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> 1. Preface

^nf/

Cardiovascular diseases which are predominantly caused by atherosclerosis
remain the leading causes of death in developed countries. Atherosclerosis is
considered as a chronic multifactorial inflammatory disease of the large and
medium-sized arteries, which develops after endothelial dysfunction caused by
mechanical injury, by toxins or by turbulence and low shear stress " ° . Examples
of risk factors associated with atherosclerosis are hyperlipidemia, hypertension
and smoking history """. Recently, epidemiological associations and
pathological evidence have suggested that infections (Cytomegalovirus (CMV),
Cft/amyd/'a pneumon/a, /-/e//cobacter py/on) are also associated with this
disease ^ . However, it has remained unclear whether these infections really
contribute to the disease or are merely "innocent bystanders". The development
of animal models has created the possibility of investigating the mechanism by
which infections could contribute to atherosclerosis. Since only limited data are
available on the mechanism by which CMV contributes to the atherosclerotic
process, the effect of CMV infection on atherogenesis was studied in more
detail in a mouse model in this thesis.
In this chapter, current knowledge regarding the (patho-)biology of
cytomegalovirus is reviewed, as well as existing data on the association of CMV
with vascular diseases and particularly atherosclerosis. At the end of this
introduction, the outline of this thesis is mentioned.
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2. Cytomegalovirus
2 . f. T a x o n o m y
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As a member of the ß-herpesviruses ^ ' ^ , CMV is species-specific with a
genome consisting of linear double stranded encapsidated DNA ^ ' "®. The
capsid is surrounded by an amorphous matrix termed 'tegument', that is
surrounded by a lipid-bilayer envelope carrying glycoproteins (Fig. 1). The
reproduction cycle of the virus is long (48 to 72 h for human CMV (HCMV) and
24 to 36 h for mouse CMV (MCMV)) ^ ' *™ and infection induces a
characteristic enlargement of the host cell (called "cytomegaly") with obvious
nuclear and perinuclear inclusion bodies
. After clearance of the primary
infection, herpesviruses are known to remain latent with episodes of
endogenous reactivation **' ^' ^ ' ^ ' *^. Herpesviruses, like most enveloped
viruses, do not survive for long periods outside the body and are predominantly
spread by close contact.

Envelope (Phospholipid bilayer)
Tegument or matrix
Icosahedral nucleocapsid
Linear double stranded DNA
Membrane glycoproteins

Fig.

2.2.

1. Schematic drawing of a CMV particle.

/n/ecf/on-rep//caf/on

Histopathological analysis shows that virtually every organ can be infected
with CMV ' " ^®® given the broad range of target cells for CMV. Major /n v/vo
targets for CMV are epithelial cells, endothelial cells and fibroblasts ^ ^ "*•
251. 303 kuj g|gp peripheral blood leukocytes, and parenchymal cells are
susceptible to the virus "• " • ' " " ^ *"• ^ " * " . As /n v/Vo, a variety of cell culture
systems including fibroblasts, endothelial cells, epithelial cells, neuronal cells,
smooth muscle cells, macrophages are permissive to CMV /n w'fro, although at
different levels ^ " * * ^ ^
. The cell most commonly used to propagate CMV
in is the embryonic fibroblast which gives rise to high virus titers.
Infection of permissive cells like fibroblasts starts with the fusion of the virus
envelope with the cell surface **. After virus internalization, the coat is removed
and the DNA is transported to the nucleus. Here viral transcription and
replication take place by a complex process of regulatory cascades which can
be divided in three phases " ' . The first phase, termed the "immediate early" (IE)
phase, does not need de novo protein synthesis ^ , but uses the cell's
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transcription system to produce an overwhelming majority of transcripts from a
single locus on the genome * \ The IE phase encoded proteins predominantly
play roles in the activation of the "early" gene expression ^". "Early genes" are
responsible for CMV-DNA replication ®, coding of structural genes and activation
of "late genes". "Late genes" encode almost entirely for viral structural antigens
like the capsid protein UL86, the tegument protein UL83 and the envelope
glycoproteins and for gene products responsible for the assembly, maturation
and release of the new virions "*\ The CMV DNA is packaged in the nucleus
into preformed capsid particles, which then acquire tegument proteins and
become enveloped at the inner nuclear cell membrane ^ *" ' " . Most likely, this
primary envelope is lost by fusion with the outer leaflet of the nuclear membrane
and final tegumentation occurs in the cytoplasm. Final enveloping occurs by
budding into the vesicles of the trans-Golgi network ^™ (Fig. 2).

2.3. Ep/cfem/o/ogy
CMV is an ubiquitous virus that infects 50% to 80% of the normal immunocompetent population and in certain socio-economic and geographic conditions
a percentage of nearly 100% is found " . Primary infection occurs most
frequently during childhood or adolescence and is associated with mild or
subclinical illness " . Primary infection of immuno-competent individuals leads
only occasionally to clinical symptoms such as mononucleosis syndrome,
persistent fever, hepatitis and pneumonia " ^ . The interplay between the
host's immune system and viral factors appears to be essential for limiting
primary infection. This immunity is sustained for life and maintains the virus in a
state of latency. The lifelong persistence of the herpesvirus genome puts the
host permanently at risk for recurrent infections. In immuno-compromised
patients like transplant recipients or individuals with impaired immunity (for
example due to infection with Human Immunodeficiency Virus), recurrence of
CMV infection leads to overt manifestations of disease like retinitis ' " ,
pneumonia \ gastrointestinal disease ^ or hepatitis ' " .
2.4. Transmission routes
There are two periods of increased infection occurrence during a life span.
The first one is the perinatal period. The second one is during the reproductive
ages and is presumably related to sexual activity. Newborns and children
become infected in a number of ways. The first way is by passage through a
contaminated uterine cervix during birth "^ * " . A second mechanism is
transmission from breast milk " * " . A third mechanism of infection is horizontal
transmission from other children in the nursery ^ or in the day care centers * "
probably via saliva or urine. Two potential sources involved in CMV
transmission by sex are the uterine cervix " ° " " and semen ^". The frequency of
CMV infection of the cervix varies with age, socio-economic class, sexual
promiscuity and parity. The presence of CMV in semen has been correlated
with younger age of the subject (<24), passive anal sex and large numbers of
sexual partners. Other possible viral transmission routes are by blood
transfusions " ^ ^ * or by transplantation of infected organs like kidneys, heart,
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Fig. 2. The replication cycle of CMV (adapted from Mettenleiter, 2002
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bone marrow and liver ^ *°* *°* * " . Considering the blood-mediated
transmission of HCMV form sero-positive donors to susceptible recipients *• * "
and the fact that HCMV transmission by blood can be reduced by using
leukocyte-depleted blood "• ^ \ the virus is most likely present in peripheral
blood cells and not as free particles in blood. By sorting peripheral blood
populations and using the polymerase chain reaction (PCR), Taylor-Wiedemann
et al. showed that monocytes and not polymorphonuclear cells are the major
carriers of CMV in the blood ^ * " . Whereas these blood-derived monocytes
cannot be productively infected, they become permissive for full replication of
CMV upon differentiation to macrophages
^ ***. This suggests that
monocytes/macrophages serve as vehicles for disseminating CMV into various
organs.
2.5. Hosf defense mec/iamsms
Host defense mechanisms induced after primary infection include both
humoral and cellular responses. The cellular immune response consists of
Natural Killer (NK) cell, macrophage and antigen-specific T lymphocyte (both
CD4* and CD8*) responses ^ ^ ™. CD8* T cells are the primary effector cells in
the clearance of acute CMV infections ^ " ° . They recognize peptide epitopes
derived from the degradation of cytosolic antigens presented in association with
Major Histocompatibility Complex class I (MHC class I) and produce cytokines,
like interferon-y (IFNy) which inhibits CMV replication ™ ^ . In addition, CD8* T
cells lyse virus-infected cells by direct exocytosis of perforins present in cytolytic
granules ^ or by induction of apoptosis in the infected cells ™. When CD8* T
cells are depleted, CMV replication can be controlled by CD4*T cells ""*. CD4*
T helper cells recognize endocytosed antigens, presented on MHC class II
molecules on activated macrophages. After recognition, the T helper 1 (Th1)
subset produces cytokines (including interleukin-2 (IL-2) and IFNy) and
promotes cell-mediated responses while the Th2 subset produces IL-4, IL-5, IL10 thereby promoting humoral responses. The capability of CMV in evading
immune surveillance by CD8* T cells by interfering with MHC class I molecule
expression on the cell surface makes them vulnerable to NK cell-mediated
attack (see "CMV escape mechanisms"). NK cells contribute to the control of
CMV infection by production of IFNY ^ and by direct cytotoxicity ^®° towards
target cells with little or no MHC class I molecules.
The humoral response, which supports the cell-mediated immune response,
is thought to be important for the clearance of free virus particles to prevent
spread and infection of the virus. In addition, antibodies mediate antibodydependent cellular cytotoxicity and complement activation and enhance
phagocytosis of infected cells. After primary CMV infection both immunoglobulin
G (IgG) and IgM are produced. The IgM antibody production declines after a
period of several weeks to months after primary infection and may recur after
reactivation or re-infection. The IgG class antibodies are produced after IgM and
production persists for life. Antibodies are produced against almost all
components of the virus. Among them are the glycoprotein components of the
envelope like glycoprotein B (gB) ^" ^° and gH
, virion tegument proteins
like pp150 and pp65 ** ^ and non-structural proteins like pp52 ^ ^ , with gB
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and gH being the major antigens for the neutralizing humoral immune response
186. 2Ö3

Although the immune response raised against primary CMV infection
consists of both humoral and cellular immune responses, the antibody
responses against CMV most likely play only a supportive role since infection is
generally cleared before high rate antibody production occurs. This immunity
gained against CMV is sustained for life, presumably controlling exogenous
and/or endogenous re-infections.
2.6. Escape mec/ian/sms
CMV contains weapons to sabotage detection by or activation of the
immune system. Sabotage results in latent infection of the host with occasional
reactivation phases when the host immune system is weakened. HCMV and
MCMV have multiple proteins which interfere with the expression of MHC class
I molecules ^ . For example, the m152-encoded 37/40 kDa glycoprotein of
MCMV transiently interacts with MHC class I and retains class I complexes in
the endoplasmic reticulum Golgi intermediate compartment on its journey to the
endolysosome. In this way CMV can escape from immunosurveillance by CD8*
T cells. However, this makes CMV vulnerable to NK cell mediated cytotoxicity
^ \ On the other hand, Krmpotic et al. ^ demonstrated that the same m152encoded 37/40 kDa glycoprotein in addition to its effect on MHC class I
molecules also appeared to downregulate one of the ligands for the activating
NK receptor, hereby overcoming NK activation. In addition, research in mouse
genetics has lead to the identification and characterization of a host resistance
gene Cmi/f positioned inside the NK gene complex ^ . The alleles of the Cmv7
locus can be either "susceptible" (CmW^, e.g. BALB/c or 129/J mice) or
"resistant" (CmW, e.g. C57BL/6J mice). In resistant (Cmvf) mice an MCMV
encoded MHC-like protein (m157) will bind to an activating NK cell receptor
(Ly49H, encoded by the C m v f gene) and will allow attack against infected cells
. In the susceptible mouse strains the Ly49H receptor is lacking (BALB/c) or
the m157 protein will bind to an inhibitory NK cell receptor (Ly49l; 129/J) hereby
preventing an NK attack against infected cells and giving the virus the possibility
to switch to a state of latency.
CMV can also interfere with MHC class II antigen-presentation by utilizing
IL-10, which plays an essential role in selectively reducing MHC class II
expression on the surface of antigen-presenting cells " \ The virus can either
use a viral homologue (cmvlL-10) "® or stimulate the release of cellular IL-10
from macrophages ^ .
2.7. D/agnost/cs and freafmenf
To efficiently treat CMV infection, sensitive and specific detection
techniques are a necessity. Diagnosis is based on 2 cornerstones: the detection
of antibodies against viral antigens and the detection of the virus or parts of the
virus (genome or antigens). For clinical diagnostics the detection of active
replicating virus is of high priority and is routinely done by virus culture in
fibroblasts ^ . When virus particles have entered the cells, a cytopathological
effect (CPE), characterized by a swollen phenotype of the infected cells, can be
18

seen. Since one may have to wait up to 4 weeks after infection to detect CPE, a
directed search for immediate early gene production can already be performed
24 h post infection by an immunofluorescence technique ^ . The standard
method used to detect antibodies against CMV is the enzyme linked immuno
sorbent assay (ELISA), which is based on the quantification of antigen-antibody
complex formation ™. With this technique both IgG and IgM antibodies can be
detected. However, the diagnostic value in the detection of infectious CMV is
rather limited *^. The antigenemia assay (detection of viral proteins in
polymorphonuclear cells) " and molecular biological techniques are valuable
additions to the diagnostic tools for CMV infections. CMV DNA detection can be
done in tissues by in situ hybridization ^ or in situ polymerase chain reaction
(PCR) " ° . In lysates CMV DNA detection can be performed by DNA/RNA
hybridization ^ or PCR "®. The selection of the method depends primarily on
the clinical situation.
CMV infection is currently being treated with antiviral drugs working at the
level of DNA replication i.e. ganciclovir ^ , foscarnet ^ and cidofovir ^ \
However, these agents cannot fully clear CMV infection since they don't
eliminate latent virus. In addition, drug resistance can occur by mutations in
CMV genes **. DNA vaccination techniques may overcome these problems and
research into the development and evaluation of candidate DNA vaccines
against CMV is gradually increasing ^ .
2.8. /An/ma/ mode/s
To study the CMV-induced pathogenesis and treatment, animal models are
indispensable. The animal models which are currently the most widely used in
CMV infections are mouse and rat models. The fact that the virus is speciesspecific implicates that respectively MCMV and rat CMV (RCMV) need to be
applied for research in these models. An overview of murine CMV //? wVo
studies performed up until now is summarized in table 1. Viral dissemination
followed by the establishment of latency after clearance of primary infection is
an important process in CMV-mediated pathogenesis. Therefore, as an
example, in fig. 3 a summary is given on internal organs described to harbor
' ^
MCMV ^ ' ^ '
^ ' ^ ' ™°' ^ '
In RCMV studies predominantly Wistar Kyoto, Brown Norway, Dark Agouti,
Wistar-Furth and Lewis rats were used. In MCMV studies mostly BALB/c mice
were used, since they are described to be the most sensitive mouse strain for
MCMV infection ^ . In addition, knockout models (created on a MCMV-resistant
C57BL/6J background) are also frequently used to unravel specific aspects of
MCMV pathogenesis. C57BL/6J mice deficient in recombinase-activating-gene2 (RAG-2), perforin, granzyme A, granzyme B or combinations thereof have
been used to elucidate cytolytic pathways in the host-mediated immune control
of MCMV infection " * . NK deficient Beige mice have been used to specifically
study the effect of NK cells on MCMV pathogenesis "". Also severe combined
immunodeficient (SCID) mice on a BALB/c background and devoid of mature
functional T and B lymphocytes have been applied to study MCMV reactivation
" ^ and therapy in the absence of the adaptive immune system. Athymic, T cell
deficient "nude" mice on a BALB/c background are used to specifically study the
impact of T cells on MCMV replication * .
CHAPTER 1
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Fig. 3. Overview of CMV tissue tropism. Organs harboring CMV are colored black and gray
(figure adapted from http://www.geocities. com/virtualbiology/lymph2.html)

To prevent CMV-mediated pathogenesis, the mechanisms by which CMV
contributes to disease development/progression need to be elucidated. As
shown in table 1, the possible role of CMV in diseases like myelosuppression,
pancreatitis, retinitis, developmental brain disorders, hepatitis, myocarditis and
arthritis has been studied. In addition, CMV has also been described to be
associated with vascular diseases like restenosis, transplantation-associated
arteriosclerosis (TxAA) and atherosclerosis. Although the processes leading to
these vascular pathologies show some similarity, they are not identical.
Atherosclerosis is a chronic immune and inflammatory mediated process
accompanied by lipid-laden-cell formation and cholesterol deposition and will be
discussed in more detail later. Restenosis is a response to endothelial injury,
e.g. following balloon dilatation, resulting in rapid (<6 months) occlusion of the
lumen by predominantly smooth muscle cell proliferation **\ TxAA is
characterized by the occurrence of a generalized and concentric intimal
thickening in all arteries and arterioles of a graft, in contrast with classical
atherosclerosis in which the manifestations are focal and asymmetric. Since all
three vascular pathologies are life-threatening diseases, the clearance of the
CMV-mediated contribution may help to limit death rate.
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> 3. Cytomegalovirus and vascular disease
3.f. Cyfomega/ov/rus and restenos/s
Endarterectomy or implantation of non-arterial structures such as stents
intended to restore the blood flow in vessels occluded by atherosclerosis,
frequently results in restenosis. Restenosis is thought to be a response to
endothelial injury which goes together with cell proliferation (smooth muscle
cells (SMC)) and extracellular matrix (collagen, proteoglycans, elastin)
synthesis/deposition ^ . In a favorable outcome, the healing process reaches a
steady state, in other instances intimal growth/adventitial constriction leads to
luminal occlusion. The idea of possible involvement of CMV in restenosis
initially came from studies demonstrating the presence of CMV in smooth
muscle cells from restenotic lesions ^ and from prospective studies describing
a higher risk of restenosis to be associated with CMV infection ^®. /n v/fro
studies also provide evidence that CMV may contribute to restenosis. CMV
infection of cultured SMC showed that immediate early gene products of CMV
antagonized p53-mediated apoptosis resulting in SMC accumulation "® and
stimulated vascular SMC resulting in migration and proliferation ^ ^ ° . Ballooninduced carotid artery injury in the rat, mimicking angioplasty-induced injury in
the human situation, clearly showed a contribution of CMV to restenosis "^.
CMV infection increased neointimal formation in the rat model without
consistent evidence of infectious virus in the vascular wall. This suggests that
inflammatory and immune responses directed against CMV account for the
vascular response to injury.
3.2. Cytomega/ov/rus and fransp/anfaf/on-assoc/ated arter/osc/eros/s
The most characteristic manifestation in TxAA is an ongoing inflammation
and immune response in the graft resulting in neointimal formation, followed by
lumen occlusion in all arterioles and arteries of the graft. Risk factors for the
disease are histo-incompatibility between donor and recipient ^ , acute rejection
periods ^ , hypercholesterolemia ^ , hyperlipidemia ^ , prolonged ischemic time
and CMV infection. Epidemiological reports show HCMV infection to be
present at a higher frequency in patients who develop graft rejection ^ ^ ™ "®
and thereby indicate CMV as a possible factor in TxAA pathogenesis. However,
an association does not prove a causal role of the virus in allograft rejection.
More direct evidence on the contribution of CMV to TxAA comes from animal
studies. The rat aortic transplant model was used to study the effect of RCMV
on the development of arteriosclerosis in allogeneic and syngeneic grafts in rats
infected early or late after transplantation ^ . Although no effect was seen in the
syngeneic grafts or following infection at a later time point after allogeneic
transplantation, in rats infected immediately after transplantation an enhanced
development of TxAA in the allograft was observed. At 7 days post infection an
influx of monocytes/ macrophages and T lymphocytes was seen in the
adventitia of the allograft. This was followed by subendothelial mononuclear cell
infiltration at 1 month after infection. Similar results were observed by Bruning et
al. ^ and Li et al. ^ , who used Brown Norway and Lewis rat combinations
instead of Dark Agouti and Wistar-Furth combinations. The fact that RCMV only
22

affected aortic allogenic grafts and not syngeneic grafts suggests that CMV
mediates its effect by stimulating the alloreaction by interacting with the immune
system after aortic transplantation. This suggestion is supported by the work of
Hillebrands et al. '°°, who investigated the development of TxAA after aortic
transplantation in different rat strain combinations. Similar effects were
observed in RCMV-infected cardiac allografts ^ which showed enhanced
perivascular influx of T cells, NK cells and monocytes/macrophages in the
infected animals. In RCMV-infected lung transplants, an increased expression
of adhesion molecules in the allografts was found * " . In summary, CMV plays
an important role in the development of arteriosclerosis after solid organ
transplantation. Although the mechanism is not fully understood, most data
suggest that infection stimulates the alloreaction leading to enhanced
arteriosclerosis.
3.3. Cytomega/owrus and atfierosc/eros/s
In addition to its effect on restenosis and TxAA, CMV is also associated with
atherosclerosis. The initial suggestion that infections might play a role in
atherogenesis was made by Sir William Osier in the beginning of the previous
century ^ by listing four provocative factors as potential causes for
arteriosclerosis. These are the wear and tear of life, acute infections (especially
syphilis, salmonella, tuberculosis and other agents), intoxications (including
smoking, diabetes and obesity) and circumstances that keep the blood tension
high. Hereafter the hypothesis received only minor attention until Fabricant et al.
demonstrated that chickens infected with an avian herpesvirus called Marek's
disease virus, developed atherosclerotic-like changes in the vascular wall " .
These findings in addition to the inability to explain the total etiology and
pathogenesis of the atherosclerotic disease by means of the classical risk
factors (see the following paragraphs), prompted researchers to study the
possible contribution of common chronic infections to atherogenesis. Up until
now, a whole range of infections are considered to contribute to atherosclerosis,
with the most studied being CWamyd/a pnei/mon/ae, He//cobacter py/on, herpes
simplex virus, hepatitis A virus and CMV ^ "^ "*• ^ ^ \ Recently the
"pathogen burden hypothesis" has been proffered by Zhu et al. ^ ^". This
hypothesis suggests that the risk for coronary artery disease, myocardial
infarction and death is related to the number of different pathogens to which an
individual has been exposed. In summary, evidence is accumulating that
infections most probably play a role in the atherosclerotic process and that the
number of (different) infections to which an individual has been exposed has
also an impact.
In the case of CMV, various lines of evidence demonstrate an association
between CMV and atherosclerosis. However, before reviewing these lines of
evidence in following paragraphs an overview on atherosclerosis is presented in
an attempt to facilitate the reading of the sections describing the mechanisms
by which CMV might contribute to the disease.
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3.3.1 >Afrterosc/eros/s
3.3.1.1. Epidemiology
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Atherosclerosis is a chronic inflammatory disease of the medium-sized and
large arteries. In childhood the disease is usually limited to its early stages and
is not evident. Nonetheless, clinical events resulting from atherosclerosis, like
stroke and heart attack, are the leading causes of disability and death from
middle age onwards. Established risk factors associated with cardiovascular
disease include family history, smoking history, hypertension, elevated serum
cholesterol levels, diabetes, increasing age, excessive alcohol consumption,
physical inactivity and male sex ^ . The multifactorial etiology of atherosclerosis
and the contribution of all of these factors to the risk of developing a future
clinical event are of great importance. For a proper assessment of disease risk
in an individual, the presence or absence and degree of severity of each
individual risk factor has to be considered, and in addition, the potential impact
of modifiable (environmental) risk factors has to be weighed against the nonmodifiable (genetic) risk factors of each individual.
3.3.1.2. Hypotheses of atherogenesis
At least 4 hypotheses have been proposed to explain the origins of
atherosclerosis. The "monoclonal hypothesis" ***, focusing on SMC proliferation,
was originally derived from observations that (1) the fibrous cap of the
atherosclerotic plaques is mainly composed of SMC and (2) that SMC appear to
migrate from the underlying media to the intima with consequent proliferation.
Therefore, lesions were regarded as being aberrations of growth control.
Another proposition for atherosclerosis is the "response to altered
lipoprotein hypothesis" " ^ * " . The hypothesis postulates that native Low
Density Lipoproteins (LDL) are chemically modified after accumulation in the
subendothelial layer. The diminished efflux of the chemically modified LDL is
realized by foam cell formation by macrophages and SMC with subsequent
lesion progression ("response-to-retention hypothesis" of Williams et al. ^ ) .
One of the major classic concepts concerning atherosclerosis was
postulated by Russell Ross ("response to injury hypothesis") " ° . He
hypothesized that atherosclerosis starts following endothelial dysfunction
caused by mechanical injury, low shear stress, toxins, oxygen radicals and
other factors. As a consequence of this endothelial injury, vascular wall
permeability increases and endothelial cells express adhesion molecules,
release growth factors and release chemotactic factors. Leukocytes then
migrate to the subendothelial layer where they meet the SMC migrating from
the media followed by the formation of lipid-laden SMC and macrophages with
the subsequent development of atherosclerotic lesions.
As it has been shown that atherosclerotic lesions are rich in
immune/inflammatory cells (predominantly macrophages and T lymphocytes),
Hansson et al. postulated atherosclerosis to be an immune-mediated disease
* \ Recent studies in experimental gene-targeted mice have provided
mechanistic evidence for this hypothesis ^ **• ^ . Immune mechanisms in
atherosclerosis include the recruitment of leukocytes to the vascular wall after
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endothelium activation, subsequent macrophage secretion of oxygen radicals,
proteases, cytokines and complement factors and macrophage-mediated
scavenging and presentation of antigens. By presenting antigens, macrophages
activate T cells, which either mediate cytotoxic activity against cells that express
proteosomally processed peptides (T cytotoxic cells) or secrete cytokines (T
helper cells). These events ultimately result in a cascade of immunological
events accelerating disease progression. Oxidized LDL (oxLDL), heat shock
proteins (HSPs), bacteria and viral antigens are all described to be candidate
antigens in atherosclerosis ^° ^ ^ ° . OxLDL has been described as an
autoantigen (i.e. endogenous antigen) formed in the lesions by chemical
modification of LDL. It elicits both local and humoral immune responses which
may contribute to atherosclerosis progression ^ ^°° *"• •*". HSPs are induced
after stress conditions in prokaryotic and eukaryotic cells to fulfill important
functions in folding and intracellular transport of proteins. Furthermore, they
exert a chaperone function to protect proteins against denaturation. HSPs are
classified in different groups based on their molecular mass and demonstrate a
high degree of sequence homology between phylogenic families, e.g.
mycobacterial HSP65, chlamydial HSP60 and Escherichia coli HSP60 show a
homology of over 90% at both the DNA and protein level. In addition, HSP60s
are also highly conserved between human and bacterial species. Since humans
are regularly infected with microorganisms during their lifetime, cross-reactivity
of anti-pathogen HSP60 formed antibodies and self-HSPs (called "molecular
mimicry") can frequently occur. Thus, the protective immune response directed
against foreign HSP60, may increase the risk for autoimmune reactions that
damage host cells eventually leading to induction/aggravation of atherosclerosis
3oo. 3d y^g exact mechanism by which viral and bacterial antigens contribute to
the atherosclerotic process remains to be clarified but a review of findings
concerning the contribution of CMV to atherosclerosis is given later.
The exact underlying mechanisms of atherogenesis may be a combination
of all the hypotheses mentioned above. Although lesions were initially regarded
as the result of aberrations of vascular smooth muscle cell growth and LDL
retention in the subendothelial layer by chemical modification, atherosclerosis is
nowadays deemed as being a complex disease involving immune and
inflammatory cascades induced after endothelial dysfunction leading to SMC
proliferation and migration, in addition to LDL retention in SMC and
macrophages.
3.3.1.3. Sequence of events in atherogenesis and lesion classification
The most common way to categorize atherosclerotic lesions is based on
The American Heart Association Classification as described by Stary et al. ^
" ° . Lesion types are designated by Roman numerals and consist of type I to
type VI lesions in humans (Table 2). Representative histological sections of
mice lesions belonging to each type (except type VI) are shown in chapter 2.
Lipid-laden macrophages are the pathological hallmarks of type I and type II
lesions. At arterial branches and curvatures with alterations in the blood flow
(e.g. decreased shear stress and high turbulence), endothelial cells will express
adhesion molecules. This results in monocyte adherence and T lymphocyte
trapping with subsequent migration and accumulation into the subendothelial
CHAPTER 1
GENERAL INTRODUCTION

25

Table 2. American Heart Association Lesion Classification.
Lesion
type

Description

Type I

Presence of lipid-laden
macrophages in the media

Initial lesion

Type II

Lipid-laden macrophage layers in the
lumen

Fatty streak

Type III

Type II lesions with small
extracellular lipid droplets

Intermediate lesion

Type IV

Type II lesions with lipid core and
possible fibrous cap formation at the
shoulder region

Atheroma

TypeV

Type IV lesion with fibrous cap
covering the entire lesion and
possible calcifications

