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Abstract Effects of acute
cytomegalovirus (CMYV) infections
on transplantation-associated
atherosclerosis (TxAA) were
studied in a rat model for chronic
vascular rejection. Rats underwent
orthotopic abdominal allogeneic
aorta transplantation. Neo-intima
formation and media thinning was
quantitated by measurement of
cross-sectional surface areas (CSA)

at day 50 post transplantation (Tx).

Acute rat cytomegalovirus
(RCMYV) infection, established at
the moment of maximum intimal
proliferation and influx of in-
flammatory cells in the adventitia,

creased influx and proliferation of
smooth muscle cells (smc) in the
intima. This effect was completely
inhibited by HPMPC, a very
potent and selective inhibitor of
CMYV replication, indicating the
virus specificity of the measured
effects. Despite increased neo-
intima formation, media thinning
(“‘necrosis’’) was not affected by
RCMYV infection.
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Introduction

Cytomegalovirus (CMV) infections are a serious source
of complications among immunosuppressed transplant
recipients, having significant effects on long-term al-
lograft survival [7]. Clinical studies have shown a clear
correlation between CMYV infections, allograft rejection
and transplantation-associated atherosclerosis (TXAA)
[8-11]. Moreover, it has been demonstrated clinically
that there is a clear positive correlation between the
presence of the CMV genome in the arterial wall and
the grade of atherosclerotic changes found in non-
immunosuppressed patients [5, 6]. Recently, it has been
demonstrated that rat CMV (RCMV) cause early changes

in the wall of blood vessels strongly resembling the early
stages of atherosclerosis [15]. These changes comprise
enhanced leucocyte adhesion to the endothelium via
enhanced expression of adhesion molecules, the influx of
leucocytes into the sub-endothelial space and deposition
of fat granules. These data suggest a causative or
enhancing role of CMV on atherosclerotic processes.
During the past decade, several animal models have been
developed in which a strongly accelerated atherosclerosis
is established via injury of the arterial wall, either physico-
chemically (e.g. by balloon denudation, or prolonged
cold ischemia time), or immunologically (chronic rejec-
tion). In this study, we investigated the effect of RCMV
infections on the neo-intima formation in aortic allografts
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in a modified rat model for chronic rejection as described
by Mennander et al [11]. Since CMV infections have
frequently been associated with atherosclerotic processes
and diminished allograft survival in humans, there is a
need for a well-defined animal model to study this
phenomen. This rat model, together with the availability
of a well-defined rat CMV [1], seems to offer a good
opportunity to unravel the complex of factors that are
associated with chronic rejection and diminished al-
lograft survival, and to determine whether CMV infec-
tions plays a role.

Materials and methods

Animals

Male inbred Brown Norway (BN/M; RT,.) and Lewis (LEW/N;
RT,)) rats were obtained from our own colonies (head: Dr. A. van
den Bogaard) where animals are bred and held under specific
pathogen-free (SPF) conditions. The rats weighed 200250 g at the
time of transplantation, and were 2—3 months of age.

Transplantations

Transplantations were performed under sterile conditions from BN-
to-LEW (allogeneic) or from LEW-to-LEW (syngeneic). In short,
under ether anaesthesia, a section of the abdominal aorta of the
donor rat between the left renal artery and the bifurcation was
prepared under sterile condition, ligating all small branches with 7-0
silk. The donor rat was injected with 50 [U heparin through the
penile veine after which the aortic graft of approximately 2.5 cm was
taken out and inserted orthotopically into the recipient rat. Graft
recipients were often, but not always, operated on in groups of two
with both of their grafts obtained from the infra-renal abdominal
aorta of a single donor. The order in which these two segments were
inserted was random. The end-to-end anastomoses were sutured
with 8-0 Ethicon prolene in one continuous suture with an atrauma-
tic needle, during which procedures both ends of the recipient aorta

were approximated using an lkuta approximator (Stépler Instrus

ments b.v., Utrecht, The Netherlands) to avoid any traction. Total
ischaemia time was between 20 and 50 min, depending on the order
of insertion. The animals were anaesthetised with ether.

Experimental design

Aortic grafts, 1 cm in length, of either Lewis or BN origin were
prepared as described, and tramsplanted into non-immuno-
suppressed LEW recipients. Both groups received either no further
treatment, RCMYV infection alone, or RCMYV infection and antiviral
therpy. Counting the day of transplantation as day 0, the recipients
that received antiviral therapy were injected i. p. with the appropriate
amount of HPMPC (approx. 1 ml) on days 20 and 28. When the
recipients were infected with RCMYV, they were injected i. p. with 10°
PFU either on day 0, or days 21 and 25. All recipient rats were
sacrificed on day 50; the abdomen and thorax were opened under
ether anaesthesia, and a perfusion fixation was carried out with 3%
formaldehyde in buffered saline, containing 200 mg/l Nifedipine
through the left ventricle; the superior vena cava was cut through.
The Nifedipine was added to the perfusion fluids to obtain optimal
smooth muscle cell relaxation and, thus, vasodilatation. Prior to the
perfusion of the fixation fluid the rats were perfused with the same

