for the
binding of activated T lymphocytes to CMV infected fibroblasts. ICAM-1
expression on the endothelium was also increased in a rat CMV model of
allogeneic lung transplantation, in comparison to untransplanted control lungs
in the same animal, and was accompanied by infiltration of lymphocytes with
high expression of LFA-1 and VLA-4, which did not take place in rats receiving
syngeneic lung transplants (Steinhoff et al. 1996). Increased expression of
ICAM-1 following rat CMV infection in vivo, in both aortic and pulmonary
allografts, thus appears to correlate with the accumulation of activated T cells
expressing high levels of adhesion molecules (Steinhoff et al. 1996;
Bruggeman et al. 1995). The severity of CMV disease in the lung in particular
may be due to the large number of donor lymphoid cells contained in the
bronchus-associated lymphoid tissue, providing a source of migrating donor T
lymphocytes and dendritic cells, which may initiate a graft-versus-host
response (Prop et al. 1989).

The enhanced production of IL-8 by CMV infected cells, and the increased
neutrophil migration shown here in vitro may also contribute to the pathology of
CMV pneumonitis. Neutrophil accumulation in the lung is the hallmark of a
number of pulmonary disease states, many of which are infectious in nature
(Weiss, 1989), and has also been shown in CMV infected lungs (Smyth et al.
1993), although the latter is not a common finding. The recruitment of
neutrophils by CMV infected fibroblasts and other interstitial cells may be
important both in the initiation and maintenance of an immunopathological
response to CMV infection, as neutrophil-derived cytokines and chemokines
could then act to recruit and activate other cell types, including monocytes and
T cells (Strieter et al. 1992).
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The use of ganciclovir in treatment of rejection and CMV pneumonitis.

The present study has shown that the increase in adhesion molecule
expression on those cells already infected with CMV is not prevented by
ganciclovir treatment, and may even become accentuated and prolonged. The
concentrations of ganciclovir used in the experiments in the present study (1 to
100 ug/mi) are in line with average peak plasma levels, which are reported to
be 6.6ug/ml after a 1 hour infusion of 5mg/kg intravenous ganciclovir (Paul and
Dummer, 1992). In the treatment of established CMV pneumonitis, ganciclovir
therapy is effective in the reduction of infectious virus release, but this is not
necessarily predictive of a favourable outcome (Shepp et al. 1985; Churchill et
al. 1987; Slavin et al. 1992), as was also shown in the MCMV model.
Ganciclovir was also shown to have no effect on chronic rejection of lung
allografts (Duncan et al. 1992). Treatment of CMV pneumonitis with ganciclovir
may thus suppress further virus replication (Slavin ef al. 1992; Churchill et al.
1987), but the infected cells may remain a focus for the inflammatory response,
due to increased expression of adhesion molecules, leading to inflammatory
infiltrates and widespread tissue damage. Trials of prophylactic or pre-emptive
therapy for CMV pneumonitis have had more success in the reduction of CMV
disease than the earlier studies, probably due to the timing of the therapy to
suppress viral replication before widespread dissemination of the virus has
taken place. The use of CMV IVIG in combination with ganciclovir has
dramatically improved the success of treatment of CMV disease (Emanuel,
1993). IVIG has been shown to have a modulatory effect on cytokine
production (Andersson et al. 1996; Mouthon et al. 1996), and may possibly
affect chemokine production. Increased mRNA for a range of chemokines has
been shown in herpes simplex virus infected cells (Oakes et al. 1993). Specific
antibody therapy for HSV infection of the cornea has been shown to decrease
the expression of transcripts for some chemokines in infected cells (Su et al.
1996). It is therefore possible that IVIG exerts its modulatory effect on CMV
infection by reducing the expression of chemokines, in addition to other
cytokines, and thus decreasing leukocyte infiltration.

The role of chemokines in CMV pathology

The sequestration of B chemokines shown in the present study suggests that
the CMV encoded B chemokine receptor was expressed on infected cells, and
was functional in the sequestering of B chemokines. Previous studies had used
transfected cell lines to examine the function of this receptor. In contrast to the
proinflammatory functions of chemokines and adhesion molecules, the
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expression of the CMV encoded  chemokine receptor would be expected to
have effects in the reduction of the inflammatory response. Whether the
expression of this receptor has consequences for the immune response or
other aspects of viral replication is not yet clear. There are several possible
functions which the chemokine receptor may carry out in infected cells. The
obvious function is immune evasion, as the séquestration of chemokines
produced by the infected cell or by surrounding immune cells would lead to
reduced presentation of chemokines on the endothelium or on the stroma,
leading to decreased leukocyte migration.

The CMV encoded 3 chemokine receptor has a higher affinity for B chemokines
than CCR1, the chemokine receptor it was compared to when initially
characterised (Neote et al. 1993; Gao and Murphy, 1994), so would be
expected to compete with the cellular B chemokine receptors for chemokine
binding. However, a recent study has shown increased levels of RANTES in the
bronchoalveolar lavage fluid during CMV pneumonitis in lung allograft
recipients, suggesting that chemokines were not sequestered in sufficient
quantities to reduce RANTES to normal levels (Monti et al. 1996). The influx of
leukocytes found during CMV pneumonitis also suggests that the chemokine
receptor does not function in reducing inflammation (Humbert ef al. 1994;
Muller et al. 1995). However, it remains possible that the expression of this
receptor abrogates the migration of a specific leukocyte subset which is
required for resolution of infection. It must also be remembered that T cells
migrate in response to chemotactic factors which are not § chemokines, and
therefore do not bind to the CMV encoded receptor. A newly defined
chemokine, stromal cell derived factor (SDF-1), has been shown to induce high
levels of T cell transendothelial migration, and is suggested to be responsible
for basal migration of T cells through tissues (Bleul ef al. 1996). The receptor
for SDF-1 is CXCR4 (Feng et al. 1996). Interleukin-15 is another cytokine which
has strong chemotactic activity for T lymphocytes, although it is not a member
of the chemokine family (Borthwick et al. 1996; Nieto et al. 1996) so uses a
different receptor. These chemotactic factors are not influenced by the
presence of a § chemokine receptor.