Fibroatheroma

Type VI

Hemorrhage and rupture

Complicated lesion

Alternative classification

Early lesions

Advanced
lesions

space " \ Lipoproteins may be entrapped in the human intima by matrix
components ^ ^ where they become modified ^ . Modified lipoproteins are
taken up by macrophages by scavenger receptor pathways to form the socalled "foam cells". After lysis of the foam cells, cholesteryl-ester rich droplets
will be produced, forming type III lesions. These droplets in addition to cell
debris can be re-uptaken by neighboring macrophages, which can also lyse,
eventually leaving large lipid cores and forming type IV lesions. SMC will be
attracted from the media to the intima and proliferate as a result of binding of
PDGF (platelet derived growth factor) to receptors on these SMC ^®. In addition
to macrophages, intimal SMC will remove deposited lipoproteins and form foam
cells " . These lesions with the predominant component being the SMC are type
V lesions as described by Stary's classification. Type V lesions can be further
subdivided in type Va lesions showing a mixed composition of fibrous tissue
and lipids, type Vb lesions showing a prominent calcific component and type Vc
lesions showing a prominent fibrous component. Type IV or type V lesions with
disruptions of the lesion surface, hemorrhages or thrombotic deposits are called
type VI lesions and are largely responsible for morbidity and mortality from
atherosclerosis. A variety of mechanisms have been proposed by which these
symptomatic type VI lesions are formed. Plaques can get invaded by a fragile
network of capillaries derived from the vasa vasorum in the adventitia ^. These
newly formed blood vessels might lead to intraplaque hemorrhage with
subsequent increase in lesion size, occlusion of the lumen and subsequent
development of symptoms. Otherwise lumen occlusion can occur by thrombus
formation after plaque rupture, caused by weakening of the fibrous cap by
diminished extracellular matrix or SMC content. Atherosclerotic plaques are
particularly weakened at the height of the fibrous cap where macrophage and T
lymphocyte content are high in the lesion. The enhanced destruction of
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extracellular matrix by the release of proteolytic enzymes (matrix
metalloproteinases) by macrophages ^"" and the decreased extracellular matrix
synthesis by cytokine synthesis may cause these ruptures *. Apoptosis of
vascular smooth muscle cells is governed by cell-cell, cell-matrix and cellcytokine interactions. Macrophages and T lymphocytes possibly mediate
vascular SMC apoptosis by NO (nitric oxide) induction of p53 and Fas and via
TNFa-mediated apoptosis, but also by T lymphocyte mediated Granzyme B
expression ^. Apoptosis of endothelial cells influenced by local low shear stress
at the downstream parts of the plaque leads to exposure of the subendothelium
to blood flow and promotes platelet aggregation and thrombus formation ^ ° .
Finally, plaque stability is correlated with lipid core size. The inability of the soft
lipid core to bear large mechanical stresses that may develop during elevated
blood pressure makes stresses concentrate in the fibrous cap, particularly at the
edges, thereby leading to rupture ^ .
3.3.2. L/nes of ew'cfence suggesf/ng an assoc/afon befiveen CMV /nfecf/bn and
afnerosc/eros/s
Three major lines of evidence suggest an association between CMV and
atherosclerosis: sero-epidemiological studies, detection of the virus in
atherosclerotic lesions and /n v/fro experiments.
A large number of sero-epidemiological studies, summarized by Danesh et
al., illustrate a positive correlation between CMV antibodies and cardiovascular
disease ^ . However, although indicative for a contribution of CMV to
cardiovascular disease, the observed positive correlations in these studies are
weakened by the fact that small sample size, incomplete confounder
adjustments and exploratory statistics were applied. Furthermore, few studies
were of native atherosclerosis and focused on TxAA and restenosis. The
prospective, well-controlled nested case-control study performed by Ridker et
al.
to determine the impact of CMV on native atherosclerosis, showed CMV
antibody presence not to be associated with atherothrombotic risk. However,
they focused on baseline prevalence of CMV antibodies and did not take the
height of anti-CMV antibodies in account. The ARIC (Atherosclerosis Risk in
Communities) study indicated this to be a crucial factor in demonstrating an
association of CMV with atherosclerosis ' ^ . This study showed the level of
CMV antibodies to be gradually related to increased intimal-medial thickening.
Similar observations were made by Gattone et al. ™ and Blum et al.
demonstrating high but not low anti-CMV antibody levels to be associated with
coronary artery disease and myocardial infarction, implicating that seroepidemiological association studies have to take the height of CMV antibody
titers into account.
The first paper describing CMV to be present in the vascular wall came from
Melnick et al. ^ ° CMV antigens were stained by immunofluorescent antibodies
and were shown to be present in SMC cultured from atherosclerotic plaque
samples, suggesting a role for CMV in the pathogenesis of atherosclerosis.
Later, the presence of CMV in cells cultured from human arterial tissue was
confirmed by in situ hybridization techniques ^ . The finding that CMV DNA, as
detected by PCR analysis, was present in 90% of the arterial walls of
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atherosclerotic patients and only in 50% of the persons in the control group,
also supported a role for CMV in atherogenesis ^ .
/n v/fro experiments revealed that CMV modulates cellular gene products
involved in the pathobiology of atherosclerosis. CMV-mediated up-regulation of
the scavenger receptor class A on SMC was associated with an increased
uptake of oxLDL "" . As increased oxLDL uptake plays an important role in
atherogenesis, the observed results provide further evidence for a possible role
of CMV in the disease. In addition, SMC infection was shown to induce upregulation of PDGF receptors and may hereby increase SMC migration and
proliferation in atherosclerotic lesions ^ ° . Also, up-regulation of adhesion
molecules on infected endothelial cells may permit facilitated adhesion of
monocytes ^". Furthermore, CMV induced cytokine production due to infection
of the cell itself or to its interaction with other cells like leukocytes "*• ^ ' ^°® may
be important in atherosclerosis progression.
Although these three lines of evidence strongly suggest an involvement of
CMV in atherosclerosis, they do not unequivocally confirm the role or the
mechanisms by which CMV contributes to atherogenesis. On the other hand,
the possibility of using animal models has created the possibility for wellcontrolled studies to clarify the issue of CMV causality in atherosclerotic
disease.
3.3.3. L/'nes of evidence suggesf/ng a confr/'buf/on of CA//\/ /nfecf/ons to
afnerosc/eras/s; an/ma/ exper/mente
The etiology of atherosclerosis is complex. Many different genes, including
those related to lipid metabolism, affect its development and the disease is
greatly influenced by environmental factors. In addition, the disease can only be
reproduced in living animals thereby largely eliminating the use of ;n vrfro
models to study the disease. These facts strengthen the need for laboratory
animals to study the atherosclerotic process under well-controlled conditions.
Infection experiments in rats (characterized as atherosclerosis resistant)
showed CMV to enhance leukocyte adhesion to the endothelial layer and lipid
accumulation in the subendothelium. This phenomenon was even more
pronounced in rats fed a high cholesterol diet ^ .
Irradiated BALB/c mice, also characterized as being atherosclerosisinsensitive ^ , showed the accumulation of inflammatory cells in the aortic
lumen after CMV infection. Furthermore, the percentage of LDL-cholesterol was
seen to be significantly increased in the serum of infected mice, whether or not
they were fed a high cholesterol diet ^. A similar experiment performed in these
mice again demonstrated the presence of inflammatory foci in the vascular wall
and showed that some of these foci develop into atherosclerotic lesions ^ .
C57BL/6J mouse strains can be used as a model for studies of high fat dietinduced atherosclerosis ^ ^®. However, atherosclerosis in these mice is rather
limited and mainly restricted to the aortic sinus. In 1992, Breslow's and Maeda's
laboratories independently reported that mice deficient in apolipoprotein E
(apoE), a ligand important in lipoprotein uptake, had elevated plasma
cholesterol levels and spontaneously developed severe atherosclerosis even on
a low-cholesterol diet ^ ^ ^ . Since lesion progression and localization in
these mice is similar to human atherogenesis, they have become a powerful
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tool in atherosclerosis research ^ * " . Lesion size and progression can be
aggravated and accelerated by feeding apoE knockout (apoE') mice a highcholesterol diet ^ ^ . An alternative mouse model sensitive to atherosclerosis
development, is the LDL receptor knockout (LDLrec'") mouse ^ . Although
these mice show elevated levels of LDL, they fail to develop atherosclerosis
when put on a chow diet. When challenged with a high cholesterol diet, they
develop atherosclerosis throughout the aorta ' T However, it is generally
accepted that apoE''~ mice, even when fed a chow diet, exhibit more severe and
complex lesions than LDLrec"' mice even when these mice are fed a high
cholesterol diet and develop higher cholesterol levels ^*. In addition,
homozygous apoE/LDLrec double knockouts can also be used to study
atherosclerosis. Lesion progression goes remarkably faster in these mice than
in single knockouts and they do not need to be fed a cholesterol-enhanced diet
to develop severe atherosclerotic disease *°. The development of these
transgenic mouse strains has created the possibility to study the effect of CMV
on the progression of atherogenesis. However, in contrast with the frequent use
of these mice to clarify atherogenesis in general ^ "• *"• ^ ' ^® ^°®, only a limited
number of papers is published dealing with the CMV-mediated contribution to
atherogenesis. ApoE"" mice infected at 2 weeks of age showed increased lesion
area at 14 weeks post infection when compared with mock infected mice,
indicating that CMV contributes to lesion progression ^ ^°\ The demonstration
of increased serum IFNy levels at 4 weeks post infection indicates that a
systemic immune response to infection contributes to the infection-associated
increase in lesion size. In contrast, Rott et al. " * showed CMV infection not to
influence lesion size, when 8-week-old apoE"'" mice were infected and sacrificed
3 weeks later. The difference between these publications has been attributed to
the difference in time between infection and sacrifice and the difference in age
at infection. Since 2-week-old mice do not have a yet fully evolved immune
response, it may be speculated that these mice react differently to infections
than adult mice.
In conclusion, the studies described above show that CMV might contribute
to both initiation and progression of atherosclerosis and that the virus is more
than just an "innocent bystander".

> 4. Outline of this thesis
Although evidence is accumulating that CMV contributes to the
atherosclerotic disease, data are too scarce to clarify the mechanism by which
the virus is a factor in disease development. It may be hypothesized that the
effects of CMV-accelerated disease development depend on local mechanisms
in the vascular wall requiring the presence of the virus inside the artery. On the
other hand, systemic activation of the immune system with subsequent
production of pro-atherogenic cytokines/chemokines following infection may
provide an alternative mechanism by which CMV contributes to atherosclerosis.
The main objective of the present thesis was to unravel the mechanisms by
which CMV accelerates the formation of atherosclerotic plaques, either by direct
or by indirect mechanisms.
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In a first study (chapter 2) we evaluated the effect of MCMV infection on
atherosclerosis progression in two mouse models (C57BL/6J on a highcholesterol diet and apoE"'") in which the initial stages of atherosclerosis were
present at the time of infection. Lesion area, lesion composition, inflammatory
influx in lesions and plasma lipid profiles were investigated.
To mediate a direct effect on atherosclerosis, the presence of the virus may
be required in the vascular wall. One of the most abundantly used techniques to
detect viral DNA in tissues is the PCR technique. Nonetheless, as the virus may
only be present in the vascular wall in low amounts an ultra-sensitive PCR
method is essential. In chapter 3 we describe the development of a PCR
technique for MCMV detection, which is both very sensitive, and also
quantitative (real-time PCR). This technique allows us to determine the exact
number of viral DNA copies in various organs (including the vascular wall) at
specific time points post infection. In chapter 4 we used this technique to
evaluate the presence of CMV in the vascular wall of apoE'" mice following
single and multiple low-dose MCMV infection. Multiple low-dose infections were
used to mimic chronic latent infection with recurrent intervals of viral shedding
and we studied the effect of these low dose infections on atherosclerosis. In
addition we assessed the effect of UV-inactivated MCMV injections on plaque
formation. As MCMV antigen injection results in activation of the immune
system without viral replication, an effect of these injections on atherosclerosis
may suggest that the effect of MCMV infection is at least partly mediated by an
indirect effect.
Macrophages are well recognized to play an important role in plaque
development, e.g. by the production of various pro-inflammatory and proatherogenic cytokines. Also, infections stimulate the production of cytokines by
macrophages. This, however, depends on macrophage phenotype. In chapter
5, the effect of MCMV infection on macrophage differentiation was studied.
Therefore peritoneal macrophages were isolated from MCMV-infected apoE"'"
mice and phenotyped.
In chapter 6 we extended the work described earlier in chapter 2 aiming to
better understand the mechanisms underlying the MCMV effects on
atherosclerosis. In this study we focused on local as well as systemic effects of
MCMV infection. Here we used an ultra-sensitive although non-quantitative
PCR method to detect MCMV DNA in the vascular wall and examined both local
and systemic production of pro-inflammatory cytokines (TNFa and IFNy) in
apoE'" mice following MCMV infection.
It is well known that C57BL/6 mice (the background strain of the apoE"'"
mice) are relatively resistant to MCMV infection. On the other hand,
hypercholesterolemic mice (apoE' and LDLrec"') fail to rapidly clear bacterial
infections, indicating that hypercholesterolemia may exert negative effects on
general immune responses. In addition, hypercholesterolemia may suppress
antiviral immune responses, rendering apoE'' and LDLrec"'' mice more
susceptible to viral infections. In chapter 7, both atherosclerosis-sensitive
mouse types are studied with respect to MCMV sensitivity and various aspects
in the activation of the immune system following MCMV infection.
Finally, data obtained in the different studies in this thesis are discussed in
chapter 8 in relation to the general hypothesis that CMV contributes to the
progression of the atherosclerosis.
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> ABSTRACT
Multiple epidemiological studies have suggested that cytomegalovirus (CMV)
infection is associated with atherosclerotic disease. However, conclusive proof
that the virus is directly related to the progression of the disease is still lacking.
The goal of this study was to investigate whether MCMV is able to exacerbate
the atherosclerotic process in atherosclerosis-susceptible mice. For this, apoE
knockout mice kept on a chow diet were sacrificed at both 2 and 20 weeks post
infection (p.i.). C57BL/6J mice fed an atherogenic diet were sacrificed at 2
weeks p.i. Lesion area, lesion composition (endothelial cells and smooth muscle
cells) and inflammatory influx (T lymphocytes and macrophages) in lesions
were determined. The former one was determined by means of a microscope
coupled to a computer-assisted morphometry system. The latter ones were
scored after immunohistochemical staining. In the chronic phase of the infection
mean lesion size was significantly increased after MCMV infection in the apoE
knockout mice. This increase could to a large extent be attributed to a
significant increase in type V lesion area after MCMV infection. Also, a
significant increase in T lymphocyte influx was observed in the acute phase of
the infection in lesions from apoE knockout mice after MCMV infection while this
effect was absent in C57BL/6J mice. After MCMV infection no increase was
observed in macrophage, smooth muscle cell and endothelial cell number in
lesions from both mice strains. These data suggest that MCMV infection may
exacerbate the atherosclerotic process in apoE knockout mice by means of an
acute lymphocytic inflammatory response. In contrast to the MCMV-induced
effect in apoE knockout mice, MCMV infection did not increase the influx of T
lymphocytes in atherosclerotic lesions of C57BL/6J mice.
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> INTRODUCTION

«

Human cytomegalovirus (HCMV) infection is a major cause of morbidity and
mortality in immuno-compromised individuals. Several reports have provided
strong evidence that, in addition to causing acute diseases in immunocompromised patients ^ ^ "", HCMV may be involved in chronic diseases like
atherosclerosis ^ ^° ^ . However, the underlying mechanisms for the role of
HCMV in this disease are still lacking.
Atherosclerotic lesion formation starts with the influx of monocytes/
macrophages from the circulation, which then become loaded with lipids to
create the so-called "fatty streak". These lesions may progress by the influx of
additional monocytes and T lymphocytes. The products of these cells along with
those of the endothelial cells can cause smooth muscle cell proliferation and
migration from the media to the intima and synthesis of matrix components.
When cells from the media die they create a necrotic and lipid core
(extracellular cholesterol clefts). Often, the luminal face of these advanced
lesions has a fibrous cap, consisting of smooth muscle cells, which stabilizes
the plaque. Clinical events start as a result of intraplaque hemorrhage or rupture
of the plaque surface which generates a thrombogenic surface " • ^ • * \
The development of atherosclerosis-susceptible animal models made it
possible to study the atherosclerotic process in more detail ^° " . The most
widely used animal models for this process are the C57BU6J mice and the
apoE knockout mice on a C57BL/6J background. C57BL/6J mice only develop
atherosclerosis when fed a high cholesterol/fat diet while apoE knockout mice
have no need for an atherogenic diet to develop atherosclerotic lesions. Lesion
formation starts in the aortic sinus of C57BL/6J mice after 10-14 weeks on a
cholesterol diet ^ while adhesion of mononuclear cells to the media and
subendothelial accumulation of foam cells are already observed in the aortic
sinus of 8-week-old apoE knockout mice ^ .
The first indication that viruses potentially could cause or contribute to the
development of atherosclerosis was presented by Minick and co-workers more
than 25 year ago ^ . Since then both experimental as well as epidemiological
evidence has been presented confirming a role for herpesviruses in the disease
process ^ ^ ^ ^ . And although various mechanisms have been proposed to
explain this effect, none of these seem to be sufficient as of yet. In this study we
confirm earlier findings that CMV exacerbates the atherosclerotic process in
apoE knockout mice ^ and we present new evidence demonstrating that CMV
infection stimulates an already ongoing inflammatory process in the
atherosclerotic vascular wall thereby exacerbating lesion formation in the long
run.

> MATERIALS AND METHODS

M/ce
C57BL/6J mice and apoE knockout mice on a C57BL/6J background were
obtained from Broekman, Someren, the Netherlands. Housing and care of the
animals, and all the procedures used in these studies were approved by the
Ethical Committee for the Use of Experimental Animals of the institution, and
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conform with the Guide for the Care and the Use of Laboratory Animals,
published by the US National Institute of Health (NIH Publication No. 85-23,
revised 1985). The apoE knockout animals were fed ad libitum on a standard
mouse chow diet (SRM-A, Hope Farms). C57BL/6J mice, which only develop
atherosclerosis on a western type of diet, were put on a high fat/high cholesterol
diet containing 15% cacao butter, 0.5% cholate, 1% cholesterol, 40.5% sucrose,
10% corn starch, 1% corn oil and 4.7% cellulose starting at 4 weeks of age.
V/rus
The Smith strain of mouse CMV (MCMV, kindly provided by Dr. J. Neyts,
Rega Institute, University of Leuven, Belgium) was used for inoculation of the
mice. A pool of homogenized salivary glands, derived from infected BALB/c
mice, was used for all experiments. Mock infections were performed with sterile
PBS.
/nocu/af/on of f/ie m/ce
Two infection protocols were used. The apoE knockout mice were MCMV(5x10'' plaque forming units) or mock-infected intraperitoneally at the age of 8
weeks and sacrificed at 2 or 20 weeks post infection (p.L). The C57BL/6J mice
were either MCMV- or mock-infected at the age of 16 weeks and sacrificed 2
weeks later. These time points of infection were chosen to assure that both
mice were in the initial phase of the atherosclerotic process when infected.
Tissue co//ecf/on
Prior to sacrifice the mice were anaesthetized with a weight-adjusted dose
of pentobarbital (Nembutal®, Sanofi Sante B.V., Maassluis, the Netherlands).
Blood was collected by left ventricular puncture for determination of lipid profiles
and MCMV antibody titers. Then the arterial tree was perfused at 100 mmHg
with PBS followed by 1.85% PBS-buffered formaldehyde, both containing 0.1
mg/ml sodium-nitroprusside (Merck, Darmstadt, Germany) via a catheter
introduced into the left ventricular apex. Subsequently, the aortic arch (apoE
knockout, 2 and 20 weeks p.i.) or the heart with aortic sinus (apoE knockout
and C57BL/6J, 2 weeks p.i.) were isolated and fixed overnight in 3.7% PBSbuffered formaldehyde. The hearts were prepared for sectioning as described
previously ^ and as well as the aortic arches embedded in paraffin. From the
aortic arch longitudinally sections were cut while from the aortic sinuses crosssections were used for further analysis. Thickness of all sections was 4 urn.
Additionally, 20 apoE knockout mice were sacrificed at 2 weeks post
infection in order to collect organs for MCMV detection by PCR. These mice
were perfused with PBS without 0.1 mg/ml sodium-nitroprusside and
subsequently carotid arteries, abdominal aorta and aortic bifurcation with iliac
arteries were removed. Carotid arteries, abdominal aorta and aortic bifurcation
with iliac arteries were pooled. All organs were snap frozen in liquid nitrogen
and stored at -70°C until further use.
Aforpftomefr/ca/ and /mmuno/i/sfoc/iem/ca/ characfer/zaf/on of Me /es/ons
At three different levels (aortic arch, distance between two consecutive
longitudinal sections was 40 um) or at five different levels (aortic sinus, distance
between two consecutive cross-sections was 40 |.im), the atherosclerotic lesion
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type was determined in hematoxylin-eosin-stained sections. The lesions were
classified according to the guidelines given by the American Heart Association
^ and the final score of a lesion was the highest observed lesion type at
different levels.
The lesion area was determined in the above described hematoxylin-eosin
stained sections by measuring the area of each lesion using a microscope
coupled to a computer-assisted morphometry system (ANALYSIS®, Soft
Imaging System GmbH, Germany). For the aortic sinuses the measured lesion
area was corrected for lumen area. For every mouse, the mean lesion area was
calculated. Thereafter lesions from mock- and MCMV-infected mice were
compared. For further characterization of the atherosclerotic lesions, aortic
tissue sections containing the highest lesion type and/or the highest number of
lesions were immunolabeled with monoclonal antibodies against smooth muscle
cells (mouse anti-SM-a-actin, DAKO, Glostrup, Denmark) or endothelial cells
(rabbit anti-von Willebrand factor, DAKO, Denmark). Immunostaining was
performed according to conventional methods with biotin-labeled secondary
antibodies and 3,3' diaminobenzidine as a chromogen. For smooth muscle cells
an additional mouse-on-mouse immunodetection kit (MOM-kit, Vector
Laboratories Inc.) was used to block a-specific staining of mouse monoclonal
antibodies on mouse tissues. For smooth muscle cells, the smooth-muscle-aactin positive area was expressed as percentage of the total lesion area. For
endothelial cells, the percentage of lesion surface covered by an endothelial cell
layer was determined and compared between mock- and MCMV-infected mice.
Scoring was performed by impartial investigators and intra-observer variability
was less than 10%.
/nflammafo/y responses /n aort/c /es/ons
Sections with the highest lesion score were immunolabeled with antibodies
against T lymphocytes (rabbit anti-human CD3, DAKO, Glostrup, Denmark) or
monocytes/macrophages (rat anti-mouse F4/80, DAKO, Denmark). Sections
used for detection of T cells were preincubated with pepsin (0.1mg/ml in 0.1 N
HCI) for 30 min. The number of T cells was counted and expressed as
percentage of the total number of cells per lesion. For macrophages, the
percentage of the total lesion area staining positive for macrophages was
determined for every lesion type.
MCMVDAM cfefecf/on by PC/?
DNA was isolated from organs using the Wizard genomic DNA purification
kit (Promega) according to the manufacturer. MCMV specific PCR was
performed as described previously with slight modifications "\ Briefly, one ug of
the isolated DNA was subjected to PCR in a total volume of 50 ul. To check for
the presence of PCR inhibitors, each sample was also spiked with 100 copies of
plasmid p189. This plasmid contains nucleotides 180,551 to 180,913 of the
MCMV Smith genome (GenBank accession number U68299), which include the
primer sequences. The reaction mixture contained 0.2 uM of each primer, 10
mM Tris HCI pH 8.5, 50 mM KCI, 3.5 mM MgCfe, 0.2 mM dNTPs, 1.25 units of
HotStarTaq DNA polymerase (Qiagen, Leusden, the Netherlands). The reaction
mixtures were initially incubated at 95°C for 15 min to activate the HotStarTaq
enzyme. Subsequently, 40 amplification cycles were performed. Each cycle
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consisted of denaturation at 96°C for 30 s, annealing at 58°C for 1 min, and
extension at 72°C for 1 min. The amplification products were analyzed by
electrophoresis in a 1.5% ethidium bromide-stained agarose gel. This PCR test
is able to reproducibly detect ten copies of p189. Positive PCR results were
confirmed by Southern blotting using digoxigenin (DIG)-labeled p189 DNA as a
probe. For this purpose, the DIG DNA labeling kit and the DIG luminescent
detection kit (Roche Molecular Biochemicals, Almere, the Netherlands) were
used as recommended by the manufacturer.

MCMV antfbody defection by f'ntf/recf /m/nunofluorescence
The presence of MCMV antibodies in the MCMV- and mock-infected apoE
knockout mice was detected using an indirect immunofluorescence technique.
Mouse embryonic fibroblast (MEF) monolayers were infected with MCMV at a
multiplicity of infection of 0.1. After an incubation of three days the cell
monolayers were fixed with 96% methanol during 10 min. The cells were
incubated for one hour with 1:10 dilutions in PBS of plasma of the mice to
reveal the presence of antibodies against MCMV. Antibodies were detected
using FITC-conjugated rabbit anti-mouse immunoglobulin (DAKO, Denmark).
Non-infected MEF monolayers were used as controls.

Deferm/naf/on of //p/d proff/e
Total plasma cholesterol and triglyceride concentrations were measured in
plasma of MCMV-infected and control mice by a Beckman Synchron CX Sytem
(Beckman Coulter Inc., Fullerton, USA). Blood was collected by retro-orbital
puncture every two weeks during a period of 16 weeks p.i. and/or at the day of
sacrifice by left ventricular puncture.
Starts f/ca/ ana/ys/s
Data were expressed as mean ± S.E.M. One-sided nonparametric analysis
were performed for statistical significance with the Mann-Withney L/-test to
unravel differences between MCMV- and mock-infected mice at different time
points p.i. concerning T lymphocyte influx in lesions. A one-sided parametric
Student's f-test was used to compare smooth muscle cell number, endothelial
cell number and macrophage influx in aortic lesions and lesion area in the aorta
between MCMV- and mock-infected mice at different time points p.i. A one-way
ANOVA with the Bonferroni correction was used to compare the plasma
cholesterol and triglyceride levels between MCMV- and mock-infected mice.
Differences were regarded to be statistically significant at a value of P<0.05.

> RESULTS
Les/on c/iaracfer/zarton
In apoE knockout mice early lesions, i.e. lesion type I to III, were observed
in both the aortic arch and the aortic sinus at the age of 10 weeks (Figs. 1 B-D).
At a later time point (28 weeks) also complex lesions (type IV and V) were
present (Figs. 1 E and F). In the 18-week-old C57BL/6J mice type II and III
lesions were present (Figs. 2 B and C). No plaque rupture was observed in all
mice. Type I lesions, also called "initial lesions", were defined as lesions
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Fig. 1. Atherosclerotic lesion types present in 28-week-old apoE knockout mice. (A) nondiseased aortic wall, (B) type I lesion, (C) type II lesion, (D) type III lesion, (E) type IV lesion, (F)
type V lesion. Thin arrows indicate extracellular lipid pools (type III) or lipid core (type IV and V) and
open arrows indicate the fibrous cap. Magnification was 200x for type I-IV or 40x for type V.

containing isolated macrophage foam cells in the media (Fig. 1 B) "®. Type II
lesions ("fatty streaks") were defined as lesions consisting primarily of layers of
macrophage foam cells which protrude in the lumen (Figs. 1 C and 2 B). The
"preatheroma", this is the type III lesion, is the lesion type that is potentially
symptom-producing and forms the intermediate form between the early lesion
types (type I and II) and the more advanced lesion types (type IV to VI). It
contains lipid-laden cells and in addition scattered collections of extracellular
lipid droplets (Figs. 1 D and 2 C). When these little extracellular lipid pools are
aggregated and form a larger, confluent lipid core the lesion is called type IV
lesion, the atheroma". Additionally these type of lesions can contain a thin
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Fig. 2. Atherosclerotic lesion types present in 16-week-old C57BU6J mice. (A) non-diseased
aortic sinus, (B) type II lesion, (C) type III lesion. Arrows in panel C indicate extracellular lipid pools.
Magnification was 200x.

fibrous cap which often does not cover the entire lesion (Fig. 1 E). In type V
lesions ("fibroatheroma") the lipid core has expanded in size and in number and
the fibrotic cap has become thicker and covers the entire lesion (Fig. 1 F). Type
V lesions that were largely calcified were subclassified as type Vb lesions, also
called "calcific lesions". "Complicated lesions" or type VI lesions were defined as
lesions with fissures and/or ulcerations and/or thrombotic deposits. Lesion
"disruption with resultant intraluminal thrombus plays a fundamental role in the
pathogenesis of unstable symptoms of coronary artery disease. The degree of
lesion disruption determines the nature of the ensuing clinical state. If only the
endothelial surface of the lesion is disrupted, the thrombogenic stimulus is
limited, and at the most there is mural thrombus, without symptoms. If the
disruption is deeper, a transient occlusion (i.e. lasting minutes) may take place and
may be repetitive and cause ischemia ™ ' . Finally, if the disruption is very deep
or ulceration exposes the lipid core, collagen, tissue factor and other elements,
a thrombotic occlusion that is relatively persistent (i.e. 2-4 h or longer) may
result in acute myocardial infarction ^. Nonetheless, this type of lesion was
never observed in our mice.
Effect of MCAf V /nfecf/on on fhe afherosc/erof/c process /n apoE /cnoc/couf
m/ce during fne chron/c pnase of /nfecf/on
The effect of MCMV infection on the atherosclerotic process in the aortic
arch of apoE knockout mice was initially studied at 20 weeks p.i. This time point
was chosen in accordance with the study of Hsich et al. ^ who found that after
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14 weeks mean aortic lesion area was significantly increased after MCMV
infection in the aortic sinus of apoE knockout mice. In this experiment however
no study was executed on lesion composition and inflammatory influx and no
data were available on the aortic arch. Therefor in our experiments aortic
arches of apoE knockout mice were analyzed for lesion composition, lesion size
and inflammatory influx. Lesion size was measured as shown in figs. 3 A and B;
the luminal part of the lesion was measured as lesion area and the medial part
was not taken into consideration.
.....-,,. .

Fig. 3. Method of analyzing lesion size by means of a computer-assisted morphometry
system. (A) Type V lesion in the aortic arch of a 28-week-old apoE knockout mouse, (B) Type II
lesions in the aortic sinus of a 16-week-old C57BL/6J mouse. Magnification was 40x for panel A or
100x for panel B. Contour lines indicate the measured lesion area.

At 20 weeks p.i. (chronic phase) a significant increase in mean lesion area was
observed in MCMV-infected apoE knockout mice when compared to mockinfected mice (Fig. 4).
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Fig. 4. Effect of MCMV infection on mean lesion area in the aortic arch from 28-week-old
apoE knockout mice. (*) P<0.05 when compared between mock- and MCMV-infected mice. Data
are expressed as mean ± S.E.M.
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This significant increase in mean lesion area could to a large extent be
attributed to a significant increase in type V lesion area (5.8 x 10* (im^ ± 1.6 x
10* [MCMV] vs. 2.6 x 10* um* ± 0.7 x 10* [mock], P<0.05). On the other hand,
MCMV infection had no influence on lesion composition. More precisely, all
lesions were covered with endothelial cells and the content of smooth muscle
cells (expressed as percentage of the total lesion area) was 37.4% ± 5.6 in the
MCMV-infected mice compared to 33.9% ± 4.6 in the mock-infected mice.
Furthermore, the numbers of T lymphocytes or macrophages in the aortic arch
lesions, as markers of the inflammatory process, were not significantly different
between both groups at 20 weeks p.i.
Effecf of MC/Vf\/ /nfecf/on on fne afnerosc/erof/c process /n apoE fcnocArouf
m/ce dur/ng fhe acute phase of/nfecf/on
Because lesion size was significantly increased at 20 weeks p.i., we
hypothesized that this effect of MCMV infection possibly could be the result of
an increased inflammatory response in the lesion early after infection which can
be indicated by an enhanced influx of inflammatory cells. T lymphocyte and
macrophage numbers were determined in lesions from both the aortic arch and
the aortic sinus of apoE knockout mice. A significant influx of T lymphocytes
(expressed as percentage of T lymphocytes per lesion) was detected in the
aortic sinus after MCMV infection. Additionally, a significant increase in the
number of lesions positive for T lymphocyte staining was observed in both aortic
arch and aortic sinus of apoE knockout mice (Fig. 5). In contrast MCMV
infection did not result in an increased influx of macrophages in both aortic
sinus and aortic arch.
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Fig. 5. Effect of MCMV infection on the T lymphocyte influx in aortic sinus lesions (left panel)
and aortic arch lesions (right panel) from 10-week-old apoE knockout mice. "T cell" stands for
the number of T cells expressed as percentage of the total number of cells per lesion. "Positive
lesions" stands for the percentage of lesions positive for T lymphocyte staining. (*) P<0.05 when
compared between mock- and MCMV-infected mice. Data are expressed as mean ± S.E.M.
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No effect was seen on lesion area or cell composition in apoE knockout
mice during the acute phase of infection. All lesions were covered by
endothelial cells and the percentage of smooth muscle positive area remained
equal in mock- and MCMV-infected mice (aortic arch: 0.29% ± 0.09 [MCMV] vs.
1.42% ± 0.43 [mock], aortic sinus: 1.28% ± 0.61 [MCMV] vs. 0.67% ± 0.48
[mock]).
Although our PCR technique allowed us to reproducibly detect ten copies of
the virus DNA, we failed to detect MCMV DNA in the vessel wall of the apoE
knockout mice. However, MCMV antibodies were detected in the plasma of
MCMV-infected mice but not in the plasma of mock-infected mice indicating that
mice were successfully infected.

Effect of MCMV /nfecf/on on /es/on deve/opmenf in aort/'c s/'ni/ses of apoE
/rnoc/couf and C57SL/6J m/ce during tne acufe phase of /nfecf/on
The aortic sinus of C57BL/6J mice was studied for lesion size, lesion
composition (smooth muscle cells and endothelial cells) and inflammatory influx
2 weeks p.i. No effect of MCMV infection was seen on lesion size in the aortic
sinus of C57BL/6J mice during the acute phase of infection. When comparing
the aortic sinus lesion area of mock-infected C57BL/6J mice with the lesion
area of mock-infected apoE knockout mice, we observed that both types of
mice were in the same phase of the atherosclerotic process. More precisely,
lesion area was comparable in both types of mice (data not shown). As in the
apoE knockout mice, MCMV infection had no influence on lesion composition.
Furthermore, MCMV infection did not alter the T lymphocyte influx in aortic
sinuses of C57BL/6J during the acute phase of infection. This observation is in
marked contrast with the significantly increased T lymphocyte influx in apoE
knockout mice, although this mouse strain was breeded on a C56BL/6J
background. In addition, as in apoE knockout mice no effect of MCMV infection
was seen on the macrophage influx in the lesions.

Effect of MCMV/nfecf/on on fhe p/asma //p/of prof/7es
Plasma cholesterol and triglyceride levels were determined in apoE
knockout mice every two weeks during a period of 16 weeks by retro-orbital
puncture. In C57BL/6J mice, plasma lipids were only determined 2 weeks p.i.
As expected plasma lipid profiles were significantly higher in apoE knockout
mice compared with C57BL/6J mice at 2 weeks p.i., (plasma cholesterol: 13.8
mmol/l ± 0.5 [apoE knockout] vs. 7.7 mmol/l ± 0.3 [C57BL/6J], triglycerides:
5.10 mmol/l ± 0.67 [apoE knockout] vs. 0.26 mmol/l ± 0.05 [C57BL/6J], P<0.05).
Cholesterol or triglyceride levels were not affected by MCMV infection neither in
apoE knockout or C57BL/6J mice. Moreover, no significant further elevation of
lipid levels was observed in apoE knockout mice over the rest of the
experimental period.

DISCUSSION
In the present study we demonstrate that a single MCMV infection
stimulates T lymphocyte influx in both the aortic arch as well as the aortic sinus
in apoE knockout mice during the acute phase of the infection. Furthermore,
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mean aortic arch lesion size was significantly increased during the chronic
phase of the infection. However, no virus DNA could be demonstrated in the
vascular wall of apoE knockout mice 2 weeks p.i. This observation questions
whether the enhanced plaque formation is triggered by a direct MCMV effect on
the atherosclerotic lesion. It is implied that a MCMV infection activates a
systemic inflammatory response thereby exacerbating atherosclerotic plaque
formation in the long run.
Since the original finding by Minick and colleagues that an avian
herpesvirus (Marek's disease virus) could induce atherosclerosis in chickens,
the role of CMV and other herpesviruses in the progression of atherosclerosis
has gained considerable interest ^ . Furthermore, sero-epidemiological studies
pointed out an association between pathogen-specific IgG antibodies and
atherosclerosis and high CMV antibodies titers were more frequent in patients
undergoing surgery for atherosclerotic disease than in matched control patients
^ ^ . Furthermore, both early and late regions of the CMV DNA genome could
be amplified from femoral and abdominal arterial samples from patients
suffering from grade III atherosclerosis ^.
Several direct mechanisms have been suggested by which CMV may
contribute to the atherosclerotic process, /n wfro studies demonstrated thrombin
formation and increased adherence of platelets and granulocytes in human
endothelial cells infected with herpesvirus **. This increased adherence may be
the result of enhanced adhesion molecule expression in endothelial cells
following CMV infection *°. Additionally, cytomegalovirus has been shown to
stimulate vascular smooth muscle cell migration and proliferation /n wfro ^ ^ ^°
and /n wVo by gene transfection in normal carotid arteries ^ . Both smooth
muscle cell proliferation and migration from the media to intima are likely to be
crucial events in the advanced phase of the atherosclerotic process.
Nonetheless in our experiment CMV infection did not affect smooth muscle cells
number both in the acute phase as in the chronic phase of the infection. This
indicates that in this model the MCMV-mediated increase in mean lesion area is
not mediated by an increased smooth muscle cell migration or proliferation.
However, CMV may also have an indirect effect on the atherosclerotic
process. In the present as well as in other studies ^ ^ no replicating virus could
be detected in the vessel wall 2 weeks p.i. This questions whether the observed
effects were induced by a direct effect of CMV on the atherosclerotic vascular
wall. It can be hypothesized that effects, other than those caused by local
infection of the vessel wall are involved in the virus-induced effect on
atherosclerosis. CMV infection may have induced a systemic inflammatory
response which leads to an increased influx of inflammatory cells in the
diseased vessel wall as seen in our study in the apoE knockout mice. It is
tempting to speculate that the presence of these cells in the vessel wall has
contributed, via production of active compounds such as cytokines ® " ' ^ , to the
enhancement of atherosclerotic lesion formation in the chronic phase of the
infection ^ ' * \ Another possibility is that systemic CMV infection stimulates the
production of circulating cytokines ^ which in turn can exacerbate the ongoing
inflammation in the diseased vessel wall.
In the present study, two strikingly different observations were made in
apoE knockout mice during the chronic and acute phase of MCMV infection. In
the chronic phase mean lesion size was significantly increased in apoE
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knockout mice without alterations in inflammatory cell influx. On the other hand,
in the acute phase the main observation was an increased T lymphocyte influx
without any alteration in lesion size. For many decades atherosclerotic lesions
have been considered as accumulations of lipids, accompanied by smooth
muscle cell proliferation and migration. However, recent new insights indicated
atherosclerosis as an inflammatory disease * \ Inflammatory cells are major
components of the atherosclerotic lesion with activated macrophages and T
lymphocytes already present in the early "fatty streaks" ^. These inflammatory
cells exert a variety of pro-atherogenic actions including the induction of
adhesion molecules and the production of a divers spectrum of chemokines,
cytokines, proteolytic enzymes and growth factors. Recently, the importance of
T lymphocytes in lesion development has been demonstrated by Mach et al. "
They demonstrated a reduction in early lesion development in LDLrec knockout
mice after treatment with an antibody against CD154. Furthermore, Lutgens et
al. "• ^ showed that advanced lesions in apoE/CD145 knockout mice or after
CD40L antibody treatment displayed a more stable plaque phenotype further
emphasizing the role of T lymphocytes in plaque development. Therefore we
speculate that the increased influx of T lymphocytes, as observed in our
experiments early after MCMV infection, may play a prominent role in the
enlargement of plaque area at later stages. Interestingly, a similar prominent
role for lymphocytes was observed in the development of early atherosclerotic
plaques in the aorta of BALB/c mice following MCMV infection \ The
mechanism by which the increased T lymphocyte influx contributes to plaque
enlargement has to be elucidated. Burnett et al. * demonstrated a significant
increase in serum IFNy levels and lesion area in apoE knockout mice following
MCMV infection. This cytokine has been demonstrated to be involved in the
progression of atherosclerosis ^ and transplant arteriosclerosis " "^ most likely
by activating monocytes/macrophages and T lymphocytes, providing a possible
mechanism by which activated T lymphocytes after MCMV infection induce an
exacerbation of the atherosclerotic process in the chronic phase of the infection.
Plasma lipid profiles were not significantly different between both groups
over the whole experimental period, a finding that is in line with a previous
report by Hsich et al. ^ Nonetheless, since inflammation and infection have
been shown to induce LDL oxidation /n v/Vo ^ , we can not exclude that MCMV
infections change the ratio between different lipid subfractions over time thereby
increasing the plasma content of pro-atherogenic fractions. Further experiments
are needed to establish whether CMV infections result in an altered lipid
metabolism, which may contribute to the progression of the disease.
In this experiment we used either C57BL76J or apoE knockout mice with a
C57BL/6J background. Although the C57BL/6J mouse strain is one of the most
atherosclerosis-sensitive inbred strains ^ this strain is rather insensitive for
MCMV disease ^. This may explain why CMV infection only had a mild effect on
the atherosclerotic process in apoE knockout mice. The reason for the absence
of an effect on the inflammatory response in C57BL/6J mice during the acute
phase following MCMV infection is unknown for the moment. However, recent
findings suggest that mouse strains displaying high levels of plasma lipids, such
as the apoE and LDLrec knockout mouse strain, may be more susceptible for
bacterial infections and inflammation ^ ^ . It remains to be established whether
the same holds true for viral infections.
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In summary our results show that CMV infection aggravates the
atherosclerotic process in apoE knockout mice in the chronic phase of the
infection by inducing an acute inflammatory response. No effects were
observed on early lesion formation in C57BL/6J mice (Fig. 6). Since CMV could
not be detected in the vascular wall it is unlikely that the exacerbating effect of
CMV infection seen in our experiments is caused by a direct effect of the
infection. However, the induced effect on the atherosclerotic process by CMV
infection can be addressed to an indirect effect of the virus on the vascular wall
i.e. a transient increased influx of T lymphocytes into the lesions shortly after
infection. Further studies are on their way to analyze the T lymphocyte
activation state and their cytokine production profile after CMV infection.
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> ACKNOWLEDGEMENTS
We would like to thank our colleagues from the Central Laboratory Animal
Unit for logistic support and P. Terporten for statistical advise. Also special
thanks to M.M. Hulsbosch for the MCMV PCR data.

60

> REFERENCES
1.

2.

3.
4.

5.
6.
7.

8.

9.

10.
11.
12.
13.

14.

15.
16.
17.
18.

19.

20.
21.

22.
23.

24.

.

-: • •

- V-v

Adam E. Melnick JL, Probtsfield JL, Petrie BL, Burek J, Bailey KR, McCollum CH, DeBakey
ME. High levels of cytomegalovirus antibody in patients requiring vascular surgery for
atherosclerosis, /.ancef. 1987:2:291-293.
Alber DG, Powell KL, Vallance P, Goodwin DA, Grahame Clarke C Herpesvirus infection
accelerates atherosclerosis in the apolipoprotein E-defident mouse. C/rcu/af/on. 2000:102:779785.
Baithesen M, Messerle M, Reddehase MJ. Lungs are a major organ site of cytomegalovirus
latency and recurrence. J V/ro/. 1993:67:5360-5366.
Berencsi K, Endresz V, Klurfeld D, Kari L, Kritchevsky D, Gonczol E. Early atherosclerotic
plaques in the aorta following cytomegalovirus infection of mice. Ce// /\oV)es Commun.
1998:5:39-47.
Boehler A, Schaffner A, Salomon F, Keusch G. Cytomegalovirus disease of late onset
following renal transplantation: a potentially fatal entity. Scand J /nfecf O/s. 1994:26:369-373.
Bukowski JF, Woda BA, Welsh RM. Pathogenesis of murine cytomegalovirus infection in
natural killer cell-depleted mice. J Wro/. 1984:52:119-128.
Burnett MS, Gaydos CA, Madico GE, Glad SM, Paigen B, Quinn TC, Epstein SE.
Atherosclerosis in apoE knockout mice infected with multiple pathogens. J /nfecf O/s.
2001:183:226-231.
Carlquist JF, Edelman L, Bennion DW, Anderson JL. Cytomegalovirus induction of interleukin6 in lung fibroblasts occurs independently of active infection and involves a G protein and the
transcription factor, NF-kappaB. J /nfecf D/s. 1999:179:1094-1100.
de Bont N, Netea MG, Demacker PN, Verschueren I, Kullberg BJ, van Dijk KW, van der Meer
JW, Stalenhoef AF. Apolipoprotein E knock-out mice are highly susceptible to endotoxemia
and Klebsiella pneumoniae infection. J/_/p/dRes. 1999;40:680-685.
Falk E. Morphologic features of unstable atherothrombotic plaques underlying acute coronary
syndromes. /Am J Card/o/. 1989;63:114E-120E.
Falk E. Why do plaques rupture? C/rcu/af/on. 1992:86:11130-42
Fuster V, Badimon L, Cohen M, Ambrose JA, Badimon JJ, Chesebro J. Insights into the
pathogenesis of acute ischemic syndromes. C7rcu/af/on. 1988:77:1213-1220.
Geist LJ, Monick MM, Stinski MF, Hunninghake GW. The immediate early genes of human
cytomegalovirus upregulate expression of the interleukin-2 and interleukin-2 receptor genes.
Am J Resp/r Ce// Mo/ B/o/. 1991:5:292-296.
Geist LJ. Monick MM, Stinski MF. Hunninghake GW. The immediate early genes of human
cytomegalovirus upregulate tumor necrosis factor-alpha gene expression. J C//n /nvesf.
1994:93:474-478.
Geist LJ, Dai LY. Cytomegalovirus modulates interleukin-6 gene expression, 7>ansp/anfaf/on.
1996:62:653-658.
Gupta S, Pablo AM, Jiang X, Wang N, Tall AR, Schindler C. IFN-gamma potentiates
atherosclerosis in ApoE knock-out mice. J C//n /nvesf. 1997:99:2752-2761.
Hansson GK. Cell-mediated immunity in atherosclerosis. C w O p / n up/do/. 1997:8:301-311.
Heiss G, Sharrett AR, Barnes R, Chambless LE, Szklo M, Alzola C. Carotid atherosclerosis
measured by B-mode ultrasound in populations: associations with cardiovascular risk factors in
the ARIC study. 4m J Ep/dem;o/. 1991:134:250-256.
Hendrix MG, Salimans MM, van Boven CP. Bruggeman CA. High prevalence of latently
present cytomegalovirus in arterial walls of patients suffering from grade III atherosclerosis. /Am
JPaf/io/. 1990:136:23-28.
Hofker MH, van Vlijmen BJ, Havekes LM Transgenic mouse models to study the role of APOE
in hyperlipidemia and atherosclerosis. Afherosc/eros/s. 1998:137:1-11.
Hsich E, Zhou YF, Paigen B, Johnson TM, Burnett MS, Epstein SE. Cytomegalovirus infection
increases development of atherosclerosis in Apolipoprotein-E knockout mice. Afnerosc/eros/s
2001:156:23-28.
Huber SA, Sakkinen P, Conze D, Hardin N, Tracy R. Interleukin-6 exacerbates early
atherosclerosis in mice. /Arfer/osc/er 7"hromb Vase 8/o/. 1999:19:2364-2367.
Ishibashi S, Brown MS, Goldstein JL, Gerard RD, Hammer RE, Herz J. Hypercholesterolemia
in low density lipoprotein receptor knockout mice and its reversal by adenovirus-mediated gene
delivery. J C//n /nvesf. 1993:92:883-893.
Lee TS, Yen HC, Pan CC, Chau LY The role of interleukin 12 in the development of
atherosclerosis in ApoE-deficient mice. /Wer/osc/er 77?romb Vase 8/o/. 1999:19:734-742.

CHAPTER 2
MCMV INFECTION INCREASES EARLY T-LYMPHOCYTE INFLUX IN ATHEROSCLEROTIC LESIONS IN ApoE KNOCKOUT MICE

„.,

DI

25. Lutgens E, Gorelik L, Daemen MJ, de Muinck ED, Grewal IS, Koteliansky VE, Flavell RA.
Requirement for CD154 in the progression of atherosclerosis. Naf Med. 1999:5:1313-1316.
26. Lutgens E, Cleutjens KB, Heeneman S, Koteliansky VE, Burkly LC, Daemen MJ. Both early
and delayed anti-CD40L antibody treatment induces a stable plaque phenotype. Proc A/atf
dead So USA. 2000:97:7464-7469.
27. Mach F, Schonbeck U, Sukhova GK, Atkinson E, Libby P. Reduction of atherosclerosis in mice
by inhibition of CD40 signalling. Narure. 1998:394:200-203.
28. Macher AM, Reichert CM, Straus SE, Longo DL, Parrillo J, Lane HC, Fauci AS, Rook AH,
Manischewitz JF, Quinnan GV, Jr. Death in the AIDS patient: role of cytomegalovirus. N Eng/ J
A/fed. 1983:309:1454.
29. Melnick JL, Adam E, Debakey ME. Cytomegalovirus and atherosclerosis. Eur Heart J. 1993;14
Suppl K:30-38.
30. Melnick JL, Hu C, Burek J, Adam E, DeBakey ME. Cytomegalovirus DNA in arterial walls of
patients with atherosclerosis. J Med V//o/. 1994:42:170-174.
31. Memon RA, Staprans I, Noor M, Holleran WM, Uchida Y, Moser AH, Feingold KR, Grunfeld C.
Infection and inflammation induce LDL oxidation in vivo. Arter/osc/er 777rom£> Vase S/o/.
2000:20:1536-1542.
32. Minick CR, Fabricant CG, Fabricant J, Litrenta MM. Atheroarteriosclerosis induced by infection
with a herpesvirus. Am J Paf/70/. 1979:96:673-706.
33. Nagano H, Mitchell RN, Taylor MK, Hasegawa S, Tilney NL, Libby P. Interferon-gamma
deficiency prevents coronary arteriosclerosis but not myocardial rejection in transplanted
mouse hearts. J C//n /nvesf. 1997; 100:550-557.
34. Nakashima Y, Plump AS, Raines EW, Breslow JL, Ross R. ApoE-deficient mice develop
lesions of all phases of atherosclerosis throughout the arterial tree. Arteriosc/er 777/wnb.
1994:14:133-140.
35. Neiman P, Wasserman PB, Wentworth BB, Kao GF, Lerner KG, Storb R, Buckner CD, Clift
RA, Fefer A, Fass L, Glucksberg H, Thomas ED. Interstitial pneumonia and cytomegalovirus
infection as complications of human marrow transplantation. 7ransp/anraf/on. 1973:15:478485.
36. Netea MG, Demacker PN, de Bont N, Boerman OC, Stalenhoef AF, van der Meer JW, Kullberg
BJ. Hyperlipoproteinemia enhances susceptibility to acute disseminated Candida albicans
infection in low-density-lipoprotein-receptor- deficient mice, /nfecf /mmun. 1997:65:2663-2667.
37. Nicoletti A, Caligiuri G, Hansson GK. Immunomodulation of atherosclerosis: myth and reality. J
/ntern Med. 2000:247:397-405.
38. Nieto FJ, Adam E, Sorlie P, Farzadegan H, Melnick JL, Comstock GW, Szklo M. Cohort study
of cytomegalovirus infection as a risk factor for carotid intimal-medial thickening, a measure of
subclinical atherosclerosis [see comments]. C/rcu/af/on. 1996:94:922-927.
39. Paigen B, Morrow A, Brandon C, Mitchell D, Holmes P. Variation in susceptibility to
atherosclerosis among inbred strains of mice. Atfjerosc/eros/s. 1985:57:65-73.
40. Ricotta D, Alessandri G, Pollara C, Fiorentini S. Favilli F, Tosetti M, Mantovani A, Grassi M,
Garrafa E, Dei Cas L, Muneretto C, Caruso A. Adult human heart microvascular endothelial
cells are permissive for non-lytic infection by human cytomegalovirus. Card/ovasc Res.
2001:49:440-448.
41. Ross R. Atherosclerosis-an inflammatory disease. NEng/ JMed. 1999:340:115-126.
42. Russell PS, Chase CM, Winn HJ, Colvin RB. Coronary atherosclerosis in transplanted mouse
hearts. III. Effects of recipient treatment with a monoclonal antibody to interferon-gamma.
7/ansp/anfaf/'on. 1994:57:1367-1371.
43. Schmitz G, Herr AS, Rothe G. T-lymphocytes and monocytes in atherogenesis. Herz.
1998:23:168-177.
44. Span AH, van Dam Mieras MC, Mullers W, Endert J, Muller AD, Bruggeman CA. The effect of
virus infection on the adherence of leukocytes or platelets to endothelial cells. Eur J C//V?
/wesf. 1991:21:331-338.
45. Span AH, Grauls G, Bosman F, van Boven CP, Bruggeman CA. Cytomegalovirus infection
induces vascular injury in the rat. Afherosc/eros/s. 1992:93:41-52.
46. Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W, Jr., Rosenfeld ME,
Schwartz CJ, Wagner WD. Wissler RW. A definition of advanced types of atherosclerotic
lesions and a histological classification of atherosclerosis. A report from the Committee on
Vascular Lesions of the Council on Arteriosclerosis, American Heart Association. C/'rcu/af/'on.
1995:92:1355-1374.

62

47. Streblow DN, Soderberg Naucler C, Vieira J, Smith P, Wakabayashi E, Ruchti F, Mattison K,
Altschuler Y, Nelson JA. The human cytomegalovirus chemokine receptor US28 mediates
vascular smooth muscle cell migration. C£L/_. 1999;99:511-520.
48. Yonemitsu Y, Kaneda Y, Komori K, Hirai K, Sugimachi K, Sueishi K. The immediate early gene
of human cytomegalovirus stimulates vascular smooth muscle cell proliferation in vitro and in
vivo, ß/ocriem ß/ophys Res Common. 1997:231:447-451.
49. Zhou YF, Shou M, Guetta E, Guzman R, Unger EF, Yu ZX, Zhang J, Finkel T, Epstein SE.
Cytomegalovirus infection of rats increases the neointimal response to vascular injury without
consistent evidence of direct infection of the vascular wall. C/rcu/af/on 1999:100:1569-1575.
50. Zhou YF, Yu ZX, Wanishsawad C, Shou M, Epstein SE. The immediate early gene products of
human cytomegalovirus increase vascular smooth muscle cell migration, proliferation, and
expression of PDGF beta-receptor. S/ochem S/ophys Res Commun. 1999:256:608-613
51. Zhu JH, Quyyumi AA, Norman JE, Csako G, Epstein SE. Cytomegalovirus in the pathogenesis
of atherosclerosis - The role of inflammation as reflected by elevated C-reactive protein levels.
J Am Co//Card/o/ 1999:34:1738-1743.

CHAPTER 2
MCMV INFECTION INCREASES EARLY T-LYMPHOCYTE INFLUX IN ATHEROSCLEROTIC LESIONS IN ApoE KNOCKOUT MICE

-

••

•'.

•

•*•

'

.'-

; - r = ; . , ^ . _ .

.

.

-

: i .

•

-•

INGE VLIEGEN, SELMA HERNGREEN, GERT GRAULS, CATHRIEN
BRUGGEMAN, FRANK STASSEN
Department of Medical Microbiology, Cardiovascular Research Institute
Maastricht (CARIM), University of Maastricht, the Netherlands

Virus Res, in press

ABSTRACT
During latent cytomegalovirus (CMV) infection viral presence cannot be
detected by plaque assay. Therefore we assessed the applicability of real-time
PCR for temporal determination of virus dissemination in two different mouse
strains. Eight-week-old BALB/c and C57BL/6J mice were infected with mouse
CMV (MCMV) and sacrificed at 1, 2, 4, 6, 14 and 28 days post infection. Realtime PCR was used to determine MCMV copy number in the heart, bone
marrow cells, aorta and blood. In lung, liver, salivary gland and spleen the
presence of MCMV was determined both by plaque assay and real-time PCR.
In analogy with the plaque assay, the real-time PCR technique revealed higher
numbers of MCMV genomic copies in all organs obtained from BALB/c mice
when compared with C57BL/6J mice, demonstrating the applicability of the
technique. A significant correlation was observed between both assays when a
positive test result was seen with both assays. Nonetheless, lower viral titers
were found compared to real-time PCR data. Thus, the real-time PCR
technique is superior in detecting the presence of MCMV and is therefore well
suited for (dose-response) intervention studies aimed at studying virus
eradication.
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> INTRODUCTION
Cytomegalovirus (CMV) is a widely distributed species specific ßHerpesvirus which establishes latency after clearance of primary infection *• *.
In the immuno-competent healthy host, the virus rarely causes a symptomatic
infection, while in immuno-compromised patients (organ transplant recipients,
AIDS patients) CMV infection is a major cause of morbidity and mortality.
Although molecular techniques allow studies on human CMV (HCMV)
replication and gene expression ;n wfro, the species specificity of the virus
makes it difficult to perform /n wVo studies. Nonetheless, the shared viral and
biologic characteristics with HCMV allow murine CMV (MCMV) to be used as a
model for human CMV infections to experimentally address specific questions
on viral dissemination, latency versus reactivation and pathogenesis.
The large variability in MCMV sensitivity between several inbred mouse
strains hinders interpretation of /n wVo MCMV infection and dissemination
studies. While BALB/c mice have been described to be genetically susceptible
to MCMV infection, C57BL/6J mice are rather MCMV resistant * ^ *\ This
difference in susceptibility is controlled by a dominant gene on chromosome 6
called Cmi/7 ^ "° in addition to the contribution of MHC genes " ^. Therefore,
the best choice performing MCMV infection studies seems to be the BALB/c
mouse ^ * "•
^ "^. However, as the C57BL/6J mouse strain is the main
background strain for multiple genetically modified mice, it is worthwhile to
investigate the effects of MCMV infection in this particular mouse strain "*° ^ ^"
38

The detection and quantification of cytomegalovirus is generally done by a
standard plaque assay. Although this assay is specific, it has a low sensitivity
and therefore cannot detect presence of virus in low concentrations. It is also
possible to quantify CMV by PCR-based techniques. While other (semi-)
quantitative PCR techniques have been described ^, both techniques are timeconsuming and contamination sensitive because of the multiple handlings per
sample. Recently, the real-time PCR technique has been developed. This realtime PCR technique is a rapid and reproducible quantitative method for the
detection of nucleic acids using a system of thermal cycling, real-time
fluorescence detection and subsequent analysis ^ '®. Carry-over contamination
is limited because there is no need for endpoint manipulations or multiple
dilutions per sample as in the previously described (semi-) quantitative PCR
methods. For these reason we decided to set-up a real-time PCR technique for
the detection of MCMV. A real-time PCR method for the detection of MCMV has
several advantages over the plaque assay including: (1) detection of viral
particles in non-replicative form, (2) high sensitivity and (3) precise
quantification of cytomegalovirus DNA copies. Consequently, with this
technique a correct pattern of viral spread and a correct quantification of viral
presence can be determined at all time points.
To our knowledge, this is the first report describing the development and
use of real-time MCMV PCR to detect viral presence in various internal organs.
To validate the technique we determined dissemination pattern in both a highsensitive mouse strain (BALB/c) and a low-sensitive mouse strain (C57BL/6J).
Numbers of DNA copies were quantified and compared between both mouse
strains. In addition, plaque assays were performed on "MCMV-prone" organs in
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an attempt to asses relative sensitivities of and correlation between plaque
assay and real-time PCR.

> MATERIALS AND METHODS

Virus stoc/rs
The Smith strain of MCMV (kindly provided by Dr. J. Neyts, Rega Institute,
University of Leuven, Belgium) was used in all experiments. The stock of
MCMV used for inoculation was prepared by homogenization of salivary glands
isolated from BALB/c mice, which had been infected with 2x10'' plaque forming
units (PFU) of MCMV and sacrificed 1 week post infection (p.i.).