The finding from the present study that increased production of IL-8 following
CMV infection leads to increased neutrophil migration may have consequences
for the spread of infection throughout the body. Neutrophils are considered to
be important in the dissemination of CMV throughout the body, and increased
contact between neutrophils and CMV infected cells would be expected to
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favour this process. It has been found that although neutrophils cannot be
infected with cell-free CMV virions, they can acquire CMV proteins following cell
to cell contact with infected fibroblasts (Grefte, 1995) or endothelial cells (data
from this laboratory, manuscript in preparation). The increased ICAM-1
expression which takes place following CMV infection may also be important in
the interaction between neutrophils and infected cells. Neutrophils have been
shown to adhere to CMV infected fibroblasts at increased levels in vitro (Span
et al. 1989). Hence neutrophil adhesion and chemotaxis may play a role in the
pathogenesis of CMV disease by the acquisition of virus from the endothelium
and its dissemination to distant sites. In addition, it has been reported that giant
endothelial cells which have detached from vessel walls are a vehicle for
transmission of virus throughout the body (Grefte et al. 1993). The potential
expression of the CMV encoded chemokine receptor on these cells may
increase their capacity to migrate into tissues, and may thus aid virus
dissemination. The CMV encoded f chemokine receptor is the product of a
CMV gene expressed at late stages of infection (Welch et a/. 1991), and
therefore would probably not be expressed on cells which are abortively
infected, such as monocytes and lymphocytes. The CMV encoded 8 chemokine
receptor would therefore not be expected to influence the migration of the latter
cells.

The induction of chemokines and chemokine receptors by CMV shown in the
present study may have direct consequences for viral replication, since it has
recently been shown that the addition of IL-8 to CMV infected cells increased
the production of infectious virus (Murayama et al. 1994). CMV infection also
induces mRNA for the cellular IL-8 receptor type | (CXCR1), suggesting that IL-
8 produced by infected cells may potentially act in an autocrine manner to
enhance viral replication (Murayama et al. 1994). The present study has shown
sequestering of B chemokines by CMV infected cells, and studies in transfected
cells have shown that signals are transduced on ligation of the CMV encoded B
chemokine receptor. As the chemokine receptors signal using similar
mechanisms, 8 chemokines, such as MCP-1 may also have a positive effect on
CMV replication, by binding to the CMV encoded chemokine receptor on
infected cells. Engagement of a functional chemokine receptor results in G
protein mediated signals leading to calcium mobilisation, phospholipid
remodelling, increases in cyclic AMP levels, and the generation of second
messengers involved in leukocyte activation, leading to the upregulation of
transcription factors via the MAP kinase pathway (Bokoch, 1995). Such signals
may enhance the expression of viral genes, particularly the CMV IE genes
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which have cyclic AMP response elements and binding sites for a myriad of
transcription factors in their promoter/regulatory region (Hunninghake et al.
1989; Albrecht et al. 1990). Human herpesviruses 6 and 7 also express B
chemokine receptors (Gompels et al. 1995; Isgeawa et al. 1996), and
herpesvirus saimiri expresses an o chemokine receptor (Ahuja and Murphy,
1993). That chemokine receptors are encoded by herpesviruses infecting
different species emphasises the potential importance of these receptors in the
herpesvirus life cycle.

Two chemokine receptors (CCCR5 and CXCR4) have recently been shown to
be co-receptors for HIV entry into cells (Deng et al. 1996; Drajic ef al. 1996;
Feng et al. 1996), and B chemokines have been identified as suppressive
factors for HIV replication (Paxton et al. 1996). It was suggested by the authors
that B chemokines function in suppressing HIV replication either by
competitively binding to the aforementioned chemokine receptors on target
cells, or by downregulating the chemokine receptors by internalising the
receptors. The possibility that the expression of the chemokine receptor
encoded by CMV may contribute to HIV pathology is intriguing, as CMV has
been suggested to be a cofactor for the rapid progression of CMV disease. The
CMV encoded chemokine receptor was shown to sequester B chemokines in
the present study. A decrease in B chemokine concentrations in the
extracellular milieu may allow HIV to replicate more rapidly. It has also been
suggested that some isolates of HIV are able to use the CMV encoded
chemokine receptor as a co-receptor for viral entry, although this has not yet
been established.

In the present study several ways in which infection of cells with CMV may alter
the expression of immunologically important molecules and thus modulate the
immune response to infection have been identified. The immune evasion
mechanisms used by CMV, such as the downregulation of class | HLA are likely
to be important in the CMV life cycle, in preventing the eradication of the virus
by the host immune system. However, the pro-inflammatory effects of CMV
infection, such as chemokine production, adhesion molecule upregulation and
upregulation of class | HLA on surrounding uninfected cells may be
instrumental in the disruption of the balance between the host and the immune
system, and may be responsible for some of the pathology associated with
CMV infection.
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