Af/ce and /nfecf/on protoco/
Eight-week-old male specific pathogen-free inbred BALB/c and C57BL/6J
mice were obtained from Charles River, Someren, the Netherlands. Both strains
were maintained under standard housing conditions and had free access to tap
water and food. The study protocol was reviewed and approved by the Ethical
Committee for the Use of Experimental Animals of the Maastricht University.
BALB/c and C57BL/6J mice were infected by intraperitoneal injection of 5 x 10^
PFU MCMV and sacrificed at 1, 2, 4, 6, 14, 28 days p.i. (n = 4 per time point).
7/ssue co//ectfon
Prior to sacrifice the mice were anaesthetized with a weight-adjusted dose
of pentobarbital (Nembutal®, Sanofi Sante B.V., Maassluis, the Netherlands)
and blood was collected by left ventricular puncture. Then the arterial tree was
perfused at 100 mmHg with sterile PBS via a catheter introduced into the left
ventricular apex. Subsequently, sal/vary gland, lung, liver and spleen were
removed under aseptic conditions. One part of each organ was immediately
frozen in sterile Earle's Minimal Essential Medium (EMEM, BioWhittaker
Europe, Verviers, Belgium) supplemented with 2 % NCS (GibcoBRL, Life
Technologies LTD, Paisley, Scotland) and stored at -80°C until plaque assay
was performed. A second part was collected, snap frozen in liquid nitrogen and
stored at -80°C until DNA extraction was performed. In addition, the thoracic
arterial tree (aortic arch, carotid arteries and thoracic aorta), bone marrow cells
and heart (left/right ventricle and septum) were collected for DNA isolation and
stored at -80°C. From whole EDTA-treated blood 100 nl was added to 900 (il
NASBA buffer (Organon Teknika B.V., Boxtel, the Netherlands) and stored at 80°C until DNA isolation.
Standard MCMV PC/?
DNA was isolated from lung, liver, salivary gland, spleen, heart, aorta and
bone marrow cells by using the Wizard genomic DNA purification kit (Promega
Benelux B.V., Leiden, the Netherlands) according to the manufacturer. Isolation
of DNA from blood samples was carried out according to the method of Boom et
al. ^ MCMV-specific PCR was performed as described previously with slight
modifications . Briefly, one ug of the isolated DNA was subjected to PCR in a
total volume of 50 ul. To check for the presence of PCR inhibitors, each sample
was spiked with 10 copies of plasmid p189-p155. This plasmid contains
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nucleotides 180,551 to 180,913 of the MCMV Smith genome (Immediate early-1
(IE-1) exon 4, GenBank accession number U68299), which includes the primer
sequences, and an additional fragment of 138 bp cloned into the MCMV
sequence, corresponding to position 215,968 to 216,096 of the RCMV genomic
sequence ^ . As a result of this insertion, the fragment generated by PCR from
this control plasmid is 138 bp larger than the PCR fragment that is generated
from MCMV genomic DNA (500 bp versus 362 bp). These fragments can be
easily distinguished by agarose gel electrophoresis. The reaction mixture
contained 0.2 uM of each primer, 10 mM Tris HCI pH 8.5, 50 mM KCI, 3.5 mM
MgCb, 0.2 mM dNTPs, 1.25 units of HotStarTaq DNA polymerase (Qiagen,
Leusden, the Netherlands). The PCR was performed by an initial incubation at
95°C for 15 min to activate the HotStarTaq enzyme with a subsequent 40
amplification cycles consisting of denaturation at 95°C for 30 s, annealing at
58°C for 1 min, and extension at 72°C for 1 min. After the final cycle the
extension step was prolonged by 5 min at 72°C and subsequently the
temperature was lowered to 15°C. Amplification products were separated on a
1.5% ethidium bromide-stained agarose gel. The sensitivity of the PCR
technique was verified in each run by amplification of various serial dilutions of
the p189-p155 plasmid (100, 10 and 1 copies).
MCMV DM4 rea/-f/me PCR
All DNA samples testing positive for the standard MCMV PCR were used to
perform real-time PCR (ABI Prism 7000) to observe differences in MCMV
genome copy numbers in the different mice strains. Assays were prepared in 96
well Optical Reaction plates (Applied Biosystems, Foster City, California) in a
total volume of 25 |il containing the following components: 12.5 |il of TaqMan
universal master mix (2x concentrated, Applied Biosystems), 300 nM of forward
primer, 300 nM reverse primers, 200 nM probe and 1 fag DNA sample.
Furthermore, when PCR inhibition was observed in the standard MCMV PCR
technique, DNA samples were 10-fold diluted prior to application in the real-time
PCR. Primers and probes for the detection of MCMV were based on the MCMV
glycoprotein B sequence (gB, GenBank accession number M735191, forward
primer 5'-AGGGCTTGGAGAGGACCTACA-3', reverse primer 5'-GCCCGTCGG
CAGTCTAGTC-3' and probe 5'-AGCTAGACGACAGCCAACGCAACGA-3').
The probe carried a 5' FAM reporter and a 3' TAMRA quencher group. Thermal
cycling started with UNG activation for 2 min at 50°C, followed by HotStarTaq
activation during 10 min at 95°C. Thereafter 42 cycles of amplification were run
consisting of 15 s at 95°C and 1 min at 60°C. A negative control, containing
reagents only, and serial dilutions of plasmid containing the MCMV gB
sequence from position 930 to position 1348 were included in each run to
generate a standard curve. The concentrations of the plasmid dilutions were:
10^, 10*, 10*, 10*, 10 and 1 copy. The MCMV gB DNA concentration in the
unknown samples was calculated by the ABI Prism 7000 SDS Software using
the data from the standard curve. Each sample was measured twice and the
average concentration was used.
P/ague assay
The presence of infectious virus in salivary gland, lung, liver and spleen was
determined by titrating organ homogenates using a slightly modified plaque
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assay as previously described by Bruggeman et al. * These modifications were
restricted to in triple infection of confluent Mouse Embryo Fibroblast (MEF)
layers. Plaque assays were performed at 2, 4 and 6 days p.i. for lung, liver and
spleen and at 6, 14 and 28 days p.i. for the salivary gland. Values given are
calculated for 100 mg of organ. The lower detection limit of the plaque assay
was calculated to be 16.7 PFU/ml by in triple measurements.
Stof/sf/ca/ ana/ys/s of date
Significant differences in MCMV DNA copies and number of PFUs between
both mouse strains were determined using the nonparametric Mann-Whitney tatest for independent samples. Data are expressed as mean ± S.E.M. To
determine the correlation between plaque assay and real-time PCR technique
and to determine their relative sensitivity, all real-time PCR data (copies DNA/1
ug total DNA) were recalculated to PFUs per 100 mg organ. To this end, we first
had to determine the DNA yield per 100 mg of each specific organ (520 ±154
Ug DNA/100 mg Salivary gland, 485 ± 64 (ig DNA/100 mg spleen, 449 ± 129 ug
DNA/100 mg liver and 145 ± 49 ug DNA/100 mg lung). As we used only 1 ug
total DNA from each tissue homogenate in the real-time PCR, it was assumed
that the number of MCMV copies/100 mg tissue equaled the number of copies
measured in the real-time PCR assay times the amount of total DNA/100 mg
tissue. The number of PFUs/100mg tissue was determined by dividing the
calculated number of MCMV copies/100 mg tissue by 500, assuming that the
molecular equivalent of one PFU is -500 viral genomes ^ . After recalculating
DNA copies to PFU values, the correlation between the two techniques was
determined by linear regression on data positive with both techniques. In all
cases, P<0.05 was considered statistically significant.

> RESULTS
Organ spec/ffc d/'fiferences /n Wra/ /oad befween BALB/c and C57BL/6J
m/ce determ/ned by fhe rea/-f/me PC/? fechn/qtve
In fig. 1 real-time PCR data are shown for all organs studied. MCMV DNA
copy number in BALB/c mice is highest in the spleen at 4 days p.i. (5.1 x 10^
copies DNA/ug total DNA), followed by the liver at 4 days p.i. (2.9 x 10^ copies
DNA/ug total DNA) and salivary gland at 14 days p.i. (2.6 x 10^ copies DNA/ug
total DNA). In the C57BL/6J mice the liver (at 4 days p.i.) showed the highest
number of MCMV DNA copies (4.5 x 10* copies DNA/ug total DNA), followed by
salivary gland at 28 days p.i. (2.1 x 10* copies DNA/ug total DNA) and blood at
2 days p.i. (10* copies DNA/ug total DNA). In addition, despite a similar timedependent viral dissemination pattern seen in various organs from both mice
strains, MCMV-sensitive BALB/c mice generally showed a significantly higher
MCMV DNA copy number in all organs examined than MCMV-resistant
C57BL/6J mice. Highest inter-strain differences were seen in the salivary gland
at 14 days p.i.; in the spleen at 4 days p.i.; in the liver at 4 days p.i. and in the
lung at 6 days p.i. Furthermore, although the heart had been sectioned in 3
compartments to determine the possible influence of blood pressure on viral
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infection, no significant differences in MCMV copy number were observed
between the different compartments in both mouse strains.
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Fig. 1. MCMV dissemination in C57BL/6J and BALB/c mice in salivary gland, spleen, liver,
lung, aortic arch, bone marrow, blood, heart right ventricle, heart left ventricle and heart
septum as determined by the real-time MCMV PCR technique (n = 4 at each time point). Data
are expressed mean ± S.E.M. (*) Statistically significant difference between strains at these specific
time points (P<0.05); nd: not detected.
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Organ spec/ffc differences /n Wra/ /oad befween 6ALB/c and C57BL/6J
mice deter/n/ned by p/ague assay
Since mid-20th century the plaque assay is the standard technique used to
determine the concentration of herpes viruses ^ * \ With this technique, virus
titers per 100 mg of organ can be determined. In figs. 2 A-D data for the
presence of infectious virus in salivary gland, spleen, liver and lung are shown.
As infectious MCMV titers can be detected from day 7 p.i. in the salivary glands
of BALB/c mice with subsequent decline to undetectable levels at later time
points *•"•**, plaque assays was performed on 6, 14 and 28 days post infection.
For spleen, lung and liver the plaque assays were performed at 2, 4 and 6 days
p.i., since titers are low or decline quickly at 14 days p.i. in BALB/c mice * ®.
Infectious MCMV titers were highest in the salivary gland followed by spleen,
lung and liver, as previously observed ^ " ^ . When comparing both mouse
strains the MCMV-susceptible BALB/c strain showed significantly higher titers
than the MCMV-resistant C57BU6J mice strain at 14 days p.i. in the salivary
gland and at 4 and 6 days for the spleen and 6 days for lung and liver.
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Fig. 2. MCMV dissemination in C57BU6J and BALB/c mice in salivary gland (A), spleen (B),
liver (C) and lung (D) as determined by plaque assay (n = 4 at each time point). In the plaque
assay virus titers were determined in 100 mg organ tissue. Data were expressed as mean ± S.E.M.
(*) PO.05; nd: not detected; ND: not determined.

P/aque assay versus rea/-f/me PC/? fechn/que
When comparing both quantitative techniques, we observed similar results;
i.e. 8-week-old BALB/c mice are more sensitive to MCMV infection than
C57BL/6J mice. However, before determining the correlation between both
techniques with respect to sensitivity, input values should be comparable in
both assays. Since 100 mg of lung, liver, salivary gland or spleen tissue - used
in the plaque assay - may not contain similar amounts of total DNA, differences
between both techniques may result from differences in input material.
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Therefore, we determined the amount of total DNA in 100 mg of each of these
tissues. Then MCMV DNA copy numbers, obtained in the real-time PCR, were
recalculated to 100 mg organ tissue. Furthermore, by means of the genome-toPCR ratio of approximately 500, as determined by Kurz et al. , DNA copy
number could be recalculated to PFUs (Fig. 3). These corrections allow a fair
comparison between the plaque assay technique and the real-time PCR
technique regarding the sensitivity of both techniques.
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Fig. 3. MCMV dissemination in C57BU6J and BALB/c mice in salivary gland (A), spleen (B),
liver (C) and lung (D) as determined by the real-time MCMV PCR (n = 4 at each time point).
Virus titers determined by real-time PCR technique were recalculated from copies MCMV DNA/^g
total DNA to PFUs/100 mg organ tissue (see text for details). Data were expressed as mean ±
S.E.M. (*) P<0.05; nd: not detected.

By comparing figs. 2 and 3, it can be observed that real-time PCR data are
higher than plaque assay data. This indicates that the real-time PCR technique
is far more sensitive for detecting MCMV than the plaque assay. This difference
in detection sensitivity may be explained by the fact that the plaque assay is not
able to detect latent virus in contrast to the real-time PCR technique. However,
a good correlation between both tests was observed on these occasions where
a positive plaque test result was observed (P<0.05, Fig. 4).
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Fig. 4. Comparison of real-time PCR versus plaque assay data. Virus titers were determined by
plaque assay per 100 mg organ tissue. Virus titers determined by real-time PCR technique were
converted from copies MCMV DNA/ng total DNA to PFUs/100 mg organ tissue (see text for details).
Linear regression was performed on the data positive in both tests to determine the correlation
between both assays (P<0.05).

> DISCUSSION
After infection, CMV is disseminated in a time-dependent manner to a
variety of organs, including spleen, lungs, salivary glands, heart, liver, brain,
kidney, bone marrow and the adrenal glands ^ ^ "•
^ ^ . Although the cells
serving as carriers have not been well characterized, monocytes are considered
the main candidates responsible for dissemination of the CMV genome to
afetfrrci' organs ^ ^ *\ FoiYowing the primary infectious phase, the virus remains
present in a latent phase, which is characteristic for all herpes viruses.
Unfortunately, detection and sensitive quantification of CMV present at this
stage is not possible by the use of the golden standard, the plaque assay, since
only infectious virus can be quantified by this technique. To avoid this,
techniques based on nucleic acid amplification (PCR) can be used. However,
because of the multiple handlings per sample, previously described (semi-)
quantitative PCR techniques are sensitive to carry-over contamination and are
relatively time-consuming ^ *"*. These problems can be avoided by the use of
the real-time PCR technique ^ ™. By using a dual-labeled fluorogenic probe, the
process of amplification can be monitored in a closed tube in real-time ^° ^ .
End-point manipulations are not necessary for product quantification thereby
reducing contamination risk. Furthermore, both aforementioned (semi-)
quantitative PCR techniques are quite laborious compared to the real-time PCR
technique, in particular when a whole range of organs needs to be screened for
MCMV copy numbers. For example, while in 1 real-time PCR run 41 samples
(in duplo) together with two negative and six standard samples (in duplo) can be
quantified at the same time, 96 tubes are needed in the technique of Grzimek et
al. to determine only five samples with the appropriate controls. Therefore, viral
dissemination and presence were studied in this manuscript with a MCMV realtime PCR technique developed in house. To validate the applicability of this
technique, we included both C57BL/6J and BALB/c. Both inbred strains,
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although different in cytomegalovirus susceptibility (low in C57BL/6J, high in
BALB/c), are the most prominent mouse strains used in MCMV infection
studies. As the latter one is primarily used to study virus replication, latency and
reactivation ^ " " " " " ^ ^ , the former one is the primary background strain for
various genetically modified mice used in studying the host response to viral
infection and pathogenesis ^° *"• ^ ' ^ . We used both BALB/c and C57BL/6J as
major differences in viral dissemination may be anticipated between both
strains. As expected, we found higher MCMV DNA copy numbers in the
majority of organs derived from BALB/c mice at almost every time point,
demonstrating the applicability of the real-time PCR technique.
Bone marrow cells are thought to be important sources of latent CMV.
Previous studies demonstrated that CMV can be present in a latent form in
dendritic and monocyte precursor cells ^ and that latent CMV can be
reactivated following bone marrow transplantation ^ . However, experimental
studies demonstrating the presence of latent MCMV in bone marrow cells of
BALB/c are limited. Yuhasz et al. ^ demonstrated that MCMV DNA could be
detected in bone marrow cells of 6- to 8-week-old BALB/c mice up to 20 days
following injection of 1 x 10* to 5 x 10* PFU Smith strain into the tail vein.
Although this seems in contrast with our findings, these authors used a 10-fold
higher MCMV dose and infection was done intravenously and not
intraperitoneally. Another study likewise demonstrated the presence of latent
MCMV in bone marrow cells 6 months after infection, but in this study an even
higher dose of 10^ PFU was used " . In addition, 3-week-old mice were used in
this study. In these young mice, the immune system is not yet fully matured and
dissemination is thus more effective. Viral dissemination is thus more effective.
In conclusion, we think that the lack of MCMV DNA in bone marrow cells at 14
and 28 days post infection in our study is merely by an effect of differences in
study design and virus dose and is not the result of real-time PCR detection
errors.
As previously shown by the plaque assay ^ ^ *° and as expected, BALB/c
mice showed higher MCMV DNA copy numbers than C57BL/6J mice. Highest
inter-strain differences were seen in the salivary gland at 14 days p.i., in the
lung at 6 days p.i. and in the spleen and liver at 4 days p.i. This is in accordance
with a previous article demonstrating the highest inter-strain differences in the
spleen at 4 days post infection ^ . When comparing the real-time PCR technique
with the plaque assay, we demonstrated a correlation between the two
techniques implicating that our technique is equally suitable in detecting MCMV
infection. Nonetheless, when looking at the relative sensitivity of both
techniques, the real-time PCR technique showed higher levels of viral titers
than the plaque assay. Therefore, for determining viral presence, the former
technique seems the best choice. Nevertheless, one has to keep in mind that
this increased sensitivity of the real-time PCR technique is only the case when
determining viral presence. When interested in the quantification of infectious
virus the plaque assay has to be used.
Although the real-time PCR technique does not allow any discrimination
between active, replicating virus and latent virus, we have demonstrate that this
technique is more sensitive than the plaque assay for quantifying the total
number of cytomegalovirus particles in different organs. Since latent CMV
infections have been shown to be important in various pathologies and possibly
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in the development of atherosclerosis this real-time PCR technique could prove
to be extremely useful for studying the effects of new drugs (i.e. dose-response
relations) aimed at total virus eradication.
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> ABSTRACT
We have previously demonstrated that mouse cytomegalovirus (MCMV)
infection aggravates atherosclerosis by stimulating the ongoing inflammatory
process in the vascular wall. Here we investigated whether MCMV antigenic
stimulation is sufficient to aggravate atherosclerosis. To this end, apoE'" mice
received a single or seven monthly low dose injections with MCMV or UVinactivated MCMV (UV-MCMV). Atherosclerosis progression, inflammation in
atherosclerotic lesions and internal organs and MCMV DNA copies were
determined at 2 weeks after the last injection. After a single MCMV infection
more MCMV DNA copies were present in all organs than after multiple MCMV
infections. After UV-MCMV injection(s) no MCMV DNA could be detected. A
single injection of both MCMV and UV-MCMV significantly increased mean
lesion area and T cell number in the lesions, while only MCMV infection
increased T cell numbers in the internal organs. Furthermore, MCMV but not
UV-MCMV significantly increased the number of lateral xanthomas following 7
monthly injections. These data indicate that in apoE' mice (i) low dose MCMV
injections are sufficient for MCMV dissemination, (ii) a single injection with
MCMV antigens is sufficient to accelerate the atherosclerotic process, and (iii)
only virulent MCMV aggravates the atherosclerotic process after multiple
injections.
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INTRODUCTION

•-.</

Since the late 1970's, when Fabricant et al. * established that chickens
infected with an avian herpes virus develop an atherosclerosis-like disease,
evidence linking atherosclerosis to infections has been accumulating. Currently
a clear association between a diversity of infections (incl. cytomegalovirus) and
the progression of the atherosclerotic process has been demonstrated ^.
Cytomegalovirus (CMV) is a member of the ß-herpes subfamily of the
herpes virus group. In the immuno-competent host primary infection causes a
lifelong asymptomatic latent infection with intermittent shedding of the virus. On
the other hand, immuno-compromised patients infected with CMV are at risk of
developing severe to lethal diseases like retinitis, colitis and hepatitis depending
on the extent of immunosuppression. Several epidemiological reports indicate
that chronic CMV infection in humans may play an important role in the
pathogenesis of vascular diseases such as atherosclerosis or restenosis ".
Furthermore, the presence of the virus in atherosclerotic lesions indicates that
CMV is a possible primary etiologic factor or a co-factor in the atherosclerotic
process " ^ .
To study the contribution of CMV to the atherosclerotic process, wellcontrolled in vivo experiments in animals are a necessity. Since atherosclerotic
lesions in apoE"'" mice display a high similarity with human atherosclerotic
lesions with respect to distribution and cellular composition ^ * \ this particular
mouse model is particularly suitable for studying genetic and environmental
influences on the atherosclerotic process. Previously, it has been demonstrated
that infections with a single high dose of mouse CMV (MCMV) aggravate the
atherosclerotic lesion progression in apoE"'" mice following an initial rise in
circulating IFNy levels * ' " . This suggests that MCMV stimulates T cell activation
with the production of various T cell associated pro-atherogenic cytokines (eg.
IFNy, IL-2 or TNFa), thereby accelerating atherosclerotic plaque development.
As replication deficient virus has also been shown to be able to stimulate the
production of cytokines "*• ^, we hypothesized that non-virulent MCMV may exert
a similar effect on the atherosclerotic process as viable MCMV. Therefore, in
this study we evaluated the effect of UV-inactivated MCMV (UV-MCMV)
injection on the atherosclerotic process in apoE"' mice and compared it with the
effect induced by infectious virus. Furthermore, several lines of evidence
suggest that multiple infections with the same or different infectious pathogens
may further aggravate the atherosclerotic process thereby increasing the risk of
coronary and peripheral artery disease ^ •*. This motivated us to investigate
whether multiple MCMV infections further aggravate the atherosclerotic
outcome when compared to a single infection.

MATERIALS AND METHODS
M/ce
Eight-week-old male specific pathogen-free apoE' mice were obtained from
Charles River, Someren, the Netherlands. All mice were housed under
standardized conditions, fed with commercially available chow diet (SRM-A,
Hope Farms) and had free access to tap water.
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V/rus and f'nfecf/on of m/ce
The Smith strain of MCMV (kindly provided by Dr. J. Neyts, Rega Institute,
University of Leuven, Belgium) was used during the experiments. Salivary
gland-passaged MCMV was prepared by homogenization of salivary glands of
BALB/c mice, which were infected with 2 x 10* PFU of MCMV 4 weeks
previously.
UV-inactivated MCMV (UV-MCMV) was obtained by 2 h exposure of
salivary gland extracted MCMV to a UV-lamp (2.6 mW/cm) at a distance of 3
cm under permanent shaking. When this preparation was examined for viable
MCMV in mouse embryonic fibroblast (MEF) cell cultures, none was detected.
Before injecting either MCMV or UV-MCMV into apoE' mice, original pools
were diluted 2 x 1 0 ^ times in sterile phosphate buffered saline to reach a final
concentration of 10^ PFU/200 nl. This also eliminated potential confounding
effects of pure salivary gland homogenates.
Forty-eight apoE mice were randomly divided into 6 groups. At 8 weeks of
age, 32 mice were inoculated by intraperitoneal injection with either 10^ PFU of
MCMV (n = 16) or an equal dose of UV-MCMV (n = 16) in a volume of 200 |il of
sterile phosphate buffered saline (PBS). The remaining mice were not injected
and used as controls. At 2 weeks post infection half of the MCMV and UVMCMV injected mice as well as half of the control mice were sacrificed. The
remaining MCMV and UV-MCMV injected mice received 6 additional monthly
injections with equal doses of MCMV or UV-MCMV. All mice were sacrificed 2
weeks after the last injection at an age of 34 weeks. A control group (n = 8) was
sacrificed at a similar age. A low sub-clinical dose of MCMV (10* PFU) was
chosen (i) to prevent preliminary death in the multiple infection group and (ii) to
mimic the human situation where chronic latent CMV infection with recurrent
intervals of low virus shedding takes place e.g. during periods of stress ^ " .
Tissue co//ecf/on
Tissue collection was done as previously described ^°. The middle
longitudinally cut paraffin section of the aortic arch was collected, hematoxylineosin stained and mean lesion area and number were determined. During
analysis, multiple lateral xanthomas flanking the fibrofatty nodules (as recently
described by Rosenfeld et al. ^ ) were observed in mice at an age of 34 weeks.
The number of these lateral xanthomas was scored and compared between
groups. Several internal organs (lung, liver, spleen and salivary gland) were
isolated and either fixed in 3.7% PBS-buffered formaldehyde for histological
examination or snap frozen for determination of MCMV DNA. Also, the
remainder of the aortic tree was collected for MCMV DNA detection.

/nfifammafory response
T lymphocyte number, as marker of the inflammatory response, was
evaluated in paraffin imbedded sections of the lung, liver, salivary gland and
aortic arch. From the aortic arch, the longitudinally cut paraffin section following
the above-described hematoxylin-eosin stained paraffin section was stained for
T cells. T lymphocyte numbers were not evaluated in paraffin imbedded crosssections of the spleen because T cell number was very high in all groups and it
was impossible to observe an effect of MCMV or UV-MCMV injection. T
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lymphocytes in the paraffin embedded sections from all other tissues were
immuno-labeled with a CD3 antibody (rabbit anti-human CD3, DAKO, Glostrup,
Denmark) after pre-incubation with pepsin (0.1mg/ml in 0.1 N HCI) for 30 min.
The number of T lymphocytes in the aortic arch was counted and expressed as
the number of T lymphocytes per |im^. The number of CD3-positive cells in the
liver, lung and salivary gland were determined in 5 microscopic fields at a
magnification of 400x. Thereafter mean values were calculated for each mouse
and compared between groups.

Detecf/on of MCMV DAM by PCR
Standard MCMV PCR.
DNA was isolated from lung, liver, salivary gland, spleen and the remaining
aorta using the Wizard genomic DNA purification kit (Promega) according to the
manufacturer's instructions. MCMV-specific PCR was performed as described
previously, with minor modifications to increase sensitivity ^°. Briefly, one ug of
the isolated DNA was subjected to PCR in a total volume of 50 ul. To check for
the presence of PCR inhibitors, each sample was spiked with 10 copies of
plasmid p189-p155. This plasmid contains nucleotides 180,551 to 180,913 of
the MCMV Smith genome (Immediate early-1 (IE-1) exon 4, GenBank
accession number U68299), which includes the primer sequences, and an
additional fragment of 138 bp cloned into the MCMV sequence, corresponding
to position 215,968 to 216,096 of the RCMV genomic sequence ^ . As a result
of this insertion, the fragment generated by PCR from this control plasmid is
138 bp larger than the PCR fragment that is generated from MCMV genomic
DNA (500 bp versus 362 bp). These fragments can be easily distinguished by
agarose gel electrophoresis. The reaction mixture contained 0.2 uM of each
primer, 10 mM Tris HCI pH 8.5, 50 mM KCI, 3.5 mM MgCb, 0.2 mM dNTPs,
1.25 units of HotStarTaq DNA polymerase (Qiagen, Leusden, the Netherlands).
The PCR was performed by an initial incubation at 95°C for 15 min to activate
the HotStarTaq enzyme with 40 subsequent amplification cycles consisting of
denaturation at 95°C for 30 s, annealing at 58°C for 1 min, and extension at
72°C for 1 min. After the final cycle, the extension step was prolonged with 5
min at 72°C and the temperature was subsequently lowered to 15°C.
Amplification products were separated on a 1.5% ethidium bromide-stained
agarose gel. The sensitivity of the PCR technique was determined to be 1 copy
of the p189-p155 plasmid.

Rea/-f/me MCMV PCR.
On all DNA samples, real-time PCR (ABI Prism 7000) was performed to
allow us to observe differences in MCMV genome copies in various tissues after
single and multiple infections. Assays were prepared in 96 well Optical Reaction
plates (Applied Biosystems) in a total volume of 25 til containing the following
components: 12.5 LII of TaqMan universal master mix (2x concentrated, Applied
Biosystems), 300 nM of forward primer, 300 nM reverse primers, 200 nM probe
and 1 pg DNA sample. Primers and probes for the detection of MCMV were
based on the MCMV glycoprotein B sequence (gB, GenBank accession number
M735191, forward primer 5'-AGGGCTTGGAGGGACCTACA-3', reverse primer
5'-GCCCGTCGGCAGTCTAGTC-3' and probe 5-AGCTAGACGACAGCCAACG
CHAPTER 4
MOUSE CYTOMEGALOVIRUS ANTIGENS STIMULATE TCELL INFLUX IN ATHEROSCLEROTIC LESIONS THEREBY AGGRAVATING
ATHEROSCLEROSIS IN ApoE MICE

85

CAACGA-3'). The probe carried a 5' FAM reporter and a 3' TAMRA quencher
group. Thermal cycling started with UNG activation for 2 min at 50°C, followed
by HotStarTaq activation during 10 min at 95°C. Then 42 cycles of amplification
were run consisting of 15 s at 95°C and 1 minute at 60°C. A negative control,
containing reagents only, and serial dilutions of plasmid containing the MCMV
gB sequence from position 930 to position 1348 were included in each run to
generate a standard curve. The concentrations of the plasmid dilutions were:
10^, 10*. 10^, 10*. 10 and 1 copy. The MCMV gB DNA concentration in the
unknown samples was calculated by the ABI Prism 7000 SDS Software using
the data from the standard curve. Each sample was measured twice and the
average concentration was used.
Sfaf/sf/ca/ ana/ys/s
All data are expressed as mean ± S.E.M. Differences between the 3 groups
concerning lesion size and T lymphocyte influx in lesions were analyzed by a
non-parametric Kruskall Wallis test. If a PO.05 was obtained, the one-sided
Mann-Whitney (-/-test was used to determine the difference between 2 groups.
To determine the difference between groups concerning the number of lateral
xanthomas a one-way ANOVA was used. T lymphocyte influx in salivary gland
and lung after a single infection were analyzed by the one-way ANOVA. T
lymphocyte influx in liver after 1 and 7 injections and salivary gland and lung
after 7 injections were subjected to a non-parametric Kruskall Wallis test and
one-sided Mann-Whitney C-tests. Differences in MCMV DNA numbers between
the single and the multiple MCMV-infected groups were analyzed by the MannWhitney IMest. A P<0.05 was considered as statistically significant.

> RESULTS
S/ng/e inyecf/on of MCMV or UV-MCMV
MCMV ctetecf/on
Despite the low infectious dose (10^ PFU), MCMV could be detected in all
aortic arches after a single injection using the standard PCR technique.
Furthermore 75% of the lungs and salivary glands, 62.5% of the livers and
87.5% of the spleens were positive for MCMV. No MCMV DNA could be
detected in the UV-MCMV- or mock-injected groups (Table 1). MCMV DNA
copies, determined by real-time PCR, were highest in the salivary gland (2,782
±1,155 copies MCMV DNA/ug total DNA), while MCMV DNA copies in all other
organs analyzed were considerably lower or even absent (e.g. 0.34 ± 0.11 and
5.39 ± 4.61 copies MCMV DNA/ug total DNA in vascular wall and lung,
respectively) (Fig. 1).
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Fig. 1. MCMV DNA numbers determined by the real-time PCR technique after single and
multiple MCMV and UV-MCMV injections. Data are expressed as copies MCMV DNA/jig total
DNA. N = 8 per group

/Merosc/erof/c /es/ons
Mean lesion area was scored two weeks after a single injection with either
MCMV, UV-MCMV or mock. Although the mean number of lesions was not
different between groups (MCMV: 2.71 ± 0.61 vs. UV-MCMV: 2.22 ± 0,82 vs.
mock: 2.33 ± 0.61), both MCMV (3,822 ± 722 urn*) as well as UV-MCMV (4,863
± 1,767 urn^) significantly increased mean lesion area in the aortic arches of
infected mice when compared with control mice (1,844 ± 196 urn^) (P<0.05).
This indicates that a single injection with viable MCMV or MCMV antigens only
is sufficient to aggravate the atherosclerotic process.
/n//amA7iato/y response
In the internal organs (liver, lung, salivary gland), a significant increase in T
lymphocyte numbers was seen after a single MCMV injection but not after a
single UV-MCMV injection (Figs. 2 B-D). This is in line with our observation that
MCMV DNA could only be detected in the internal organs following MCMV
infection but not after UV-MCMV injection. Moreover, this implicates that the T
lymphocyte influx in the internal organs after MCMV infection resembles an
acute immune response to viral infections. In atherosclerotic lesions, a single
injection with MCMV as well as UV-MCMV increased the mean number of T
lymphocytes per urn* to a similar level, which was significantly different from
numbers in control mice (Fig. 2 A). The heightened T lymphocyte number in the
lesions after both MCMV and UV-MCMV injection indicates that injection with
CMV antigens is sufficient to stimulate the already ongoing immune response in
the vascular wall.
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Fig. 2. Effect of a single MCMV or UV-MCMV injection on T lymphocyte numbers in (A)
atherosclerotic lesions, (B) liver, (C) lung and (D) salivary gland. T lymphocyte influx was
measured after anti-CD3 immunohistochemical staining. Data are expressed as mean number of T
cells per um^ lesion area ± S.E.M. (vascular wall) or mean number of T cells per microscopic field +
S.E.M. N = 8 per group. (*) P<0.05 when compared with the mock group, (#) P<0.05 when
compared with the UV-MCMV group.

Afu/f/p/e f'n/ecf/ons
MC/WV detecf/on
After seven monthly MCMV infections only 25% of the aortic arches were
positive in the standard MCMV PCR, while in the internal organs MCMV DNA
could be detected in percentages comparable to percentages found after a
single infection (Table 1).

Table 1. Presence of MCMV DNA as determined by the standard PCR technique after single
and multiple MCMV and UV-MCMV injections.
Single injection

a

Multiple injections *

mock

UVMCMV

MCMV

mock

UVMCMV

MCMV

Vascular wall

0/8

0/8

7/8

0/8

0/8

2/8

Lung

0/8

0/8

6/8

0/8

0/8

6/8

Liver

0/8

0/8

5/8

0/8

0/8

5/8

Spleen

0/8

0/8

7/8

0/8

0/8

6/8

Salivary gland

0/8

0/8

6/8

0/8

0/8

4/8

' Data are expressed as number of mice positive/group

The number of MCMV DNA copies was very low and varied between 0.02 ±
0.02 copies MCMV DNA/|.ig DNA (vascular wall) and 0.63 ± 0.55 copies MCMV
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DNA/pg DNA (spleen) (Fig. 1). When compared with a single MCMV infection,
significantly lower numbers of DNA copies were detected in the salivary gland,
the lung and the vascular wall. None of the samples tested from the UV-MCMVor mock-injected mice were positive for MCMV DNA.
/\f/7erosc/erof/c /es/ons
After multiple injections, disease progression was scored by means of
lesion number, lesion area and number of lateral xanthomas. In 34-week-old
mice no differences were observed concerning lesion number (MCMV: 7.29 ±
0.81 vs. UV-MCMV: 7.25 ± 0.80 vs. mock: 9.00 ± 0.78) and lesion area (MCMV:
175,472 ± 7,814 um* vs. UV-MCMV: 194,649 ± 28,706 um^ vs. 179,833 ±
34,910 urn^). However, MCMV-infection but not UV-MCMV injection induced a
significant increase in the number of lateral xanthomas (Fig. 3). As lateral
xanthomas are predominantly found in more advanced lesions ^ , the increase
in number after MCMV infection reveals that MCMV is able to accelerate the
formation of complex lesions.

B

Fig. 3. (A) Effect of seven monthly injections of MCMV or UV-MCMV on the number of lateral
xanthomas as an indication of the complexity of the lesion. Lateral xanthomas were scored on
hematoxylin-eosin stained paraffin sections chosen at the middle of the aortic arch. Data are
expressed as mean number ± S.E.M. N = 8 per group. (*) P<0.05 when compared with mock group,
(#) P<0.05 when compared with the UV-MCMV group. (B) Example of a Verhoeff-von Gieson
stained lesion with lateral xanthomas. T: indicates the xanthomatous mass adjacent to the principal
lesion, ft: indicates the fibrous cap of the principal lesion. Magnification 100x.

/nf/ammafory response
After multiple infections, no differences between the three groups were
observed with respect to the number of T lymphocytes/um* lesion. In addition,
no difference was observed in the mean number of T lymphocytes per
microscopic field in lung, liver or salivary gland of MCMV-, UV-MCMV- and
mock-injected groups. T lymphocyte numbers of the MCMV group declined to
UV-MCMV and control levels (data not shown).

DISCUSSION
Various epidemiological studies have demonstrated an association between
prior CMV infection and atherosclerosis ". Nonetheless, well-controlled
experimental studies are needed to elucidate the etiological mechanisms
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behind the role of CMV in the atherosclerotic process. In this respect, mice
prone to develop atherosclerosis are valuable tools and have been used to
study the contribution of CMV to the atherosclerotic process. In apoE"' mice,
infected with MCMV at an age of 2 weeks, a marked increase in average lesion
area in the aortic sinus was observed at 16 weeks of age *• ^ suggesting that
CMV significantly contributes to the atherosclerotic process. Yet, in these
experiments mice were infected with a high dose of MCMV (3 x 10" PFU), a
condition that may not be representative of the human situation. In the forth
decade of life, when atherosclerosis becomes manifest in humans, 50% to 85%
of the general populace in the industrialized world has already encountered the
virus, as shown by the high percentage of seropositives ^ . After the initial
infection, most likely at a younger age , CMV switches to a state of latency ^
with intermittent periods of reactivation in which small amounts of infectious
virus are shed. These periods of reactivation, resulting in (endogenous) reinfections, are common and may be induced by stress or other stimuli which
may impair the immune system ^ " . In this study we have tried to mimic this
situation by infecting our apoE'" mice (once or frequently) with a low copy
number of MCMV (10* PFU).

/nfecf/on w/f/i /ow copy number
Two weeks after the initial infection with 10* PFU MCMV the majority of the
internal organs as well as the aorta gave a positive signal in the standard PCR
test. To determine the actual number of MCMV DNA copies in all tissues the
real-time PCR technique was used. A large variation in copy number was
observed between various organs ranging from almost 3000 copies/|ig total
DNA in the salivary gland to less than 1 copy/ug total DNA (on average) in the
aorta. A similar variation in MCMV titers has been described in previous reports
*°' *®. In the aforementioned studies, both groups quantitatively analyzed
infectious virus in various organs by the plaque assay and found that at 2 weeks
post infection virus titers were highest in the salivary gland, whereas titers in
lung, spleen and liver were comparable, but about 2 log units lower than in the
salivary gland.
In addition to a single infection we infected mice 7 times with a low
infectious dose of MCMV with intermittent periods of one month. The
percentage of internal organs positive for MCMV DNA copies was similar
between single and multiple infections. While murine regulation of MCMV
replication is well established after a single infection ^ ™, less is known about
immunological control mechanisms following repeated infection. Antibodies and
T cells undoubtedly contribute to the immune process, but further studies are
needed to elucidate immune responses after repetitive injections with infectious
virus.
Af/ierosc/eros/s
S/'ng/e /n/ecf/on w/Y/v MC/WV or CV-MCMV
When we infected apoE" mice one time with a low dose of MCMV at an
age of 8 weeks, at which time only initial lesions are present in the aorta **, total
lesion area was significantly increased compared with the mock-injected group.
These results suggest that even low amounts of MCMV accelerate the
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atherosclerotic plaque formation in apoE'" mice. Remarkably, we also found a
significant increase in mean lesion area at this time point when mice were
injected with UV-MCMV. Furthermore, we observed a significant increase in T
cell number in atherosclerotic plaques from mice infected with MCMV. A similar
increase in T cells was observed when mice were injected with UV-MCMV.
In addition to atherosclerosis, CMV has also been associated with
myocarditis, characterized by inflammation of the myocardium with necrosis of
myofibres ^ •". Like in the atherosclerotic plaques of our mice, T cells are also
prominently present in this MCMV-induced disease " . Regarding the etiology of
MCMV-induced myocarditis a number of pathogenic mechanisms have been
suggested. First, it has been speculated that direct viral damage or a local viral
immune response, characterized by the abundant presence of T cells, may
contribute to the development of myocarditis ^. Secondly, a mechanism based
on molecular mimicry of CMV with cardiac myosin has also been implied in
pathogenesis of myocarditis following virus infection ^ ^. In our experiments,
direct effect of the virus and/or immune response to the virus seems less
important as UV-MCMV gave similar results despite the fact that no viral DNA
could not be detected in the vascular wall. Alternatively, acceleration of the
atherosclerotic process by MCMV may result from an autoimmune response (in
which T cells directed against viral antigens may cross-react with proteins in the
atherosclerotic plaque), similar to the molecular mimicry mechanism proposed
for the role of CMV in myocarditis. In a recent study, anti-phospholipid
antibodies were detected in mice following immunization with a CMV-derived
peptide. In these mice an increased incidence of thrombosis and endothelial cell
activation was likewise demonstrated ®. Similarly, increased levels of antiphospholipid antibodies in patients have been associated with accelerated
atherosclerosis in the aortic arch " . These recent findings concerning
autoimmunity in disease processes inspired us to the following hypothesis:
•
Inoculation with MCMV or MCMV antigens induces an immune response
against MCMV antigens.
•
Some of the T cells or antibodies, generated against MCMV antigens,
display autoreactivity against host antigens present in the atherosclerotic
vascular wall (among others).
• The autoreactive T cells invade the atherosclerotic vascular wall and
accelerate the lesion formation by producing various pro-inflammatory and
pro-atherogenic cytokines e.g. IFNy, IL-1 and TNFa)
Nonetheless, it remains to be established which antigens are responsible for
this autoimmune effect.
Seven monf/i/y /n/ecf/ons vwf/7 MC/W or L/V-MC/WV
We also evaluated the effect of seven monthly injections with MCMV or UVMCMV on atherosclerotic plaque development. No significant differences were
observed in plaque number and area following MCMV or UV-MCMV injection
and hardly any T cells were observed in lesions when compared to a single
injection. With respect to the aforementioned autoimmune hypothesis, the lack
of increased T cell influx in the vascular wall suggests that the composition of
the atherosclerotic plaque may have changed over time. Although the plaque
composition may remain relatively constant over time with respect to average
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cellular, lipid or collagen composition "", it cannot be excluded that antigens
present in the early plaque may have disappeared.
When we analyzed the atherosclerotic plaques in more detail, the presence
of xanthomatous masses situated adjacent to the principal lesion was observed.
The number of these xanthomatous masses was significantly higher in MCMVinfected mice than in UV-MCMV or control mice. Xanthomatous masses have
recently been described as accumulations of macrophages with necrotic zones
consisting of lipid and/or necrotic macrophage-derived foam cells located
laterally to the acellular core and immediately beneath the endothelium ^ . They
are predominantly found in the more advanced stages of the atherosclerotic
process. Since we found higher numbers in MCMV-infected mice this suggests
that MCMV accelerates the formation of more advanced lesions in apoE"' mice.
The reason why UV-MCMV didn't induce an increase in the number of
xanthomas is unclear. Further detailed studies elucidating the nature of these
xanthomas are needed before we can speculate on how virulent MCMV, but not
UV-MCMV, may interfere with this process.
In conclusion, we demonstrated that a low, but physiologically relevant,
infectious dose of MCMV (10^ PFU) is sufficient to infect various internal organs
including atherosclerotic arteries in apoE"'' mice. Furthermore, this low
infectious dose accelerated the formation of atherosclerotic lesions. Since
injection of MCMV antigens (UV-MCMV) causes a similar effect, it can be
hypothesized that MCMV infections trigger this effect not by direct viral damage,
but more likely via organ-specific autoimmunity.
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ABSTRACT
We have previously demonstrated that mouse cytomegalovirus (MCMV)
aggravates atherosclerosis in apolipoprotein E knockout (apoE'') mice by
increasing T cell influx in the lesions. Macrophage (m<p) influx in the
atherosclerotic plaque was not affected by MCMV despite the fact that mcp are
known to be important players in both atherosclerosis and viral clearance. In the
present study we investigated whether MCMV could induce a pro-inflammatory
immune nrup phenotype, thereby aggravating atherosclerosis. To this end,
peritoneal exudate cells were elicited in apoE'' mice by either MCMV or
thioglycolate injection and m<p were phenotyped at 1 week post intraperitoneal
injection. MCMV-induced peritoneal mcp contained MCMV DNA but had limited
MCMV mRNA expression, indicating latent infection. These m(p showed
increased production of interferon-y (IFNy), exclusive production of interleukin18 (IL-18) and increased expression of major histocompatibility complex (MHC)
class II, CD40, CD80 and CD86 when compared with thioglycolate-induced mcp.
From these results, we conclude that intraperitoneal injection of MCMV induces
an immune responsive exudate in which at 7 days post infection, MCMVinfected mcp express a pro-inflammatory immune phenotype. As such MCMVinduced mcp may contribute to aggravation of atherosclerosis through systemic
and/or local immune activation.
.•."."• w n > , r - "
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INTRODUCTION
Atherosclerosis, a chronic multifactorial inflammatory disease of the
medium-sized and large arteries, is the principle cause of stroke, myocardial
infarction and gangrene. The initial step in atherogenesis is the influx and
accumulation of monocytes and T lymphocytes in the subendothelial layer after
endothelial dysfunction "". This initial step is followed by monocyte-tomacrophage differentiation and macrophage (m<p) engulfment of modified low
density lipoprotein (LDL) to form foam cells * . At this point lesions are called
"fatty streaks". Further lesion expansion is mediated by pro-inflammatory
cytokines, chemokines, growth factors and adhesion molecules produced by
inflammatory cells and activated vascular wall cells ** ultimately leading to the
formation of advanced complicated lesions ^ . Recently, infectious agents such
as cytomegalovirus (CMV) are thought to be involved in the atherosclerotic
process "* ^ . Evidence comes from sero-epidemiological, /'n v/fro and laboratory
animal experiments. However, to validate a causative link between infection and
atherosclerosis and to study the underlying contributory mechanism, additional
studies are a necessity. The availability of apolipoprotein-E knockout (apoE')
mice has made it possible to study the atherosclerotic process in more detail ^ .
The limited number of studies that have been performed in these mice to study
the contribution of CMV to atherosclerosis, describe mouse CMV (MCMV) to
mediate an indirect (systemic) effect on atherosclerosis. Hsich et al. '° and
Burnett et al. ^ report MCMV to contribute to atherosclerosis by means of
increased systemic interferon-y (IFNy) levels in mice infected at 2 weeks of age.
Since murine immune responses have not yet fully maturated in 2-week-old
animals, the aforementioned model may only reflect the contribution of CMV to
atherosclerosis in immune-compromised patients. To study the possible
contribution of CMV to atherosclerosis in immune-competent individuals, we
have previously chosen to study young adult (8-week-old) apoE' mice infected
with MCMV ^ . In our study design, MCMV was likewise shown to aggravate
atherosclerosis. However, although a systemic immune response raised against
the virus may to a large extent be responsible for the observed effects of MCMV
on atherosclerosis, local effects in the atherosclerotic lesion cannot be
excluded. Nonetheless, an increased production of pro-inflammatory cytokines
and/or chemokines may be effective through both pathways.
Important sources of pro-atherogenic cytokines are mq> "". Human studies
report that in early CMV infection they may produce tumor necrosis factor-a
(TNFa), interleukin-1 (IL-1) and IL-6 " ^ " . As these cytokines are important
players in atherogenesis, CMV-induced cytokines may contribute to lesion
progression ®. Furthermore, rrup play an important role in the immune response
against CMV infection '. Through expression of major histocompatibility (MHC)
class II and co-stimulatory molecules they may present viral antigen and
activate antiviral T helper cell responses ^. This also leads to the production of
potentially pro-atherogenic T cell cytokines contributing to plaque progression.
Thus, CMV may aggravate atherosclerosis by directing rncp differentiation
towards a pro-inflammatory immune phenotype. So far it is unknown whether in
the apoE' model for atherosclerosis MCMV indeed directs mq> differentiation to
a pro-inflammatory immune phenotype. We therefore investigated in apoE''
CHAPTER 5
MURINE CYTOMEGALOVIRUS INFECTION DIRECTS MACROPHAGE DIFFERENTIATION INTO A PRO-INFLAMMATORY IMMUNE PHENOTYPE
IMPLICATIONS FOR ATHEROGENESIS

97

mice if MCMV infection triggers mm to produce pro-atherogenic cytokines and
express cell membrane molecules relevant for T cell activation.

MATERIALS AND METHODS
Af/ce and /nfectfon protoco/
Twenty-four specific pathogen-free male apoE' were purchased from
Charles River, Someren, the Netherlands. They were housed in the Central
Laboratory Animal Unit of our institution under standard conditions and had free
access to tap water and chow diet. Stocks of Smith strain MCMV salivary gland
extracts were prepared as previously described ^ . At the age of 8 weeks, half of
the mice were intraperitoneally (i.p.) injected with 2.5 ml of the exudateinducing compound thioglycolate (2.4% thioglycolate medium w/o Dextrose, BD,
Franklin Lakes, New Jersey), the other half were injected with 5 x 1 0 * plaque
forming units (PFU) of salivary gland isolated MCMV. Per injection group six
mice were used for flow cytometry analysis and six were used for mcp isolation
and culture. Mouse handling and experimental procedures were conducted in
accordance with institutional guidelines.
Peritonea/ ce// narvesf/ng
Peritoneal exudate cells (PEC) were obtained at 1 week post i.p. injection
by peritoneal lavage. After injection of 10 ml sterile phosphate buffered saline
into the peritoneal cavity of the mice, followed by massaging of the mouse
abdomen, PEC were harvested. PEC were then centrifuged at 1200 rpm at 4°C
for 10 min and reconstituted in Macrophage Serum Free medium (MSFM, Gibco
Invitrogen Corporation, Grand Island, New York). MSFM was chosen to prevent
activation of mcp by serum present in currently used culture media. Red blood
cells were lysed with NH4CI solution after which PEC were washed twice with
MSFM and used in further experiments. All solutions and buffers were tested
LPS-free by the LaL-assay (Limulus Ambocyte Lysate assay, Charles River
Endosafe, Charleston, South Carolina).
Ce// cu/fure and EL/SA
PEC ( 2 x 1 0 ^ per well) were seeded in 48 well plates (48 well cell culture
cluster, Costar, Cambridge, Massachusetts) to ensure adherence of mcp to
plastic during an incubation of 2 h (37°C, 5% CO2). Wells were vigorously
washed to remove non-adherent cells. The adherent population existed out of >
95% mcp. Adherent cells were incubated with 150 (il fresh MSFM for 3 or 24 h.
Then, supernatants from cell cultures were collected, centrifuged to prevent
interference of cells (1500rpm, 3 min, 4°C) and analyzed for IL-12, IL-18, IL-10
and IFNy production using commercially available ELISA kits (IL-12p40, IL-18:
BD Pharmingen, San Diego, California; IL-10, IFNy: eBiosciences, San Diego,
California). Cytokine values from thioglycolate- and MCMV-injected mice were
normalized for the amount of mcp present in the PEC. Concentrations under the
lowest standard value suggested by the manufacturer (15.6 pg/ml for IFNyand
IL-12p40 and 31.3 pg/ml for IL-10 and IL-18) were defined as zero.
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F/ow cyfomefry ana/ys/s
To estimate m<p surface marker expression, 5 x 10^ PEC were doublestained in 96 well plates (PS-MICROPLATE, 96 WELL V-SHAPE, Greiner-Bio
One GmbH, Frickenhausen, Germany) with the antibodies described in table 1.
Briefly, PEC were washed once (1500rpm, 3 min, 4°C) with ice-cold MSFM
followed by blocking with 10% normal mouse serum (NMS) for 30 min at 4°C.
The cells were than washed 3 times in ice-cold MSFM, re-suspended in
solutions containing saturating concentrations of primary antibodies and
incubated for 30 min. After washing of the PEC, rabbit anti-rat conjugated to
phycoerythrin (PE) + 3% NMS (to block cross-reactivity of PE antibody to
mouse antibodies) was added for 30 min at 4°C. Before adding rat anti-mouse
Mac-1 fluorescein (FITC)-labeled antibody, cells were washed 3 times and
incubated with 3% normal rat serum. Flow cytometry analysis (FACSCalibur,
BD Biosciences, Palo Alto, California, USA) was performed on a total of 10,000
events and data analysis was done using the CellQuest (BD Biosciences)
version 3.1 software package. Analysis of MHC class II, CD40, CD80 and CD86
expression on mcp was performed by analysis of double-stained Mac-1 positive
cells in the gated region reflecting the monocyte-rrup population in thioglycolate
Forward/Sideward scatter (FSC/SSC) plots. Cell viability of samples, as
measured by propidium iodide (10 Lig/ml, Calbiochem, La Jolla, California)
uptake, was > 96%.
Table 1. List of markers and dilutions used in the flow cytometry analysis.

Description

Supplier

Used
concentration

Rat anti-mouse MHC class II
Rat anti-mouse CD40
Rat anti-mouse CD80
Rat anti-mouse CD86

SBA, Inc.
Serotec
Serotec
Serotec

1/200
1/50
1/10
1/10

Rat anti-mouse CD11b (Mac1 a chain), FITC-conjugated

BD
Pharmingen

1 tinn
1/lUU

Serotec

1/5

Catalogue number
PR/AWRY -AN77BOD/ES
Unlabelled
NIMR^t
MCA1143
MCA1586
MCA1587
Fluorescinated
M I /7n
IVI I / / U
IJ'IJV

^T^

SEC0WD4RV A/Vr/BOD/ES
Rabbit anti rat IgG, PE
STAR20A
conjugated

DA/4 and RAM /so/af/on
PEC ( 2 x 1 0 ^ per well) were seeded for m<p isolation. After removing nonadherent cells, 500 LJ TRIzol reagent (Life Technologies, GibcoBRL,
Gaithersburg, Maryland) was added to the mcp. Then cells were harvested by
scraping to assure optimal mcp collection. After homogenization, 100 (il
chloroform was added to the TRIzol samples, followed by centrifugation at
CHAPTER 5
MURINE CYTOMEGALOVIRUS INFECTION DIRECTS MACROPHAGE DIFFERENTIATION INTO A PRO-INFLAMMATORY IMMUNE PHENOTYPE
IMPLICATIONS FOR ATHEROGENESIS

99
I

14000 rpm for 10 min at 4°C. The resulting upper aqueous phase containing
total RNA was transferred to a fresh tube and total RNA was further isolated as
described by the manufacturers and re-dissolved in 25 ul ultrapure, apyrogenic
water (AMPUWA®, Fresenius, Bad Homburg, Germany). To isolate the DNA,
250 (il of 2 M Tris-HCI pH = 8 and 100 nl chloroform were added to the phenolchloroform phase and interface after which the solution was vortexed for 15 s. A
centrifugation step of 10 min at 14000 rpm at 4°C was built in and the aqueous
water phase containing the DNA was transferred to a fresh tube. DNA
precipitation was done by adding 500 |il cold 100% EtOH, followed by gently
mixing the solution and incubating the sample for 10 min at room temperature.
Samples were again centrifuged for 10 min at 14000 rpm at 4°C and the pellet
was washed with 1 ml cold 75% EtOH by gently vortexing the sample followed
by a centrifugation step of 5 min at 14000 rpm at 4°C. After removing the
supernatant, the DNA pellet was dried for 10-15 min at 42°C and then dissolved
in 25 (il ultrapure, apyrogenic water. RNA and DNA samples were stored at 80°C until use.
MCMV PC/?
To elucidate viral presence in peritoneal mcp, a MCMV-specific PCR was
performed as described previously with slight modifications \ Briefly, 5 |il of the
DNA stocks was subjected to PCR in a total volume of 50 |il. To check for the
presence of PCR inhibitors, each sample was spiked with 10 copies of plasmid
p189-p155. This plasmid contains nucleotides 180,551 to 180,913 of the MCMV
Smith genome (Immediate early-1 (IE-1) exon 4, GenBank accession number
U68299), which includes the primer sequences, and an additional fragment of
138 bp cloned into the MCMV sequence, corresponding to position 215,968 to
216,096 of the rat CMV genomic sequence ^ . As a result of this insertion, the
fragment generated by PCR from this control plasmid is 138 bp larger than the
PCR fragment that is generated from MCMV genomic DNA (500 bp versus 362
bp). These fragments can be easily distinguished by agarose gel
electrophoresis. The reaction mixture contained 0.2 uM of each primer, 10 mM
Tris HCI pH 8.5, 50 mM KCI, 3.5 mM MgCb, 0.2 mM dNTPs, 1.25 units of
HotStarTaq DNA polymerase (Qiagen, Leusden, the Netherlands). The PCR
was performed by an initial incubation at 95°C for 15 min to activate the
HotStarTaq enzyme with subsequently 40 amplification cycles consisting of
denaturation at 95°C for 30 s, annealing at 58°C for 45 s, and extension at 72°C
for 30 s. After the final cycle the extension step was prolonged with 5 min at
72°C and the temperature was subsequently lowered to 15°C. Amplification
products were separated on a 1.5% ethidium bromide-stained agarose gel. The
sensitivity of the PCR technique was determined to be 1 copy of the p189-p155
plasmid by gel electrophoresis.
MCMVrea/-f/7ne KT-PCR
To elucidate whether MCMV is present in a replicative or an inactive phase
"• ^ , on every rrup sample positive for MCMV DNA, a real-time RT-PCR was
performed to examine both "immediate early" (IE-1) and "late" (glycoprotein B
(gB)) mRNA expression. After RNA isolation, a DNase treatment with DNase I
(0.362 U, Amersham Pharmacia Biotech) was performed according to the

100

manufacturer's instructions. Total RNA were reverse transcribed into cDNA
using oligo dT (RACE-1, 1 pmol, Amersham Pharmacia Biotech) and
Superscript II RNAseH (25 U, Invitrogen) according to the manufacturer's
instructions. For every total RNA isolate, a RT-PCR reaction was also
performed in the absence of the reverse transcriptase, to demonstrate the
specific amplification of mRNA instead of genomic DNA. Real-time PCR
reactions on cDNA were performed by the ABI Prism 7000 in a final volume of
25 |il. Reaction mixtures included 12.5 fil of TaqMan universal master mix (2 x
concentrated, Applied Biosystems), 300 nM of forward primer, 300 nM reverse
primers, 200 nM probe and 5 (.il cDNA sample. Primers and probes for the
detection of MCMV were based on the MCMV gB sequence (GenBank
accession number M735191, forward primer 5'-AGGGCTTGGAGAGGACCTAC
A-3', reverse primer 5'-GCCCGTCGGCAGTCTAGTC-3' and probe 5'AGCTAGACGACAGCCAACGCAACGA-3'). The probe carried a 5' 6carboxyfluorescein (FAM) reporter and a 3' 6-carboxy-tetramethyl-rhodamine
(TAMRA) quencher group. For amplification of IE-1 the primers 5'CAACATTGACCACGCACTAGATG-3' (forward primer) and 5'-TTAAACTCCCC
AGGCAATGAA-3 (900 nM, reverse primer) and the probe 5'-TCTTGGCCCATG
CGGCACG-3' (FAM and TAMRA labeled) were used. Thermal cycling started
with uracyl-N-glycosylase (UNG) activation for 2 min at 50°C, followed by
HotStarTaq activation during 10 min at 95°C. Thereafter 42 cycles of
amplification were run consisting of 15 s at 95°C (denaturation) and 1 minute at
60°C (annealing & extension). To analyze the amount of target sequence
present in the sample, a statistically determined threshold fluorescence limit is
determined as 10 standard deviations above the mean background
fluorescence during cycles 3-15. The interpolated cycle at which the
fluorescence time course reaches this threshold is than determined and is
known as the threshold cycle (Ct). This is the unit used for all subsequent
quantifications and the Ct value is irreversibly related to the starting copy
number of the target sequence.
Sfaf/sf/ca/ ana/ys/s
Results are shown as mean ± S.E.M. Statistical differences between
experimental groups were analyzed by the two-sided non-parametric MannWhitney U-test. P<0.05 was considered as statistically significant.

> RESULTS

Cyfofr/ne production by
Eight-week-old atherosclerosis-sensitive apoE"' mice were i.p. injected with
the well-known exudate-inducing compound thioglycolate or with MCMV to
study the effect of MCMV injection on (peritoneal) mcp phenotypic differentiation
at 7 days post injection (p.i.). The apoE"'" model was chosen in order to relate
the observed results to MCMV-mediated aggravation of atherosclerosis in an /n
v/Vo model. We used eight-week-old mice as atherosclerosis starts at this age
in apoE"'" mice " . PEC were collected at 7 days p.i. to allow development of mq>
differentiation ®. Production of IL-12, IL-18, IL-10 and IFNy was measured by
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ELISA in supernatants from peritoneal mcp cultured for 3 or 24 h. As shown in
table 1, IL-18 was exclusively produced by MCMV-induced peritoneal mcp and
IFNy production was significantly higher than by thioglycolate-induced mcp. The
decline in IFNy and IL-18 levels at 24 h may reflect fading of the //? wVo induced
effects over time. No IL-10 production was seen in either group at either early or
late time points and IL-12 production was not significant different between both
groups. Thus, MCMV-induced peritoneal mcp show an increased production of
pro-inflammatory immune cytokines compared to mcp stimulated by
thioglycolate.

Table 2. Cytokine levels in supernatant of macrophages isolated from MCMV- and
thioglycolate-injected mice after culturing for 3 and 24 h.
Tissue culture
3h

24 h

Thioglycolate
(pg/ml)

MCMV
(pg/ml)

Thioglycolate
(pg/ml)

MCMV
(pg/mi)

IL10

0

0

0

0

IL12p40

32.19 ±25.39

61.15 ±35.51

80.92 ±53.19

70.69 ±28.16

IL18

0

16.62 ±12.37

0

IFNy

4.55 ±4.99

50.28 ± 23.54 *

5.38 ± 5.89

6.07 ±6.64 '"""
19.66 ±11.55

Data are expressed as mean ± S.E.M. N = 6 per group. (*) P<0.05 as determined by 2-sided nonparametric Mann-Whitney U test.

Express/on of 7" ce// acf/Vaf/ng mo/ecu/es by mcz>
In addition to cytokine production, the peritoneal exudate mcp population
was studied phenotypically by flow cytometry analysis. As demonstrated by
their FSC/SSC plots at 7 days p.i., the thioglycolate-induced exudates included
a distinct large population of mcp and minor populations of granulocytes and
lymphocytes (Fig. 1 A). Thioglycolate-induced mcp were predominantly large
"thioglycolate-stuffed" cells and were highly pure in the gated FSC/SSC
monocyte-mcp window as shown by Mac-1 positivity (98.34 ± 0.45%). In the
MCMV-induced exudates the mcp population was less distinct in the FSC/SSC
plots than in the thioglycolate exudates. Predominantly small "non-stuffed" mcp
were present, overlapping the lymphocyte population as shown by the presence
of 50.95 ± 4.14% Mac-1 negative cells in the monocyte-mcp window as set for
thioglycolate mcp.
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Fig. 1. Representative plots of peritoneal exudate composition and immune marker
expression on the macrophage cell membrane at 1 week after MCMV and thioglycolate
injection. (A) (a & c) Representative FSC/SSC plots of the peritoneal exudate composition of (a)
thioglycolate- and (c) MCMV-injected mice, (b) Schematic drawing of the major cell population
elicited by thioglycolate injection. Gr: granulocytes; L: lymphocytes; Mc-Mcp: monocyte-m<p. (B) (a &
b) Representative dot plot of a double staining of PEC for Mac-1 FITC and MHC class II PE in the
gated monocyte-m<p population as set in the thioglycolate elicited PEC. (a) thioglycolate-elicited
exudate (b) MCMV-elicited exudate. (c) Representative histogram of the Mac-1 stained PEC of the
thioglycolate-injected (—) and the MCMV-infected (—) mouse shown in (a) and (b) R1 indicates the
population of macrophages (Mac-1 positive) in the gated region (d) Representative histogram
showing MHC class II fluorescent staining of the R1 (Mac-1 positive) cell population.

To determine phenotypic differentiation of rrup towards an immune (T cell
activating) phenotype, mcp expression of MHC class II, CD40, CD80 and CD86
molecules was measured. Therefore, Mac-1 positive cells present in the
monocyte-rrkp gated FSC/SSC window as set in the thioglycolate exudates were
analyzed for these molecules by double staining. As shown in figs. 1 B and 2,
MCMV-induced mcp showed significantly higher mean fluorescence for MHC
class II, CD40, CD80, CD86 when compared with thioglycolate-induced
peritoneal Mac-1 positive cells. Thus, these data suggest that, although there is
a lower contribution of rrup in the peritoneal exudate after MCMV injection than
after thioglycolate injection, the expression of immune markers is significantly
increased on the MCMV-induced mcp population.
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Fig. 2. Mean fluorescence intensity levels of immune markers on the peritoneal macrophage
(Mac-1 positive) cell membrane of thioglycolate-injected and MCMV-infected mice. Values are
expressed as mean ± S.E.M. (*) P<0.05 as determined by 2-sided non-parametric Mann-Whitney L/test.

Defecf/on of MCAfV DWA/RWA /n peritonea/
To determine whether nrup phenotypical differentiation was the result of m(p
infection or merely m<p triggering, MCMV DNA presence was determined in the
peritoneal m(p by MCMV PCR. At 7 days post i.p. injection all thioglycolateinduced peritoneal m<p samples were negative for MCMV DNA, while all MCMVinduced peritoneal m<p samples showed MCMV DNA (Fig. 3).

1 2 3 4 5 6

10 11 12 13 14 15 16 17 18

iilssr

Fig. 3. Ethidium bromide-stained agarose gel showing MCMV genomic DNA and/or control
plasmid DNA amplified by MCMV PCR from MCMV- or thioglycolate-elicited imp DNA samples
spiked with control plasmid DNA. The fragment generated by PCR from the control plasmid
(p189-p155) is 138 bp larger than the PCR fragment that is generated from MCMV genomic DNA.
Lanes 1-6: MCMV-elicited mip DNA samples spiked with 10 copies of plasmid p189-p155; 7-12:
thioglycolate-elicited mip DNA samples spiked with 10 copies of plasmid p189-p155; 13: molecular
weight marker; 14: negative water control. Lanes 15-18: p189-p155 DNA: 15, 1 copy; 16, 10 copies;
17, 10^ copies; 18, 10 copies.

In addition, a real-time RT-PCR assay was used to detect IE-1 mRNA
expression on the PCR positive samples to elucidate whether MCMV is present
in a replicative or an inactive phase
. Since the reproductive cycle of MCMV
20. 23
may be interrupted at any time during replication "" " , we also determined the
expression of the "late" gene gB by real-time RT-PCR. Only 2 out of 6 samples
showed IE-1 expression and in these samples high Ct (threshold cycle) values
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of 37 and 38 were seen. These Ct values theoretically reflect 50 and 25 mRNA
copies, respectively. For gB expression, only 1 sample out of 6 (equaling 1 out
of 2 samples positive for IE-1) was found positive and the Ct value was 38. The
observed data indicate that the mcp phenotypic differentiation after MCMV
injection is related to an active i.e. replicative MCMV infection evolving to latent
infection at 7 days p.i.
„„-...

> DISCUSSION
In this paper, we investigated mcp differentiation towards a pro-inflammatory
immune phenotype following MCMV infection in atherogenic apoE"'" mice.
Hence, mice were intraperitoneally injected with MCMV and peritoneal mcp were
harvested 7 days post injection. Mice injected with thioglycolate, a well-known
mcp inducer, were used for comparison. By using the PCR technique we
evaluated the presence of MCMV in these peritoneal mcp at 7 days p.L MCMV
DNA could be detected in all mcp isolated from MCMV- but not thioglycolateinjected mice. However, since viral replication was limited at 7 days p.i. as
shown by the real time RT-PCR data, the presence of MCMV DNA in these mcp
could reflect either a non-productive infection or phagocytosed MCMV. Fish et
al. ^ described human CMV to be able to evade lysosomal fusion thereby
escaping from phagocytic destruction by monocyte-derived mcp. Thus, the
presence of MCMV DNA in the MCMV-induced peritoneal mcp most likely
reflects latent MCMV. MCMV infection resulted in increased IFNy secretion and
exclusive IL-18 production of peritoneal mcp. These cytokines are important proinflammatory/immune cytokines, playing a role in protection against intracellular
pathogens including CMV ^ " ^ ^ . Although IFNY is classically described as a
prototypical T helper 1 cytokine, recent evidence suggests that mcp may also be
able to produce IFNy in response to IL-18 stimulation ^ . Furthermore, in
combination with IL-12, IFNy production by mcp is significantly enhanced. This
may explain the significant difference in IFNy production between the
experimental groups. Nonetheless, we cannot exclude that contaminating cells
contributed to the measured IFNy levels in the mcp cultures ®. However, since
contaminating cells made up <5% of the total population a major contribution is
unlikely. IL-10 was not produced by thioglycolate- nor MCMV-induced mcp.
Since IL-10 is considered an anti-inflammatory cytokine, the absence of this
cytokine supports our results that MCMV induces a pro-inflammatory immune
mcp phenotype. That MCMV infection indeed induces a pro-inflammatory
immune mcp phenotype was also reflected by the increased expression of the
immune markers MHC class II, CD40, CD80 and CD86 involved in antigen
presentation to T cells. MHC class II is described to play a role in antigen
presentation to CD4* T cells ^ *° and after co-stimulation through molecules
such as CD40, CD80 and CD86, CD4* T cell activation (e.g. cytokine
expression) and proliferation/differentiation takes place ^ ^ **. In the mcp
window of the MCMV-induced exudates a relatively large population of
lymphocytes was observed. Although these lymphocytes were identified as
Mac-1 negative (presumably T cells), the presence of Mac-1 positive B cells
expressing MHC class II, CD40, CD80 and CD86 can not be excluded.
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However, since only a subpopulation of B cells express Mac-1 and as a
significant contribution of B cells to the exudates is unlikely, these interferences
can be expected negligible. In brief, MCMV infection of mcp appears to direct mcp
differentiation towards a pro-inflammatory immune phenotype, with proinflammatory cytokine production and increased expression of immune markers
involved in antigen presentation to T cells.
ApoE' mice, which spontaneously develop atherosclerosis, were used in
this study to allow extrapolation of m<p data to the role of MCMV in
atherosclerosis. The data from the present study suggest MCMV to be able to
influence the disease by inducing phenotypic differentiation towards proinflammatory immune m(p. These MCMV-induced mcp may either systemically or
locally (after migration to the vascular wall) affect atherosclerosis by increasing
cytokine production and enhancing MCMV antigen presentation to T cells.
Indeed, CD40 signaling in atheromas has been described to impact
atherosclerosis at all stages ^ . There is also abundant expression of human
leucocyte antigen (HLA) class II molecules in human atherosclerotic lesions ^
and mcp MHC class II, CD80 and CD86 expression may allow mcp to present
internalized oxidized LDL ^ ^ . Furthermore, IL-18 has been found in human
atherosclerotic plaques and is related to plaque instability ^ and for IFNy it has
been described that exogenous administration aggravates atherosclerosis in
apoE'" mice * \ Also in an other atherogenic model, the LDL receptor knockout
mouse, IFNy influences the extent and phenotype of diet-induced
atherosclerosis *. Nonetheless, to further extent and unequivocally confirm the
contribution of these pro-inflammatory immune mcp, additional experiments, like
transfer studies with labeled MCMV-induced mcp, will need to be performed.
In summary, MCMV infection leads to mcp differentiation towards a proinflammatory immune phenotype. This differentiation results in increased proinflammatory immune cytokine production and increased expression of immune
markers on the macrophage membrane relevant to processes aggravating
atherosclerosis. Preliminary data from studies with isolated mcp infected with
MCMV /n v/fro show that MCMV infection directly induces increased production
of IL-18 and IL-12 (unpublished observations). Thus, also in the used /n v/Vo
exudate model the effect on mcp differentiation may be directly mediated by
CMV infection and not necessarily through T cell interaction.
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> ABSTRACT
Since the 1970's cytomegalovirus (CMV) infection has been associated with
atherosclerotic disease. However, the exact contribution of the virus remains
uncertain. In this article we describe both a direct and indirect immune-mediated
effect of the virus on the disease process. Therefore, 8-week-old apoE knockout
mice were mouse CMV (MCMV) infected or mock injected and they were
sacrificed at 2 and 20 weeks post injection (p.i.) to study atherosclerosis,
vascular wall IFNy and TNFa expression and MCMV spread. To study plasma
IFNy and TNFa levels, blood was collected at 1, 2, 4 and 6 days p.i. in addition
to days of sacrifice. Plasma cytokine levels were increased after MCMV
infection at early time points and decreased to mock levels at 2 and 20 weeks
p.i. At 2 weeks p.i. more aortic arch samples showed local cytokine expression
after MCMV infection. Early atherosclerotic lesion numbers and the percentage
of mice containing early lesions were increased at 2 weeks p.i., while at 20
weeks p.i. the MCMV-induced effect on atherogenesis was seen on the
advanced lesions. In conclusion, MCMV infection induces a systemic immune
response reflecting an indirect effect of MCMV infection on atherosclerosis in
addition to a local aortic immune response reflecting a direct effect of the virus
on the atherosclerotic process.
(\>-''^ '^^"
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> INTRODUCTION

-.?,?

A variety of risk factors such as hyperlipidemia, diabetes and smoking have
been associated with atherosclerosis. Although these factors d o explain
variations in pathogenesis, prevalence a n d severity of atherosclerosis,
atherogenesis cannot be fully assigned to them. About one century a g o it w a s
already recognized that infections may be an additional risk factor for
atherosclerosis ® ^ . In 1978 Fabricant et al. demonstrated experimental
evidence for a viral contribution in atherosclerosis *. Subsequent research
showed that besides Marek's disease virus also another herpesvirus i.e.
cytomegalovirus (CMV) is associated with atherosclerosis. T h e virus has been
detected inside the cells of the vascular wall ^ ^ and C M V seropositivity is
associated with an increased risk for carotid and coronary artery disease * ^ .
In addition, experimental evidence has accumulated on the potential
mechanisms underlying the pathogenic role of C M V in atherosclerosis: (1) C M V
can induce smooth muscle cell migration and proliferation ^ " , (2) C M V
increases modified LDL uptake in vascular smooth muscle cells ^ and (3) C M V
infection of endothelial cells induces an increase in expression of adhesion
molecules *.
These studies are all indicative for a contribution of C M V in the
atherosclerotic disease process. However, as human atherosclerosis is a
complex multistep process, with multiple confounding factors like environmental
factors and gender differences which may potentially obscure the effect of C M V
infection on the disease process ^ ^
^° ^ , there is a need for a wellcontrolled atherosclerosis-sensitive animal model to study the true causal role
of C M V in atherosclerosis. In addition, atherosclerosis can only be produced in
living animals and not in /n wfro models, again pointing out the need for animal
models. Recent gene-targeting technology provided mouse models which
provide good insight into atherogenesis ^ **. T h e apolipoprotein E knockout
(apoE"'") mouse on a C57BL/6J background is a extensively studied model of
atherosclerosis ^ "*• ^ ^ . This mouse model lacks apoE, which participates in
the hepatic clearance of cholesterol-rich LDL from the plasma. These mice
acquire high plasma total cholesterol levels and develop severe atherosclerotic
plaques that resemble human atherogenesis.
Previous studies using this mouse model demonstrated that infections with
the mouse variant of human CMV, M C M V , increased atherosclerotic lesion size
*• ^. However, in these studies mice were infected at 2 weeks of age, a time
point at which the immune system is not fully maturated and M C M V infection
cannot be efficiently attacked by the host immune system. T h e aggravating
contribution of C M V on atherosclerosis seen in these study may therefore only
reflect the MCMV-mediated effect on atherosclerosis in immune-compromised
hosts. Therefore in this study w e infected 8-week-old apoE"' mice a n d
evaluated atherosclerotic lesion formation, the presence of the virus in the
vascular wall as well as systemic and local pro-inflammatory cytokine
production at 2 and 20 weeks post infection in an attempt to study the effect of
the virus in an immuno-competent host.
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> MATERIALS AND METHODS
An/ma/s and /nfecf/'o/i protoco/
Forty eight-week-old specific pathogen-free (SPF) apoE"' mice on a
C57BL/6J background were obtained from Charles River, Someren, the
Netherlands. They were housed under standard conditions, fed ad libitum with
standard mouse chow diet and had free access to water. Half of the mice were
infected with salivary-gland isolate of mouse cytomegalovirus (5 x 10* PFU,
Smith strain), the other half was mock-injected with sterile PBS. Mice were
sacrificed at 2 weeks post injection (p.i., n = 12) or at 20 weeks p.i. (n = 12). In
addition 15 apoE"'" mice (n = 7 MCMV-infected and n = 8 mock-injected) were
used to study cytokine expression in the aortic arch at 2 weeks p.i. The Ethical
Committee for the Use of Laboratory Animals of the institution approved all
procedures carried out in these mice.
Tissue coWecf/on
At 1, 2, 4 and 6 days p.i. plasma was collected from all mice by retro-orbital
puncture. At 2 and 20 weeks p.i. mice were anaesthetized with a weightadjusted dose of pentobarbital followed by blood collection by left ventricular
puncture. After exsanguination, the arterial tree was perfused at 100 mmHg with
PBS via a catheter in the left ventricular apex. Subsequently a part of lung, liver,
salivary gland and spleen, together with the descending aorta (thoracic and
abdominal) were collected and snap frozen in liquid nitrogen. Organs were
stored at -70°C until the MCMV PCR assay was performed. In addition, the
aortic arch was removed and fixed overnight in 3.7% formaldehyde, embedded
in paraffin and 4 (jm longitudinal sections were cut. The additional 15 apoE"'"
mice were perfused after exsanguination at 2 weeks p.i. and aortic arch, carotid
arteries and thoracic aorta were pooled, snap frozen in liquid nitrogen and
stored at -70°C up until RNA isolation for cytokine measurements.
Afnerosc/erof/c disease progress/on
The middle paraffin section of the aortic arch was collected, stained with
hematoxylin-eosin and total lesion area, lesion type, mean lesion number and
lesion complications (xanthomas) were scored. All morphometric parameters
were determined using a microscope coupled to a computer-assisted
morphometry system (ANALYSIS®, Soft Imaging System GmbH, Germany) as
described before *\ Lesion type was scored according to the guidelines of the
American Heart Association ^ with type l-lll being classified as early lesions
and type IV-V as advanced lesions. During analysis, multiple lateral xanthomas
flanking the fibrofatty nodules (as recently described by Rosenfeld et al. ^) were
observed in the mice at 20 wk p.i. The mean number and total area of these
lateral xanthomas were scored and compared between groups.

MCMV detection by PC/?
From all organs, DNA was isolated using the Wizard genomic DNA
purification kit (Promega) according to the manufacturer. MCMV specific DNA
amplification was done as described before ^ with minor modifications to
increase sensitivity. Briefly, the reaction mixture contained 0.2 uM of each
primer, 10 mM Tris HCI pH 8.5, 50 mM KCI, 3.5 mM MgCfe, 0.2 mM dNTPs,
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1.25 units of HotStarTaq DNA polymerase (Qiagen, Leusden, the Netherlands)
and 1 ng DNA in a total volume of 50 nl. To exclude PCR inhibition, each
sample was spiked with 10 copies of plasmid p189-p155. In addition to the
nucleotides 180,551 to 180,913 of the MCMV Smith genome (Immediate early-1
(IE-1) exon 4, GenBank accession number U68299) which were present in the
p189 plasmid used in the previous study, in the p189-p155 plasmid an
additional fragment of 138 bp was cloned into the MCMV sequence,
corresponding to position 215,968 to 216,096 of the RCMV genomic sequence
'°. As a result of this insertion, the fragment generated by PCR from this control
plasmid is 138 bp larger than the PCR fragment that is generated from MCMV
genomic DNA (500 bp versus 362 bp). These fragments can be easily
distinguished by agarose gel electrophoresis. The PCR program included 15
min at 95°C followed by 40 amplification cycles consisting of denaturation at
95°C for 30 s, annealing at 58°C for 1 min, and extension at 72°C for 1 min.
After the final cycle the extension step was prolonged for 5 min at 72°C and the
temperature was subsequently lowered to 15°C. Amplification products were
separated on a 1.5% ethidium bromide-stained agarose gel. The sensitivity of
the PCR technique was determined to be 1 copy of the p189-p155 plasmid.

Detecf/on of aort/c 7WFa and /F/V^ m/?/VÄ express/on by rea/-f/me RT-PC/?
Cytokine expression in the pooled snap frozen arteries was determined by
real-time RT-PCR. Tissue was homogenized and total RNA was isolated with
TRIzol® reagent according to the instructor's manual for samples with high
protein content. Thereafter a DNase treatment with DNase I (0.362 U,
Amersham Pharmacia Biotech) was performed according to the manufactures
instructions. Equal amounts of total RNA were reverse transcribed into cDNA,
using oligo dT (RACE-1, 1 pmol, Amersham Pharmacia Biotech) and
Superscript II RNAseH (25 U, Invitrogen) according to the manufactures
instructions. For every total RNA isolate also a RT-PCR reaction was performed
in the absence of the reverse transcriptase, to demonstrate the specific
amplification of mRNA and not genomic DNA. Real-time PCR reactions on
cDNA were performed by the ABI Prism 7000 in a final volume of 25 |.il. The
mixture contained the following components: 12.5 |.il of TaqMan universal
master mix (2x concentrated, Applied Biosystems), 300 nM of forward primer,
900 nM reverse primers in the case of IFNy or 300 nM in the case of TNFu and
GAPDH, 200 nM probe and 0.15 ng cDNA sample. Primers and probes for
IFNy, TNFa and GAPDH amplification are described in table 1. Thermal cycling
started with UNG activation for 2 min at 50°C, followed by HotStarTaq activation
during 10 min at 95°C. Thereafter 42 cycles of amplification were performed
consisting of 15 s at 95°C and 1 minute at 60°C. A negative control, containing
reagents only was included in each run. Relative differences between TNFa
and IFNy levels per group were determined by dividing for every sample the
mean Ct (Threshold cycle) value of GAPDH by the mean Ct value of TNFa and
IFNy. This method was used to compensate for possible fluctuations in total
RNA input in the real-time RT-PCR.
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Table 1. Summary of primers used to determine cytokine mRNA levels by the real-time RTPCR.

Forward primer

Reverse primer

Probe

Labels probe

IFN7

5'CAGCAACAGC
AAGGCGAAA-3'
(300 nM)

5-GCTGGATTCC
GGCAACAG-3'
(900 nM)

5'-CAAGTTTGAG
GTCAACAACCCACAG
GTCC-3' (200 nM)

5' FAM reporter
3' TAMRA quencher

TNFa

5-CATCTTCTCA
AAATTCGAGTGAC
AA-3' (300 nM)

5-TGGGAGTAGA
CAAGGTACAACC
C-3' (300 nM)

5-CACGTCGTAG
CAAACCACCAAGTGG
A-3 (200 nM)

5' FAM reporter
3' DABSYL quencher

GAPDH

5-CATTGTGGAA
GGGCTCATGA-3'
(300 nM)

5-GCCCCACGGC
CATCA-3(300 nM)

5-AGTCCATGCC
ATCACTGCCACCC-3'
(200 nM)

5' JOE reporter
3 TAMRA quencher

Cyfo/c/ne production /n p/as/na
At 1, 2, 4, 6, 14 and 140 days p.i. TNFa and IFNy plasma levels were
determined by the ELISA method (eBiosciences, San Diego, California) using
the manufactures protocol. Values were quantified using a standard curve from
1000 pg/ml-15.625 pg/ml and data under the lowest standard value were
defined as zero.
Statistics
Data are expressed as mean ± S.E.M. One-sided non-parametric analysis
were performed with the Mann-Whitney C-test to determine statistical significant
differences between MCMV- and mock-injected groups. Differences were
regarded statistical significant when P<0.05.

> RESULTS
MC/MV detect/on
Although no MCMV DNA could be detected in any of the mock-injected
mice, at 2 weeks after MCMV infection, 100% of the salivary glands, spleens
and lungs were positive for MCMV DNA, 92% of the livers were positive and
67% of the aorta were positive. At 20 weeks p.i. the percentage of organs
positive for MCMV DNA had declined to 83% for the salivary glands, 50% for
the spleens and lungs, 17% for the livers and no aorta were positive.
Af/ierosc/erof/c d/sease progress/on
In 10-week-old apoE " mice atherosclerosis was limited. Only type 1 (initial
lesions), type 2 (fatty streak lesions) and type 3 lesions (intermediate lesions, 1
lesion in 1 mouse), grouped as early lesions, were observed. At the age of 28
weeks atherosclerosis had aggravated, which was reflected by a disperse panel
of lesion types in our mice (all but type 6: ruptured lesion).
When we established atherosclerotic disease severity (percentage of mice
containing lesions, total lesion area and mean number of lesions/mouse) in
apoE either 2 weeks after MCMV infection or mock injection we found a higher
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percentage of MCMV-infected mice with lesions. More MCMV-infected mice
contained type 1 and type 3 lesions and significantly more MCMV-infected mice
contained type 2 lesions when compared with the mock-injected groups (Table
2).
Table 2. Percentage of mock- and MCMV-injected mice containing lesions at 2 weeks post
infection.

Typei

Type 2

Type 3

Total

mock

63.64%

45.45%

0%

81.82%

MCMV

83.33%

91.67% *

8.3%

91.67%

(*) P<0.05 as determined by the one-sided the Mann-Whitney U-test

Furthermore, when examining mean lesion numbers per mice positive for
lesions, significantly more (early) lesions were observed after MCMV infection
at 2 weeks p.i. (Fig. 1). These findings suggest that MCMV accelerates
atherosclerotic disease progression. However, total lesion area was not
different between the mock- and MCMV-injected group at 2 weeks p.i.
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Fig. 1. Mean early lesion (type 1-3) and advanced lesion (type 4-5) number at 2 weeks (A) and
20 weeks (B) after mock or MCMV injection. The data represent the average number of lesions ±
S.E.M. scored on the middle hematoxylin-eosin stained paraffin section of the aortic arch. (*) P<0.05
as determined by the Mann-Whitney U-test. N = 12 mice /group, n d . = not detectable.

At 20 weeks p.i., the significant increase in lesion number observed at the
acute phase after infection remained but was shifted from early to advanced
lesions (Fig. 1). In addition, MCMV infection increased advanced lesion area
(Fig. 2).
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Fig. 2. Mean early lesion (type 1-3) and advanced lesion (type 4-5) area at 20 weeks post
mock or MCMV injection. The data represent total lesion area ± S.E.M. scored on the middle
hematoxylin-eosin stained paraffin section of the aortic arch using a microscope coupled to a
computer-assisted morphometry system (ANALYSIS®, Soft Imaging System GmbH, Germany). (*)
P<0.05 as determined by the Mann-Whitney U-test. N = 12 mice /group.

Finally, the number of xanthomas per mouse was scored at the chronic phase
of injection (Fig. 3). As indicated by Rosenfeld et al. ^ , xanthomas are
predominantly seen at the advanced stages of atherosclerosis and are defined
as accumulations of macrophages with necrotic zones consisting of lipid and/or
necrotic macrophage-derived foam cells located laterally to the a-cellular core
and immediately beneath the endothelium. The increase in xanthoma number,
as seen in fig. 3, may therefore reflect an aggravation of atherosclerosis in the
MCMV-infected mice at 20 weeks p.i. when compared with the mock group.

Fig. 3. Number of xanthomas scored at 20 weeks post mock or MCMV injection. Xanthomas,
defined as accumulations of macrophages with necrotic zones consisting of lipid and/or necrotic
macrophage-derived foam cells located laterally to the acellular core and immediately beneath the
endothelium, reflect lesion complexity. Data are expressed as mean number ± S.E.M. (*) P<0.05 as
determined by the Mann-Whitney U-test. N = 12 mice /group.

/nf/ammaf/on
Both systemic as well as local responses of the immune system following
MCMV infection were determined. Systemic immune responses were identified
by increases in circulating plasma levels of IFNy and TNFa, while an increased
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expression of IFNy and TNFa mRNA in the descending aorta was considered
as a local immune response following MCMV infection.
Following MCMV infection, TNFa titers increased in apoE"'' mice at 2 days
p.i., reached their peak level at 4 days p.i. and declined to zero at 6 days p.i. In
the mock-injected group no TNFa production could be seen (Fig. 4 A).
Comparing both groups, TNFa titers were significantly higher in the MCMV
group than in the mock group at 2 and 4 days p.i. For IFNy, high peak levels
were seen at 2 days after MCMV infection, which thereafter gradually declined
to zero at 6 days p.i. In the mock group only low levels of IFNy expression were
seen. As for TNFa, IFNy levels were significantly higher in the MCMV group
than in the mock group (Fig. 4 B).
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Fig. 4. TNFa (A) and IFNy (B) plasma titers at 1, 2, 4, 6, 14, 140 days post mock or MCMV
injection. Titers were determined by ELISA and expressed as mean levels ± S.E.M. (*) P<0.05 as
determined by the Mann-Whitney U-test. N = 12 mice /group.

IFNy as well as TNFa mRNA expression could be observed in both groups
at 2 weeks p.i. Although the mean number of IFNy and TNFa mRNA copies did
not significantly differ between mice from both groups that expressed these
cytokines (data not shown), differences were observed in the percentage of
aortas showing cytokine mRNA expression. While TNFa mRNA could be
detected in 100% of all aortas from MCMV-infected mice, only 67% were
positive after mock-injection. Similarly, 60% of all aortas from MCMV-infected
mice showed IFNy mRNA expression whereas IFNy mRNA could only be
detected in 25% of all mock-injected mice.
These data suggest that MCMV infection promotes both the local as well as
the systemic production of pro-inflammatory cytokines, which thereby may
contribute to the progression of the atherosclerotic lesion formation.

> DISCUSSION
Atherosclerotic lesions are sites of chronic inflammation in the vascular wall
characterized by the presence of cells as well as soluble mediators of both the
innate and adaptive immune system ^ * \ Macrophages have been shown to
play a crucial role in the development of the atherosclerotic plaque while also T
cells are abundant in atheroma " "". An important question that remains to be
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answered is what causes this immune activation and the subsequent influx of
immune cells into the subendothelial layer. It has been suggested that specific
immune responses directed against autoantigens present in the vascular wall
can initiate and/or maintain the atherosclerotic process " . In addition, evidence
is accumulating that infections may contribute significantly to arterial
inflammation. Manifold epidemiological studies demonstrated an increased risk
for cardiovascular complication such as myocardial infarction and stroke in
particular in patients with high antibody titers against various infectious
pathogens ^. Nonetheless, due to ethical reasons it is fairly impossible to study
the real contribution of infection to atherogenesis in humans. Fortunately, recent
progress in gene targeting technology provided the scientific community with
good animals models, such as apoE and LDLrec'' mice, to study the process
of atherosclerosis ^ ^ **. In this study we used these apoE"'' mice to examine
the acute and long-term effects of CMV infections on atherogenesis.
Our first striking observation was that in the MCMV-infected group
atherosclerosis seems more advanced than in the mock-injected group. A
significant higher percentage of MCMV infected mice already showed type II
lesions 2 weeks p.i., while in 1 infected mouse a type III lesion could already be
detected. Also, in those mice displaying lesions, the mean number of lesions
was significantly higher in the MCMV-infected group. This suggests that MCMV
indeed promotes the formation of atherosclerotic lesions in the acute phase
after infection. Interestingly, total lesion area was not significantly different
between both groups. We also determined these parameters at a time point
when the acute infection has already been resolved, e.g. 20 weeks postinfection. Intriguingly, at this time point the number of advanced lesions was
significantly increased in the MCMV group while no differences were observed
in early lesion number. This suggests that the initial effect of MCMV infection,
e.g. an increased number of early lesions, is maintained in time. Also, a
significant increase in total area of advanced lesions was observed.
Furthermore, a significant increase in the number of lateral xanthomas was
observed flanking these advanced lesions. Xanthomas have previously been
described by Rosenfeld et al. ^ as being accumulations of macrophages with
necrotic zones consisting of lipid and/or necrotic macrophage-derived foam
cells located laterally to the acellular core and immediately beneath the
endothelium and thus may be interpreted as complications of initial lesions.
Based on these data it may be concluded that an acute MCMV infection
invigorates the formation of early atherosclerotic lesions in apoE"'' mice while in
the long run it may stimulate the formation of more complex lesions. As lesion
complexity may be a more important denominator for the severity of the disease
process, this may provide a potential mechanism by which CMV increases the
risk for future complications. Furthermore, our data demonstrate that CMV may
not only affect atherogenesis in apoE' mice infected at a young age when the
immune system is not fully developed *' ^ but also when the immune system in
these mice is fully maturated.
In studies on the role of CMV on the pathogenesis of atherosclerosis, it is
difficult to distinguish between direct pathogen-mediated vascular disease and
the immune-mediated inflammatory response. Most likely, the effect of CMV
infection on atherosclerosis results from a cascade of events. Therefore, in this
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study we evaluated whether MCMV elicits direct pro-atherogenic effects in the
vessel wall and/or indirect effects resulting from immune activation following
MCMV infection.
•:•
D/recf effects
•
Direct pathogen-mediated effects may include stimulation of smooth muscle
cells proliferation/migration " , increased lipid accumulation " and endothelial
dysfunction ^ , which all contribute to the initiation and/or progression of
atherosclerosis "*°. However, a direct effect may require the presence of the
virus in the vascular wall at some time after infection. Therefore, we examined
the presence of MCMV DNA in aortas of our apoE' mice at 2 and 20 weeks p.i.
At 2 weeks, MCMV DNA could be detected in 67% of the aortas isolated from
infected mice. MCMV DNA could also be detected in various other organs such
as the liver, spleen, lung and salivary gland demonstrating that the infection was
successful and that the virus disseminated throughout the whole body.
Nonetheless, in a previous study ^ we already demonstrated that MCMV
infection did not alter endothelial or smooth muscle cell composition of the
atherosclerotic plaque. On the other hand, we observed a marked increase in T
cell influx in both the aortic sinus as well as the aortic arch during the acute
phase of the infection. As it is well recognized that T cell activation leads to the
secretion of IFNy and TNFa ^, two pro-atherogenic cytokines which both have
been implicated in atherogenesis, we determined the expression of IFNy and
TNFa mRNA in the vascular wall following MCMV infection. Interestingly, while
IFNy and TNFa mRNA could only be detected in 25 and 67% of the aortic
arches from apoE"'" mice following mock injection, respectively, mRNA for these
2 cytokines could be detected in 60 and 100% of MCMV infected mice. These
data suggest that MCMV infection indeed has a direct effect on the
atherosclerotic process by stimulating the local production of pro-inflammatory
and pro-atherosclerotic cytokines, such as IFNy and TNFa.

/nd/recf effect
After primary cytomegalovirus infection, the host immune system limits viral
replication, resulting into silent disease. The innate immunity, consisting of NK
cells, macrophages and cytokines, acts as a first line of defense against viral
infections ^ ^ . Thereafter the adaptive immunity is activated to eliminate the
virus via specific T cells and antibodies " . NK cells were initially defined by their
ability to lyse virally infected cells, but to leave normal host cells intact " . They
predominantly secrete IFNy, the prototypical macrophage-activating cytokine,
which also can have direct effects on viral replication ®. On the other hand,
macrophages are described to produce TNFa at early times during MCMV
infection ® ^ . This innate antiviral immune response was demonstrated in our
study by a significant increase in both IFNy and TNFa plasma levels at 2 days
after MCMV infection. At about 2-4 days p.i. the adaptive immune system is
switched on by the innate immune system. Virus-specific T cells will perform
their effector functions after recognition, including the production of antiviral
cytokines, especially IFNy and TNFa ^ ^ . This is revealed in our study by the
retained significant higher plasma IFNy and TNFu titers at 4 days p.i.
Nevertheless, this systemic increase in IFNy and TNFa may not only be
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important in fighting the viral infection. As mentioned before " , TNFoc promotes
numerous inflammatory reactions associated with atherosclerosis including the
induction
of
vascular
adhesion
molecules,
the
recruitment
of
monocyte/macrophages and the proliferation of smooth muscle cells. Likewise,
multiple studies demonstrated that IFNy could severely accelerate lesions
development and atherosclerotic disease progression "*• ^ " . Recently,
Epstein's group demonstrated that IFNy-containing serum isolated from MCMV
infected mice induced the expression of monocyte chemoattractant protein-1
(MCP-1) expression by endothelial cells " . This may result in an increased
influx and differentiation of monocytes/macrophages into the vascular wall and
the initiation of new atherosclerotic lesion. Interestingly, we found indeed a
significant increase in the number of early lesions in young mice shortly after
MCMV infection. Since monocytes are assumed to be transporter cells for CMV
20.24.27,47^ M Q P _ I expression may also lead to attraction of (latently) infected
monocytes. Subsequent differentiation into macrophages may then reactivate
latently present CMV ^ ^ . in addition, intimate contact between monocytes and
vascular cells might also reactivate CMV from infected monocytes ™ and
mediate direct effects on atherosclerosis in the vascular wall.
In summary, our data demonstrate that MCMV infection accelerates the
formation of early atherosclerotic lesions in 8-week-old apoE"'" mice. This effect
is maintained in the long run and results in more complex lesions at 20 weeks
p.i. Furthermore, we found evidence that this aggravation results from both a
direct effect of MCMV in the lesion itself (presence of MCMV DNA and an
increased production of pro-inflammatory cytokines in the aortic arch) as well as
an indirect effect (increased levels of systemic pro-inflammatory cytokines)
thereby providing some new mechanisms by which CMV infections may
contribute to atherosclerosis.
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> ABSTRACT
Hypercholesterolemic mice (apoE"'" and LDLrec"'"), widely used to study the
initiation and/or progression of atherosclerosis, are bred on a C57BL/6J
background, which has been described as fairly resistant to mouse
cytomegalovirus (MCMV). Recently it has been demonstrated that
hypercholesterolemia may increase the susceptibility to bacterial and viral
infections in mice. In this study we therefore compared C57BL/6J mice with
apoE"'" and/or LDLrec"'" mice for susceptibility to MCMV infection and for proinflammatory cytokine production. Survival characteristics after MCMV infection
showed that both types of hypercholesterolemic mice were markedly less
sensitive to MCMV infection compared to the C57BL/6J background strain.
Real-time PCR analysis showed significantly higher MCMV DNA copy numbers
in internal organs of C57BL/6J mice than in apoE"'" mice. Although plasma
cytokine levels (IFNy and TNFoc) were similar in C57BL/6J and apoE"'" mice,
cytokine production by isolated spleen macrophages strikingly differed between
both mouse types. ApoE"'" mice produced significantly more IL-18 than
C57BL/6J mice both under baseline conditions and following MCMV infection.
Also IL-12 production by spleen macrophages was significantly increased in
apoE'" mice after LPS and MCMV infection when compared to C57BL/6J mice.
These data suggest that, as a result of a higher activation status of the innate
and as a consequence also adaptive immune response, hypercholesterolemic
mice are less susceptible to MCMV than C57BL/6J. As LPS induced a different
profile in cytokine production by spleen macrophages, this suggests that
immune responses are MCMV specific.
.
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INTRODUCTION
Infections have been described to contribute to atherosclerosis" and
associations between both bacterial pathogens (/-/e//cobacter py/ori, C/7/amyd/a
pneumon/ae) and viruses (cytomegalovirus (CMV)) and coronary heart disease
have been reported ^. To clarify the exact contribution of these pathogens to
initiation and progression of atherosclerosis, appropriate animal models are
needed. Although the mouse had generally been regarded as a species
resistant to the development of atherosclerosis, the first evidence that mice
could develop atherosclerotic lesions was actually demonstrated in 1968 by
Vesselinovitch ^ . Later, Paigen described C57BL/6J to be the most
atherosclerosis-susceptible inbred mouse strain ^ . Nonetheless, the application
of gene targeting provided even better mouse models for atherosclerosis.
Apolipoprotein E knockout (apoE'') mice on a C57BL/6J background
spontaneously exhibit hypercholesterolemia and develop the full range of lesion
pathology (from fatty streak to complex atherosclerotic lesions) similar as those
seen in humans ^ ^ . Low density lipoprotein receptor knockout (LDLrec') mice
on a C57BL/6J background fail to develop atherosclerosis when fed a lowcholesterol diet but develop significant fatty streak lesions with a lipid-filled
necrotic core throughout the aorta when fed an atherogenic diet ^.
Although these knockout mice seem very promising animal models to study
the contribution of infections to atherosclerosis, it is well known that the
C57BL/6J strain is relatively resistant to mouse CMV (MCMV) infection ' *\ On
the other hand, hypercholesterolemia may render apoE"' and LDLrec' mice
more susceptible to viral (i.e. lymphocytic choriomeningitis virus) infections *°. In
addition hypercholesterolemic apoE'" have been shown to be more susceptible
for bacterial infections^' ^ .
To investigate whether hypercholesterolemia also renders mice more
susceptible to MCMV infection, survival characteristics after MCMV infection
were determined in apoE'' and LDLrec"'' mice with comparable plasma total
cholesterol levels and compared with C57BL/6J mice. In addition, MCMV
dissemination patterns were compared between both hyper- and
normocholesterolemic C57BL/6J mice by real-time MCMV PCR in which the
number of MCMV DNA copies per ug total DNA in different organs at various
time points post infection was determined. Since LDLrec' showed similar
survival characteristics as the apoE"' mice, DNA copy numbers were
exclusively quantified in C57BL/6J and apoE' mice. In an attempt to assess
relevant immune mechanisms that may explain the differences in survival and
MCMV dissemination observed between normo- and hypercholesterolemic
mice, plasma IFNy and TNFa cytokine levels were measured and production of
IL-18, IL-12, IL-10 and TNFa was measured in cultures of spleen macrophages
from apoE' and C57BL/6J mice infected with MCMV.

MATERIALS AND METHODS
Mice
Forty-four 7-8-week-old specific pathogen-free (SPF) C57BL/6J and fortyfour 7-8-week-old SPF apoE' on a C57BL/6J background were purchased from
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Charles River, Someren, the Netherlands. In addition, six 4-week-old SPF
LDLrec "'" on a C57BL/6J background were purchased from The Jackson
Laboratory, Bar Harbor, ME, USA. C57BL/6J and apoE' were fed ad libitum
with standard chow diet and tap water. LDLrec '' mice had free access to tap
water and were alternately put on purified diet W / 0.15% cholesterol (Hope
Farms, Woerden, the Netherlands) and normal chow diet to equalize plasma
total cholesterol levels to apoE plasma total cholesterol levels. ApoE ' and
LDLrec '" plasma was collected after retro-orbital puncture and plasma total
cholesterol levels were determined by Beckman Synchron CX Systems.
Experiments were reviewed and approved by the Ethical Committee for the Use
of Experimental Animals of the Maastricht University, and were conform the
Gu/de for frte Care and fne Use of Laboratory /\n/ma/s, published by the US
National Institute of Health (NIH Publication No. 85-23, revised 1996).

/nfecf/on protoco/ and f/ssue co//ecf/on
To determine MCMV sensitivity differences, eight apoE' and C57BL/6J
mice and six LDLrec"' mice were intraperitoneally infected at 8 weeks of age
with 5 x 10^ PFU of salivary gland isolated mouse CMV (Smith strain) and
mouse survival characteristics were determined up to 21 days post infection
(P-i.)In addition, twenty-four C57BL/6J and apoE were infected with 5 x 10
PFU of salivary gland isolated MCMV (Smith strain) and sacrificed at 1, 2, 4, 6,
14 or 28 days p.i. Prior to sacrifice the mice were anaesthetized with a weightadjusted dose of pentobarbital (Nembutal®, Sanofi Sante B.V., Maassluis, the
Netherlands) and blood was collected by left ventricular puncture. Then the
arterial tree was perfused at 100 mmHg with sterile PBS via a catheter
introduced into the left ventricular apex. Subsequently, salivary gland, lung,
liver, spleen, the thoracic arterial tree (aortic arch, carotid arteries and thoracic
aorta), heart and bone marrow cells were collected and stored at -80°C for
nucleic acid isolation. From whole EDTA-treated blood 100 pi was added to 900
pi NASBA buffer (Organon Teknika B.V., Boxtel, the Netherlands) and stored at
-80°C upon DNA isolation. The remaining blood was used to determine plasma
IFNy and TNFo titers by ELISA.
Furthermore, twelve additional apoE"'" and C57BL/6J mice were sacrificed
for spleen macrophages (Snri(p) isolation. IL-12, IL-18, IL-10 and TNFa
production was determined in the culture medium of these Smip following
MCMV-, LPS- or mock-stimulation.

MCMV guanf/f/caf/on by Me standard MCMl/PCR
DNA was isolated from lung, liver, salivary gland, spleen, heart, aorta and
bone marrow cells by using the Wizard genomic DNA purification kit (Promega
Benelux B.V., Leiden, the Netherlands) according to the manufacturer's
instructions. Isolations of nucleic acids from blood samples were carried out
according to the method of Boom et al. "* MCMV-specific PCR was performed as
described previously with slight modifications *\ Briefly, one pg of the isolated
DNA was subjected to PCR in a total volume of 50 ul. To check for the
presence of PCR inhibitors, each sample was spiked with 10 copies of plasmid
p189-p155. This plasmid contains nucleotides 180,551 to 180,913 of the MCMV
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Smith genome (Immediate early-1 (IE-1) exon 4, GenBank accession number
U68299), which includes the primer sequences, and an additional fragment of
138 bp cloned into the MCMV sequence, corresponding to position 215,968 to
216,096 of the RCMV genomic sequence ^ . As a result of this insertion, the
fragment generated by PCR from this control plasmid is 138 bp larger than the
PCR fragment that is generated from MCMV genomic DNA (500 bp versus 362
bp). These fragments can be easily distinguished by agarose gel
electrophoresis. The reaction mixture contained 0.2 ^M of each primer, 10 mM
Tris HCI pH 8.5, 50 mM KCI, 3.5 mM MgCfe. 0.2 mM dNTPs, 1.25 units of
HotStarTaq DNA polymerase (Qiagen, Leusden, the Netherlands). The PCR
was performed by an initial incubation at 95°C for 15 min to activate the
HotStarTaq enzyme with 40 subsequent amplification cycles consisting of
denaturation at 95°C for 30 s, annealing at 58°C for 1 min, and extension at
72°C for 1 min. After the final cycle the extension step was prolonged with 5 min
at 72°C and the temperature was subsequently lowered to 15°C. Amplification
products were separated on a 1.5% ethidium bromide-stained agarose gel. The
sensitivity of the PCR technique was determined to be 1 copy of the p189-p155
plasmid.
MCMV quantification by rea/-time PC/?
On all DNA samples positive for the standard MCMV PCR, we used the
real-time PCR technique (ABI Prism 7000) to quantify the number of MCMV
DNA copies per ng total DNA. Assays were prepared in 96 well Optical
Reaction plates (Applied Biosystems, Foster City, California) in a total volume of
25 |.il containing the following components: 12.5 LII of TaqMan universal master
mix (2x concentrated, Applied Biosystems), 300nM of forward primer, 300nM
reverse primers, 200nM probe and 1 jag DNA sample. Furthermore, when PCR
inhibition was observed in the standard MCMV PCR technique, DNA samples
were 10-fold diluted prior to application in the real-time PCR. Primers and
probes for the detection of MCMV were based on the MCMV glycoprotein B
sequence (gB, GenBank accession number M735191, forward primer 5'AGGGCTTGGAGAGGACCTACA-3', reverse primer 5-GCCCGTCGGCAGTCT
AGTC-3' and probe 5'-AGCTAGACGACAGCCAACGCAACGA-3'). The probe
carried a 5' FAM reporter and a 3' TAMRA quencher group. Thermal cycling
started with UNG activation for 2 min at 50°C, followed by HotStarTaq activation
during 10 min at 95°C. Thereafter 42 cycles of amplification were run consisting
of 15 s at 95°C and 1 minute at 60°C. A negative control, containing reagents
only, and serial dilutions of plasmid containing the MCMV gB sequence from
position 930 to position 1348 were included in each run to generate a standard
curve. The concentrations of the plasmid dilutions were: 10^, 10"*, 10^, 10^, 10
and 1 copy. The MCMV gB DNA concentration in the unknown samples was
calculated by the ABI Prism 7000 SDS Software using the data from the
standard curve.
Macropnage co/fure
Spleens were isolated from twelve apoE'' and twelve C57BL/6J mice (4
mice per type of stimulation) after anesthesia and perfusion with sterile PBS.
Thereafter spleens were homogenized and cell suspensions were collected and
washed twice at 1200 rpm at 4°C for 10 min with macrophage serum free
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medium (MSFM, Gibco Invitrogen Corporation, Grand Island, New York). This
medium prevents activation of macrophages in the presence of serum. Red
blood cells were lysed with NH4CI solution and spleen cells were washed twice
with MSFM and finally resuspended in 1 ml MSFM. 10® spleen cells were plated
out per well (48 well cell culture cluster, Costar, Cambridge, Massachusetts)
followed by adherence of Smcp to plastic during an incubation of 2 hours (37°C,
5% CO2). Cells were vigorously washed and non-adherent cells were removed
and counted. Subtraction of the number of non-adherent cells from the original
number of cells added to each well (10®) this reveals the actual numbers of cell
adhering. As the number of adherent cells may not be constant between wells,
the aforementioned provides us with a method to normalize ELISA data to the
number of adherent macrophages. Tissue culture-passed, MSFM dissolved
MCMV (Smith strain, 0.5 MOI (multiplicity of infection)), LPS (Escherichia coli,
serotype 055:B5, Sigma-Aldrich-Chemie GmbH, Steinheim, Germany; final
concentration 1 |ig/ml MSFM) or MSFM only was added to Smcp containing
wells. Then cells were centrifuged at 700g for 45 min at 22°C, washed and in
the case of the LPS stimulation group, 1ug/ml LPS was added de novo.
Supernatants were collected at 1 and 2 days after incubation, centrifuged to
discard cell debris and frozen at -20°C till use. All experiments were performed
in duplo. All solutions and buffers used for Smcp isolation and culture were
tested LPS-free by the LaL-assay (Limulus Ambocyte Lysate assay, Charles
River Endosafe, Charleston, South Carolina).

EL/S/l
To study macrophage activation IL-10, IL-12, IL-18 and TNFoc titers were
determined in the culture medium of Smcp at 1 and 2 days after MCMV infection,
LPS stimulation or mock treatment. These cytokines were chosen for their antiviral activities (IL-18, IL-12, TNFa) or for their involvement in viral escape (IL10). Plasma IFNy (also involved in antiviral immunity) and TNFa levels were
scored as well. Cytokine levels were determined with commercially available
ELISA kits, following the manufacturer's instructions; IL-12p40 and IL-18 (both
from BD Pharmingen, San Diego, California) and IL-10, TNFa and IFNy (both
from eBiosciences, San Diego, California). Concentrations under the lowest
standard value were defined as zero i.e. under 15.6 pg/ml for IFNy, TNFa and
IL-12p40and under 31.3 pg/ml for IL-10 and IL-18.
Sfaf/sf/ca/ ana/ys/s
The Chi-Square test was used to test statistical differences in survival
characteristics. Differences in MCMV DNA copy number/^g total DNA between
both C57BL/6J and apoE"'" mice were analyzed by the non-parametric MannWhitney C-test. To determine differences in cytokine production by Smcp
following different stimuli (LPS vs. MCMV vs. mock) the non-parametric Kruskall
Wallis test was used. If a P<0.05 was obtained, the one-sided Mann-Whitney IVtest was used to determine the difference in between 2 groups. In both /n wVo
as well as /'n wYro experiments differences in cytokine production between
C57BL/6J and apoE"' were analyzed with the Mann-Whitney IMest. Data are
expressed as mean ± S.E.M. and P<0.05 was considered statistically
significant.
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RESULTS
SurwVa/ c/iaracter/sf/cs
LDLrec' mice were intermittently fed a high cholesterol diet or normal chow
diet to ensure similar total plasma cholesterol levels as in apoE"'" mice during
the entire experiment. At 8 weeks total plasma cholesterol levels were 10.67 ±
0.52 mmol/l (apoE"'"), 9.98 ± 0.94 mmol/l (LDLrec"') and 2.07 ± 0.52 mmol/l
(C57BL/6J). At 21 days p.i., levels were 13.6 ± 0.59 mmol/l (apoE'), 19.93 ±
1.74 mmol/l (LDLrec'") and 2.33 ± 0.35 mmol/l (C57BL/6J). Fig. 1 shows the
survival characteristics of the different mouse types after infection with 5 x 1 0 ^
PFU of MCMV. At 21 days p.i., all apoE' and LDLrec' mice were still alive,
while only one out of eight C57BL/6J survived this infection dose (P<0.05). This
indicates higher MCMV susceptibility of the C57BL/6J mice when compared
with the apoE'" and LDLrec'mice.
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Fig. 1. Survival characteristics in normocholesterolemic
C57BL/6J mice and
hypercholesterolemic LDLrec' and apoE mice until day 21 after infection with 5 x 10* PFU
MCMV. Data shown are expressed as percentage survival. P<0.05 when compared with the ChiSquare test. ApoE' / C57BL/6J mice: n = 8/group, LDLrec' mice: n = 6.

MCMV (y/ssem/naf/on
Because LDLrec"'" and apoE"'" mice showed similar survival characteristics
after equal doses of MCMV, further experiments were limited to C57BL/6J and
apoE'" mice. Although both mice types showed similar temporal MCMV
distribution patterns (Fig. 2), the number of MCMV DNA copies/^g total DNA
was significantly higher in C57BL/6J mice in various organs at different time
points p.i. compared with apoE"'" mice. Maximum titers were seen in the liver of
C57BL/6J mice at 4 days p.i. (189,046 ± 109,599 copies MCMV DNA/|.ig total
DNA) and apoE"' at 2 days p.i. (53,354 ± 14,284 copies MCMV DNA/^g total
DNA). These data likewise suggest higher susceptibility of the C57BL/6J mice
for MCMV.
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blood and heart from C57BU6J and apoE mice as determined by real-time MCMV PCR. Data
are expressed mean ± S.E.M. (*) Statistically significant difference between mouse types (P<0.05).
nd: not detected. N = 4/time point.

P/asma cyto/c/ne /eve/s /n C57SL/6J and apoF'' m/ce
Plasma IFNy and TNFa levels were determined at 1, 2, 4 and 6 days p.i. to
investigate whether differences in MCMV sensitivity between mouse types can
be explained by differences in systemic immune activation (Fig. 3). IFNy titers
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peaked at 2 days p.i., while TNFa peaked at 4 days p.i. After this day, plasma
cytokine levels declined to zero. Comparing plasma cytokine levels between
C57BL/6J and apoE' mice revealed no differences between both mouse types.
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Fig. 3. Plasma IFNy and TNFa levels in C57BL/6J and apoE mice at 1, 2, 4 and 6 days p.i.
Data are d e t e r m i n e d b y E L I S A a n d e x p r e s s e d a s m e a n levels ± S E M N = 4 m i c e per time point.

Macrophage cyto/r/ne production affer sf/7nu/af/on
Sm<p isolated from apoE' and C57BL/6J mice were mock-treated,
stimulated with LPS or infected with MCMV. Cytokine production by Smcp was
determined in the supernatant 1 and 2 days post infection/stimulation (Table 1).
/L-70: no IL-10 production by Snrup was observed at any time point in any
group.
TA/Fa: no basal TNFa production by Smcp isolated from either apoE' or
C57BL/6J mice could be detected at any time point. Similar results
were observed after MCMV infection of the Smcp. Nonetheless,
stimulation with LPS resulted in a marked increase in TNFa production
in apoE"'" mice
//.-•72: as with TNFa, near background levels of IL-12 could be detected under
baseline conditions. However, when Smcp were MCMV-infected a
marked increase in IL-12 production by Smcp from both apoE' and
C57BL/6J mice was observed. Furthermore, IL-12 production by
MCMV- infected apoE"'' Smcp was significantly higher than the IL-12
production by MCMV-infected C57BL/6J Smcp at 2 p.i. LPS stimulation
also stimulated the production of IL-12. This stimulation was more
pronounced in apoE''" Smcp than in C57BL/6J Smcp.
/L-78: no basal IL-18 production by C57BL/6J Smcp was observed. In contrast,
apoE"'" Smcp already displayed a marked IL-18 production even under
baseline conditions. While, MCMV infection increased IL-18 production
in both apoE''" Smcp and C57BL/6J Smcp, the production was
significantly more augmented in apoE' Smcp compared to C57BL/6J
Smcp. LPS stimulation did not have a significant effect on IL-18
production in either type of Smcp.
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Table 1. Cytokine expression profiles of mock treated, LPS-stimulated and MCMV-infected
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DISCUSSION
Infectious agents, including CMV, are now currently being considered to
play a role in the initiation and progression of atherosclerosis ' ^ * \ To study
the underlying mechanisms involved in the contribution of infections to
atherosclerosis, appropriate animal models are needed: animals must be
susceptible to atherosclerosis and infectious pathogens. The mouse models
routinely used to study atherosclerosis are the LDLrec"'" mice and apoE' mice
generated on a C57BL/6J background * ^ ^ . While C57BL/6J have been
described to be fairly resistant to CMV infection ^ "*, hypercholesterolemic mice
have been shown to be more susceptible to bacterial and viral infections
compared to the normocholesterolemic C57BL/6J background strain ® ^ *° ^ .
In this manuscript, the susceptibility to MCMV infection was determined in
LDLrec"'", apoE"'" and C57BL/6J mice. C57BL76J and both LDLrec"'" and apoE"'"
mice were subjected to survival studies to eliminate the possibility that an
altered susceptibility to MCMV could be attributed to one of the knocked-out
genes. To normalize hypercholesterolemic group comparison, total plasma
cholesterol levels in LDLrec"'' mice were titrated to levels observed in apoE'''
mice. Nevertheless, in contrast to previous findings for bacterial and viral
infections ® ^ ^ , both types of hypercholesterolemic mice showed a lower
susceptibility to MCMV than C57BL/6J, reflected by the death of all but one in
the C57BL/6J group compared with 100% survival in both hypercholesterolemic
groups. Since LDLrec"'" and apoE"'" mice showed similar survival characteristics,
this implicates that specifically knocking out one of these genes is not
responsible for the observed differences with the C57BL/6J background strain.
Therefore, further experiments in this manuscript were limited to apoE''" and
C57BL/6J mice. In addition to survival characteristics, organ specific MCMV
DNA copy number/|ig total DNA was determined in apoE''' and C57BL/6J. To
determine copy number, the real-time PCR technique was chosen instead of
the plaque assay, since the PCR technique shows higher sensitivity for MCMV
presence than the latter technique "°. Significant higher DNA copy numbers
were observed in salivary glands, spleens, livers, lungs, aortic arches, bone
marrow cells, blood and hearts from C57BL/6J mice when compared with
apoE"'" mice, despite similar dissemination patterns. These data support the
above-mentioned observation that hypercholesterolemic mice are less
susceptible to MCMV infection than C57BL/6J mice.
As IFNy *• ^ " and TNFa ^ ^ have been reported to protect against CMV
infection, levels of both cytokines were determined in plasma of both apoE"' and
C57BL/6J mice at various time points post infection in an attempt to clarify the
observed susceptibility differences. Similar temporal patterns were seen in both
apoE' and C57BL/6J and no differences were observed in the levels of IFNy
and TNFa between both mouse types. These data show that differences in
susceptibility are not a result of different systemic levels of IFNy and TNFa.
As macrophages have been described to be important in the first line of
defense against MCMV infection ^ ^ ^ ^ " , we assessed the effect of MCMV
infection on cytokine production by isolated Sm(p. At 1 and 2 days after infection
or mock treatment, IL-10, IL-12, IL-18 and TNFa production by Sm<p was
determined. IL-10 was selected because murine CMV has been described to
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interfere with the MHC class II antigen-presentation pathway from macrophages
by utilizing IL-10, thereby potentially influencing MCMV susceptibility. CMV can
either make use of a viral homolog of IL-10 (cmvlL-10) ^ or stimulate the
release of cellular IL-10 from macrophages "*\ However, no IL-10 production by
Smcp was observed at any time point p.i. IL-12 has been reported to be
responsible for early NK cell IFNy production and viral control ^ and IL-18 is a
recently discovered pro-inflammatory cytokine with functional similarities to IL12 ^. Although the importance of IL-18 in immunity and host defense is only
beginning to be appreciated, Pien et al. described IL-18 to be required for
systemic and splenic responses against CMV ^ . As expected, MCMV infection
increased IL-18 and IL-12 production by Smcp derived from both apoE' and
C57BL/6J mice. However, IL-18 and IL-12 production was significantly higher in
the cultures from apoE"'" Snri(p when compared to C57BL/6J Sm<p cultures.
Furthermore, IL-18 was already produced by apoE' Smcp under basal
conditions while no IL-18 could be detected in the supernatant from C57BL/6J
Smcp under these conditions. These data suggest that (i) Smcp of apoE"'' have a
higher baseline activation status than those of C57BL/6J and (ii) Smcp cytokine
production following MCMV infection is more pronounced in apoE' Smcp. These
findings may partially explain why apoE'" mice are less susceptible to MCMV
infection than C57BL/6J mice.
To analyze whether the observed differences in cytokine production by Smcp
are specific for MCMV-mediated immune activation, cytokine levels in the
supernatants of LPS-stimulated Smcp were studied and compared with both
MCMV- and mock-treated groups. LPS significantly stimulated the production of
IL-12 by apoE'' Smcp significantly above baseline. This enhancement was not
observed in C57BL/6J Smcp. However, elevations in IL-12 production by LPSstimulation of apoE' Smcp was lower than that measured from MCMV-infected
apoE' Smcp. LPS-induced IL-18 production was absent in C57BL/6J mice or
low in apoE''" mice. Furthermore, LPS-induced IL-18 production was
comparable with the observed production after mock treatment. As LPS has
been regularly described and used as a potent inducer of TNFa production ^° ^ ,
it was not surprising to observe fair TNFa production by all LPS-treated Smcp
samples. Although the TNFa production was significantly enhanced in apoE'"
Smcp at 2 days post stimulation when compared with MCMV- and mock-treated
macrophages, no major differences were observed in TNFa production between
apoE' and C57BL/6J Smcp. As cytokine production profiles by LPS-stimulated
Smcp were generally different from profiles detected in Smcp following MCMV
infection, this suggests immune responses directed against MCMV to be
specific.
Summarizing, our data suggest that the innate immune system in
hypercholesterolemic mice is more reactive than in normocholesterolemic mice.
This increased innate immune system reactivity allows an acute response to
virus, thereby diminishing viral dissemination. Furthermore, since IL-12 and IL18 are relevant in triggering the adaptive immune response, in particular T
helper 1 responses ^ , it may be that also the adaptive immune system reacts
more adequate in hypercholesterolemic mice. As such this will contribute to
effective MCMV-specific immune responses and reduced mortality after MCMV
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infection in hypercholesterolemic mice. However, future experiments are
required to define the precise immune status of these mice. Interestingly, since
hyper-cholesterolemic mice suffer from atherosclerosis '^ " , which is currently
considered as an immune-mediated disease, it may be speculated that the
increased immune status in these mice not only contributes to the development
of severe atherosclerotic plaques but also protects mice from infections.
Nonetheless, evidence against this hypothesis comes from previous reports
demonstrating that these mice are more susceptible for other infections than
MCMV ^ *°. Therefore, further experiments are needed to elucidate if MCMV
infection is the only exception in this respect.
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In the late 1970's, Fabricant et al. ™ discovered that infections with an avian
herpesvirus resulted in atherosclerosis-like phenomena in various arteries of
chickens. The aforementioned study was the first to suggest a role for infections
in atherosclerosis. Since then, evidence which supports infection as an
additional risk factor for cardiovascular diseases has been accumulating.
Multiple pathogens have been associated with coronary and peripheral artery
disease and myocardial infarction "• *°' ^ . Best characterized is the role of
CWamyd/a pneumon/ae, an obligate intracellular gram-negative bacterium, in
cardiovascular disease ^ ^ ^ . Cytomegalovirus (CMV), a member of the ßherpesvirus family, has also been associated with various vascular disorders
such as restenosis ^ ^ and transplantation-associated arteriosclerosis ^ "• ^ ^ .
Moreover, sero-epidemiological as well as /'n wfro data and a limited number of
experimental ;n wVo studies suggest an association between CMV and
atherosclerosis ^ ^ T The studies published to date do not however
unambiguously certify that CMV affects the atherosclerotic process.
Furthermore, the mechanisms by which CMV contribute to atherosclerosis have
yet to be elucidated. In this thesis we have addressed these aspects in various
/n wVo and /n wfro studies. The results of these studies will be discussed in the
following paragraphs.

> CMV CONTRIBUTES TO ATHEROSCLEROSIS
As CMV infections are very common in normal human populations, finding a
control group for an epidemiological study is quite difficult. Ethical
considerations make clinical epidemiological research examining the
contribution of CMV to atherosclerosis and the underlying mechanisms
impossible. To overcome these problems we used a common animal model for
atherosclerosis. The preferred experimental model for studying atherogenesis is
the apoE' mouse ^ ^, which is characterized by the spontaneous development
of atherosclerotic lesions in the arterial tree similar to human atherosclerosis.
Previous studies already demonstrated that the mouse variant of human CMV
(mouse CMV, MCMV) increased the total atherosclerotic lesion area in the
aortic root of these apoE' mice ^ ^ . However, in these studies mice were
infected at the age of 2 weeks. Due to the immaturity of the mouse immune
system at this age, anti-viral immune responses are inefficient and
consequently viral pathogenesis may be more pronounced. Therefore, data
from the aforementioned study may only reflect the effect of CMV infection on
atherosclerosis in immuno-compromised patients. When Rott et al. infected
immune-mature young adult mice at 8 weeks of age and sacrificed those 3
weeks after no effect of MCMV infections on atherosclerosis could be
demonstrated ^ suggesting that CMV-mediated aggravation of atherosclerosis
is restricted to immuno-compromised patients. Alternatively, the three week
infection period may have been too short for MCMV to noticeably affect the
atherosclerotic process. To evaluate the time frame needed for MCMV to affect
atherosclerosis, we infected 8-week-old apoE"'' mice and determined the
number and mean area of the atherosclerotic lesions in the aortic arch as well
as the severity of the lesions (according to the American Heart Association
classification) at 2 and 20 weeks post infection (chapter 2). In accordance with
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the data presented by Rott et al. we didn't observe any statistically significant
difference between MCMV- and mock-infected mice with respect to lesion area,
number of lesions or severity of atherosclerosis at 2 weeks post infection. Yet,
at 20 weeks post infection, lesion area was significantly increased in the
MCMV-infected group. Therefore, these data i) suggest that CMV is able to
aggravate atherosclerosis in the immune-competent host and ii) demonstrate
the applicability of the apoE'" mouse model to study the fundamental
mechanisms by which CMV has an impact on the atherosclerotic process.

MECHANISMS BY WHICH MCMV AFFECTS ATHEROSCLEROSIS

/nd/recf effects based on the system/c production of pro-afherogen/c
cyto/c/nes
Cytokines play a prominent role in atherosclerotic disease progression. A
number of cytokines have been shown to be present in atherosclerotic lesions
and to be able to modulate plaque development " . Furthermore, increased
systemic cytokine levels have also been shown to augment atherosclerosis in
apoE'" mice " ^ . In these mice a marked augmentation in lesion size was
observed following repeated IFNy or IL-18 injections suggesting a prominent
role for these cytokines in disease progression.
IL-18 is a recently discovered cytokine with functional similarities to IL-12. It
was originally described as a Kupffer cell-derived co-stimulating factor essential
for the production of IFNy in a murine LPS-induced shock model ^ . Since then it
has been shown that a variety of cell types, such as keratinocytes, osteoblasts
and adrenal cortex cells, are able to synthesize this protein ^ ^ *®. Furthermore,
viral infections (influenza A virus, Sendai virus) have been shown to induce to
production of IL-18 by isolated human macrophages •". In accordance with the
data mentioned above, a small but significant increase in IL-18 production was
seen when we infected spleen macrophages isolated from C57BL/6J mice /n
vrfro (chapter 7). In spleen macrophages isolated from hypercholesterolemic
apoE"'" mice, however, marked production of IL-18 was already seen under
baseline conditions and this IL-18 production was increased almost 10-fold
following MCMV infection. Also, IL-12 production by isolated spleen
macrophages was significantly more pronounced in apoE"' mice following
MCMV infection. Similar results were obtained when we evaluated cytokine
production by peritoneal macrophages 7 days post intraperitoneal MCMV
injection in apoE"'" mice (chapter 5). Peritoneal macrophages isolated from
MCMV-infected mice produced IL-18 in contrast to macrophages isolated from
thioglycolate-challenged mice. Furthermore, a significant increase in IFNy
production by peritoneal macrophages isolated from MCMV-infected mice was
observed which most likely results from autocrine macrophage activation
mediated by the synergistic effect of IL-18 and IL-12 "".
Primarily, the production of these cytokines may represent key events
during innate immune reactions. Both IL-12 and IL-18 have been implicated in
the early response to infections * " . IL-12 induces NK cells to rapidly secrete
IFNy. Furthermore, IL-12 stimulates IFNy production by T cells and is the key
cytokine driving Th 1 differentiation. IL-18 shares many functional similarities
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with IL-12. Furthermore, strong synergistic effects between IL-12 and IL-18
have been described in the induction of IFNy secretion by T cells, NK cells or
macrophages. At his turn, IFNy regulates CMV infection, inhibits reactivation
from latency and inhibits CMV IE gene expression ^ ^ ^ . Interestingly, we
observed a marked increase in the capacity of spleen macrophages from apoE"''
mice to secrete IL-12 and IL-18 compared to C57BL/6J macrophages (chapter
7). This finding suggests that apoE mice are more competent in producing
IFNy and may partially explain the difference in sensitivity for MCMV infections
between these 2 mouse types. On the other hand, recent data suggest that
oxLDL is able to stimulate the production of IL-12 and subsequently IFNy by
peripheral blood mononuclear cells ^, suggesting that hypercholesterolemia
protects against CMV infections by activating the immune system.
/mp//caf/ons for afr/erosc/eros/s
In chapter 5 and 7 we demonstrated that peritoneal and spleen
macrophages isolated from apoE"'" mice are able to secrete significant amounts
of IL-12, IL-18 and IFNy in response to MCMV infection. Interestingly, all three
cytokines have been implicated in the progression of atherosclerosis. Repeated
injections with recombinant IL-18 significantly increased aortic lesion size in
apoE' mice and this effect was dependent on the subsequent production of
IFNy ^ . ApoE"'7IL-18"'" double knockout mice, on the other hand, show a
marked reduction in lesion size, further confirming the notion that IL-18 is a proatherogenic cytokine, which most likely acts by promoting the development of
IFNy secreting Th 1 cells '°. Furthermore, human atheroma express IL-18 in
macrophages and elevated levels of its receptor subunits IL-18Roc/ß on smooth
muscle cells, endothelial cells and macrophages. In these cells IL-18 signaling
evoked effectors involved in atherogenesis, e.g. IL-6, IL-8, ICAM-1 and matrix
metalloproteinases 1, 9 and 3 '^. Similar to IL-18, IL-12 has been associated
with atherosclerosis. By RT-PCR, immunohistochemistry and in situ
hybridization IL-12 has been shown to be present in human and mouse
atherosclerotic plaques ^ ^ . Furthermore, daily administration of IL-12 led to an
increase in serum levels of anti-oxLDL antibodies and accelerated
atherosclerosis in apoE"' mice ^ . In addition, apoE"'7IL-12''" double knockout
mice had a 52% reduction in plaque area in the aortic root at 30 weeks of age
compared with normal apoE'"'" mice ®. Similar results have been obtained with
exogenous IFNy infusions ^ or apoE'/IFNy receptor'' double knockout mice * \
Furthermore, Whitman et al. demonstrated that IL-18 enhances atherosclerosis
in apoE' mice through the release of IFNy *\ Taken together, these data
suggest an important role for the interplay between IL-12, IL-18 and the
subsequent production of IFNy in accelerating atherosclerosis. Furthermore, the
fact that lesion size was diminished in C57BL/6J mice lacking the TNF receptor
p55 suggests that TNFa also influences atherosclerosis **. This is strengthened
by the fact that repeated LPS injections, which result in significant elevation in
plasma TNFa levels, resulted in an 83% increase in lesion size in apoE' mice
^. Intriguingly, most of these aspects were also observed in our apoE' mice
following MCMV infection: IL-12 and IL-18 production by macrophages was
elevated following MCMV infection (chapter 7) and MCMV infection resulted in
high IFNy and TNFa plasma levels (chapter 6). Recently it has also been
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demonstrated that plasma levels of IL-12 and IL-18 become elevated following
MCMV infection ^ . Therefore, based on these data we now hypothesize that
CMV infections affect atherosclerosis in part by an indirect effect mediated by
the systemic increase of pro-inflammatory and pro-atherogenic cytokines.
D/recf effects /n f/ie vascu/ar iva//

.

In addition to their role in viral control *°, macrophages are generally
accepted to be likewise responsible for viral dissemination "". Therefore, the
dissemination of MCMV after intraperitoneal infection to all organs including the
vascular wall (chapters 3, 4, 6, 7) may have been mediated by infected
peritoneal monocytes/macrophages. In chapter 5 we demonstrated that
intraperitoneal MCMV injection results in macrophage recruitment to the
peritoneal cavity. Infection of these macrophages directed them to a proinflammatory immune phenotype characterized by the production of IL-12, IL-18
and IFNy and the increased expression of cell surface molecules such as MHC
class II, CD40, CD80 and CD86 involved in antigen presentation to T cells.
However, it still remains to be established whether these macrophages are
responsible for viral dissemination or whether dissemination depends on more
"naive" macrophages containing CMV. Irrespective of the carrier macrophage,
latent CMV may reactivate in these transport-macrophages after vascular wall
contact ^ or by monocyte-to-macrophage differentiation **. If transport is
mediated by "naive" monocytes, CMV reactivation may direct macrophages into
a pro-inflammatory immune phenotype thereby attracting T cells to the vascular
wall. This could then explain the increased T cell influx observed in
atherosclerotic lesions of apoE"'" mice following MCMV infection (chapters 2
and 4). Subsequent T cell activation may then stimulate the ongoing
inflammation in the atherosclerotic vascular wall and aggravate atherosclerosis.
On the other hand, CMV reactivation may result in viral spread to neighboring
cells. Infection of neighboring macrophages leads in turn in a pro-inflammatory
immune phenotype thereby further stimulating T cell influx. Alternatively, CMV
may infect local smooth muscle cells and endothelial cells and mediate direct
effects which influence the development and/or the progression of
atherosclerotic lesions. CMV infection of smooth muscle cells may stimulate
smooth muscle cell proliferation and migration ^ ^ and may make them
vulnerable to NK-mediated lysis ^, thereby enhancing fibrous cap formation in
the advanced stages of atherosclerosis. Furthermore, CMV may induce a procoagulant phenotype in endothelial cells, thereby increasing the risk of
thrombus formation ^ . Alternatively, CMV may increase MHC class I expression
on the membrane of endothelial cells, thereby mediating endothelial cytotoxicity
by CD8* T cells ^°. Yet other data suggests that an increased formation of lipidladen foam cells may be mediated by CMV modification of low density
lipoprotein uptake and scavenger receptor mRNA expression in vascular
smooth muscle cells " . As a final example of the direct effects of CMV on
atherosclerotic disease progression, IL-6 production by infected endothelial
cells ' may stimulate smooth muscle cells to evolve into foam cells " . Thus,
although data suggests that CMV affects the atherosclerotic process via an
indirect way, we cannot exclude direct effects of CMV on components of the
vascular wall since CMV can be demonstrated in the vascular wall itself.
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An a/fernaf/Ve mec/)an/s/n: aoto/mmun/fy
In various chapters of the present thesis, we present evidence for CMVaccelerated atherosclerosis by both direct mechanisms (involving CMV
presence in the vascular wall) and indirect mechanisms (involving systemic
production of pro-inflammatory cytokines). In chapter 4, however, we found
evidence for a third mechanism by which MCMV may aggravate the disease.
When we injected UV-inactivated MCMV into the peritoneal cavity, increases in
lesion size similar to those induced by viable MCMV were observed.
Furthermore, T cell influx in atherosclerotic lesions occurred irrespective of the
presence of virus in the vascular wall. In other organs, such as the spleen or
liver, increases in T cell influx were only observed after viable MCMV injection.
In other words, UV-inactivated MCMV led to T cell influx in atherosclerotic
lesions but not in any other organs. These results inspired us to proffer a new
hypothesis for a role of CMV in atherosclerosis. After injection of UV-inactivated
MCMV into the peritoneal cavity, UV-MCMV induces a local immune response.
This local immune responses may involve the formation of T cell or antibodies
directed against MCMV antigens. As the injection of UV-inactivated MCMV
resulted in a marked increase in T cells in the vascular wall despite the absence
of virus in the vascular wall we speculate that some of these T cells display
cross-reactivity against autoantigens in the vascular wall. These autoreactive T
cells then enter the vascular wall and accelerate lesion formation by producing
various pro-inflammatory and pro-atherogenic cytokines. Although it has been
demonstrated that infections with CWamyof/a pnei/mon/ae may affect
atherosclerosis in a similar way (e.g. based on the sequence homology
between Chlamydia HSP60 (Heat Shock Protein 60) and host HSP60 **), this
concept is rather unknown for MCMV and additional experiments are needed to
further test this hypothesis.

> CONCLUSIONS AND PERSPECTIVES
The suggestion that cytomegalovirus may aggravate vascular diseases,
such
as
restenosis,
transplantation-associated
arteriosclerosis
or
atherosclerosis, was posed more than three decades ago. Since then, this
association has been confirmed in various sero-epidemiological studies as well
as /'n v/Yro and /n wVo studies. Unfortunately, the majority of these papers, and
in particular those focusing on atherosclerosis, remain descriptive in nature. In
the present thesis, we have deviated from the descriptive path to unravel some
of the mechanisms which may be involved in the aggravation of the
atherosclerotic disease in a well-characterized animal model for atherosclerosis,
the apoE'' mouse. We repeatedly found evidence that MCMV accelerates
disease progression in these mice. More importantly, we also provide data
supporting at least three processes by which CMV contributes to aggravation of
atherosclerosis (Fig. 1).
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Vascular wall
Atherosclerotic lesion

Fig. 1. Summary of MCMV-mediated effects on atherosclerosis. (1) After MCMV infection
macrophages differentiate to a pro-inflammatory immune phenotype (2) This phenotype is
characterized by increased pro-atherogenic cytokine secretion (3) In addition, CMV infection of
macrophages induces increased expression of immune markers which may present viral antigens
and activate T cell responses. (4) This may also lead to pro-atherogenic cytokine secretion by T
cells. (5) These secreted pro-atherogenic cytokines may systemically mediate atherosclerosis
aggravation (6) Infected macrophages may also mediate CMV transport to the vascular wall,
thereby locally inducing aggravating of the atherosclerotic process (7) Alternatively, MCMV may
lead to an autoreactive T cell response (8) which may be directed to the vascular wall to mediate
auto-immune/cytotoxic effects on the vascular wall.

Firstly, MCMV may affect lesion formation by inducing a systemic inflammatory
response resulting in the production of various pro-atherogenic cytokines (IL-12,
IL-18, IFNy and TNFa), which stimulate lesion progression by a "remote"
mechanism (chapters 5, 6, 7). Secondly, as MCMV DNA could be
demonstrated in the vascular wall direct effects of MCMV on vascular wall
components remain a possibility (chapters 3, 4, 6, 7). Finally, the results
presented in chapter 4 suggest that autoreactive T cell, formed in response to
MCMV antigen challenge, may contribute to the acceleration of plaque
formation. While all three processes are worthy of further research attention, the
possibility of autoimmune responses to CMV antigens deems special
consideration as many research groups worldwide are devoted to the
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development of a CMV-vaccine. If auto-immune responses develop as a crossreactivity to CMV antigens, care must be taken in antigen choice for the
development of a vaccine that does not accelerate atherosclerosis.
Considering the fact that 70% of the population eventually becomes
infected with CMV, precise elucidation of the direct, indirect and auto-immune
effects of CMV-mediated atherosclerotic acceleration warrant additional
research.

>
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Infecties met cytomegalovirus (CMV) komen wijdverspreid voor. Hoewel
infecties met dit virus meestal zonder klinische Symptomen verlopen, kunnen ze
ernstige problemen veroorzaken (o.a. retinitis, hepatitis en colitis) in
immuungecompromiteerde patienten zoals pasgeborenen en transplantatiepatienten. Recent is ook gesuggereerd dat CMV een rol speelt in de
ontwikkeling van atherosclerose (aderverkalking). Atherosclerose is een
chronische ziekte van de middelgrote en grote vaten waarvan de klinische
Symptomen (hartinfarct, beroerte, gangreen) zieh uiten na partiele of totale
afsluiting van het vaatlumen. Aangezien atherosclerose nog steeds een van de
belangrijkste doodsoorzaken in de Westerse Wereld is, is de identificatie en
eliminatie van alle mogelijke risicofactoren voor atherosclerose uitermate
relevant. In dit proefschrift is daarom de bijdrage van CMV aan het
atherosclerotische proces nader onderzocht.
,
.
Bij aanvang van deze promotiestudie was slechts weinig bekend over de
bijdrage van CMV aan atherosclerose. Hoewel een associatie van het virus met
de ziekte was aangetoond in sero-epidemiologische, in /n v/fro en in enkele /n
wVo experimenten, ontbraken eenduidige data over een bijdrage van het virus
aan het atherosclerotische proces. Om deze bijdrage in detail te onderzoeken
werd in dit proefschrift gebruik gemaakt van een diermodel nl. de
atherosclerose-gevoelige apolipoproteine E knockout (apoE'" ) muis. Door het
ontbreken van het apoE gen, betrokken bij het vetmetabolisme, krijgen deze
muizen hoge bloedcholesterol niveaus en ontwikkelen ze atherosclerose op een
manier vergelijkbaar met de manier waarop mensen de ziekte ontwikkelen. Om
het effect van CMV op de ontwikkeling van atherosclerose in deze muizen te
bestuderen, werden jong volwassen (8-weken-oude) apoE'' muizen
ge'i'nfecteerd met muis CMV (MCMV).
In een eerste experimenteel hoofdstuk (hoofdstuk 2) werd het effect van
CMV infectie op het atherosclerotische proces beschreven. Hiertoe werden
zowel tijdens de acute fase (2 weken) als tijdens de chronische fase (20 weken)
van de infectie de vaten van apoE"'' muizen geanalyseerd op de aanwezigheid
van atherosclerose. Ook werd de grootte van athero-sclerotische lesies
gemeten en vergeleken met vaten van niet-geTnfecteerde muizen. Hoewel in de
acute fase van de infectie geen effect van MCMV op het atherosclerotische
proces gezien werd, was op 20 weken na infectie de atherosclerotische
lesiegrootte significant toegenomen. Met andere woorden, CMV infectie van de
muis resulteerde in een versnelde progressie van atherosclerose. Op de
arterien van deze muizen werden eveneens immunohistochemische kleuringen
uitgevoerd teneinde de influx van T cellen en macrofagen te meten. Hoewel
MCMV infectie niet resulteerde in een effect op het aantal macrofagen, was het
aantal T cellen in de vaatwand in de acute fase van de infectie (2 weken)
significant verhoogd ten opzichte van de vaten van niet-geTnfecteerde dieren.
Deze resultaten toonden dus aan dat MCMV het atherosclerotische proces
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versterkt in apoE' muizen tijdens de chronische fase van de infectie en dat de
T lymfocyt hier wellicht een bijdrage in levert.
In de volgende hoofdstukken is vervolgens getracht meer inzicht te krijgen
in de mechanismen die ten grondslag liggen aan de geobserveerde stimulatie
van atherosclerose door CMV. De experimentele opzet werd zo gekozen dat
zowel indirecte effecten (door ontstekingsreacties) als directe effecten (door de
aanwezigheid van CMV in de vaatwand) van het virus op atherosclerose
onderzocht konden worden.
Omdat we wilden nagaan of het waargenomen effect (uit hoofdstuk 2) enkel
en alleen veroorzaakt werd door infectieus virus of dat ook niet-infectieus virus
dit effect teweeg kon brengen, werd een experiment opgezet waarbij apoE"'"
muizen gei'njecteerd werden met geinactiveerd virus (hoofdstuk 4). Het virus
dat hiervoor gebruikt werd, was replicatie-deficient gemaakt door middel van UV
bestraling. Uit deze Studie bleek dat zowel infectieus als UV-geTnactiveerd
MCMV een invloed hadden op het atherosclerotische proces in de acute fase
van de infectie en dat beiden een toename in T cellen in de vaatwand
induceerden. Zoals verwacht, konden er geen virale componenten in de
vaatwand gedetecteerd worden na UV-MCMV injectie. De resultaten van dit
experiment zijn in overeenstemming met bevindingen van andere groepen.
Deze suggereren dat infecties, ook degene die niet leiden tot infectie van de
vaatwand, het reeds op gang zijnde atherosclerotische proces kunnen
stimuleren. Dit is een belangwekkende bevinding omdat ze aangeeft dat
stimulatie van het immuunsysteem door een "willekeurige" infectie wellicht het
atherosclerotische proces versnelt.
Naast T cellen speien macrofagen ook een belangrijke rol in het
atherosclerotische proces. Ook is bekend dat virussen macrofagen kunnen
activeren. Om te onderzoeken of MCMV via macrofaag gemedieerde
immuunreacties op indirecte wijze het atherosclerotische proces kan
verergeren, werd in hoofdstuk 5 het effect van MCMV op macrofaagdifferentiatie bestudeerd. In het bijzonder werd aandacht besteed aan het proinflammatoire/pro-atherogene fenotype. Hiertoe werd het effect van MCMV
infectie op de productie van pro-inflammatoire/pro-atherogene cytokines zoals
interferon-y (IFNy) en interleukine-18 (IL-18) door peritoneaal macrofagen
bepaald. Tevens werd met behulp van de FACS (fluorescent activated cell
sorting) techniek de expressie van het celmembraan molecule MHC (Major
histocompatibility complex) klasse II en de co-stimulatoire celmembraan
moleculen CD40, CD80 en CD86, die alien betrokken zijn bij T eel activatie,
bestudeerd. Uit deze studie bleek dat MCMV infectie macrofagen stimuleert tot
IL-18 secretie en dat MCMV infectie een verhoogde IFNy productie door
macrofagen veroorzaakt. Eveneens resulteerde MCMV infectie in een
verhoogde expressie van de hierboven beschreven celmembraan markers.
Hieruit kan geconcludeerd worden dat MCMV een pro-inflammatoir/proatherogeen macrofaag fenotype induceert hetgeen impliceert dat het virus ook
via deze weg een effect kan hebben op het atherosclerotische proces.
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Eerdere studies hebben aangetoond dat cytokines een bijdrage kunnen
leveren aan het atherosclerotische proces. Op basis hiervan werd een volgend
experiment uitgevoerd waarbij gekeken werd of CMV een invloed heeft op de
hoeveelheid cytokines in het bloed en in de vaatwand (hoofdstuk 6). Hiertoe
werden IFNy en tumor necrosis factor a (TNFa) concentraties gemeten in het
bloed met behulp van de ELISA (enzyme linked immuno sorbent assay) en
werd de expressie van deze cytokines gemeten in de arteriele vaatboom met
behulp van de real-time RT-PCR. Uit dit onderzoek bleek dat MCMV leidt tot
een verhoogde concentratie van zowel TNFa als van IFNy in het bloed op 2 ä 4
dagen na infectie. Aangezien verhoogde systemische niveaus van deze
cytokines atherosclerose kunnen verergeren, suggereren deze resultaten dat
CMV via een indirect mechanisme (i.e. systemische expressie van cytokines)
het atherosclerotisch proces kan verergeren. Naast een verhoogde systemische
productie bleken deze cytokines ook lokaal in de vaatwand van apoE"' muizen
aanwezig te zijn, waarbij het percentage vaten positief voor deze cytokines
hoger lag in de MCMV-geTnfecteerde muizen dan in mock-geTnjecteerde
muizen. Het feit dat ook MCMV in de vaatwand van deze muizen kon
gedetecteerd worden, suggereert dat infectieus virus lokale/directe effecten op
de vaatwand kan hebben die resulteren in een verhoogde lokale cytokine
expressie met als gevolg een verdere stimulatie van het atherosclerotische
proces.
Om een direct effect op de vaatwand te kunnen hebben moet het virus van
de plaats van infectie naar de vaatwand getransporteerd worden. Hoewel in het
vorige experiment reeds aangetoond werd dat het virus in de vaatwand
gedetecteerd kan worden, was de tijdsafhankelijke verspreiding van het virus in
apoE"'" muizen nog niet volledig bekend. Om dit te onderzoeken werd op
diverse tijdstippen (1, 2, 4, 6, 14 en 28 dagen) na infectie de hoeveelheid
MCMV DNA in verschillende organen bepaald (hoofdstuk 7). MCMV DNA kon
reeds op 1 dag na infectie in de vaatwand gedetecteerd worden. Piek niveaus
werden gedetecteerd op dag 4 ä 6 na infectie, waarna er een geleidelijke
afname kon worden waargenomen op 14 en 28 dagen na infectie. Een analoog
patroon werd gezien in het hart en in de longen. In de milt, in het bloed en in de
lever werden piek niveaus gedetecteerd op 2 dagen na infectie opgevolgd door
een geleidelijke afname op latere tijdstippen. In de beenmergcellen werden
continu läge niveaus aan MCMV gedetecteerd en in de speekselklier werden
piek niveaus pas op de latere tijdstippen gedetecteerd. De resultaten van dit
experiment tonen dus aan dat CMV zieh reeds vroeg na infectie verspreidt in
het lichaam en dat het virus aanwezig is in de vaatboom vanaf dag 1. In dit
experimentele hoofdstuk werd eveneens een vergelijking gemaakt tussen apoE"''
en normale apoE-bevattende C57BL/6J muizen met betrekking tot MCMV
gevoeligheid. Specifieke overlevingskarakteristieken van de muizen werden
vergeleken naast de hoeveelheid van MCMV DNA in de verschillende organen.
Een opmerkelijke bevinding was dat apoE'" muizen beduidend minder gevoelig
bleken te zijn voor MCMV infecties dan de C57BL/6J muis. Mogelijk is dit te
wijten aan de verhoogde basale activiteit van het immuunsysteem die
gedetecteerd werd in de apoE"'" muis.
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Concluderend kan gesteld worden dat de data, gepresenteerd in dit
proefschrift, aanleiding geven om te veronderstellen dat CMV het
atherosclerotische proces daadwerkelijk beinvloedt. Mogelijk gebeurt deze
beinvloeding via 2 mechanismen i) via een direct/lokaal effect of ii) via een
indirect/gegeneraliseerd effect. Welke van de mechanismen het belangrijkst is
en hoe ze precies werken is nog grotendeels onbekend. Verder onderzoek is
hiervoor noodzakelijk.
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