Table 1 Summary of experimental groups

Group N¢ of Syngenic Treatment
rats or
allogenic
A 9 Allogenic None (Control)
B 6 Allogenic RCMYV infection on day ¢
C 6 Allogenic RCMYV infection on day 21
and 24 (10° PFU)
D 11 Allogenic RCMYV infection on day 21
and 24 (10° PFU)
Antiviral therapy on days 20
and 28 (20 mg/kg HPMPC1i.p.)
E 3 Allogenic Antiviral therapy on days 20
and 28 (20 mg/kg HPMPC)
F 6 Syngenic None (control)
G 6 Syngenic RCMYV infection on day 0
H 6 Syngenic RCMYV infection on day 0

Antiviral therapy on day —1
and 7 (20 mg/kg HPMPC)

perfusion fluid without formaldehyde until kidneys and liver turned
completely pale. Biopsies were taken of the transplants and of the
other main organs; these biopsies were divided into smaller sections
to be either frozen in isopentane on dry-ice and stored at — 70 °C, or
fixed in paraformol-lysine-periodate and embedded in paraffin. The
time chosen to sacrifice the recipient rats (day 50) was based on
previous studies [12] that show maximal increase in diameter,
changes in intima and media thickness and maximal cellular
infiltration of intima and adventitia in that period in the rat strain
combination chosen. See Table I for summary of experimental
groups.

Tissue sections and staining

Tissue sections (4- 5 u) were made of the paraffin-embedded graft
biopsies and used for histology and immunohistochemisiry. The
sections were investigated for the presence of RCMV-associated
antigens in an immunoperoxidase stain using RCMV-specific
monoclonal antibodies as described before [3]. In standard
hematoxilin-eosin-stained tissue sections, the number of infiltrating
cells was estimated as well as the total number of nuclei present in the
media and (neo)intima. On elastine-stained sections (van Gieson),
morphometric measurements were made of the surface areas of the
media and (neo)intima with the aid of a computer-assisted
morphometer.

Morphometry

Cross-sectional surface areas of media and (neo)intima were mea-
sured on elastine-stained (Gieson) 4- to 5 p-sections on a computer-
assisted Leitz morphometer (Leitz 570). The surface areas were
expressed as um?. For one section the geometric mean was -
calculated at least three measurements of both media and
(neo)intima.

“In situ hybridisation

In situ hybridisation to detect the viral genome was carried out as
described previously [16]. The probe used consisted of a mixture of
three biotin-labelled DNA fragments accounting for 23.7% of the
RCMYV genome. As negative controls, the same sections following
the same protocol but the vector instead of the probe were used, as
well as using the probe on previously proven RCMV-negative
sections.
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Antiviral therapy

(8)-1-(3-hydroxy-2-phosphonylmethoxypropyl) cytosine (HPMPC)
was synthesised by I. Rosenberg and A. Holy (Czechoslovak
Academy of Sciences, Prague, Czechoslovakia). The freeze-dried
compound was reconstituted in buffered saline to a concentration of
approximately 5 mg/ml and administered to the recipient ratsi.p. on
days 20 and 28 post transplantation at a dose of 20 mg/kg rat weight.
This dosage/scheme resulted in an effective antiviral plasma level
during the period of viraemia and possible viral replication [14, 17].

Virus

In this study, the previously described Maastricht strain of RCMV
[1] was used. The virus pools used for in vivo infection consisted of
clarified suspensions of salivary gland tissue of RCM V-infected rats,
poolno. RA31. When the recipients were infected with RCMYV, they
were injected i. p. with 10° PFU either on day 0, or days 21 and 25,
as indicated.

Statistical analysis

Results of cross-sectional surface area (CSA) measurements and
nuclear counts in different groups were statistically compared with
the aid of the Student’s t-test.

Results

Fifty transplantations were carried out successfully with-
out animal failures. Table 1 summarises the experimental
groups and numbers of transplantations carried out.

Neo-intima formation and decrease in media thickness
(Fig. 1)

As expected, control isografts (group F) showed neither
intima proliferation nor decrease in media thickness. In

the infected isograft group (group G) one out of six
showed slight neo-intima formation (0.6 x 10* um?, not
statistically significant) when recipient rats were infected
on the day of transplantation (day 0). The control (non-
infected) allograft group (group A) showed prominent
neo-intima formation and resultant decrease in media
thickness. Infection of the recipient rats on the day of
transplantation (group B) had no influence on these
processes (results not shown). However, when recipient
rats were infected on days 21 and 24 (group C), neco-
intima formation was enhanced by RCMYV infection by
32% as compared to the control group A (P — 0.03). The
difference in decrease in medial thickness between these
two groups was only 5% (P =0.23). In the allogeneic
RCMV infected group treated with an antiviral drug
{(HPMPC) around the time of infection (group D), neo-
intima formation was significantly decreased by 75%, as
compared to the infected non-treated rats (group C;
P = 0.01). The difference in neo-intima formation be-
tween group D and group A was 40% (P < 0.01).

Cellular counts (Fig. 2)

To get an impression whether the CMV-induced enhan-
ced neo-intima formation and reduced media necrosis
was due to increased smooth muscle cell (smc) prolifer-
ation (intima) and/or reduced smc necrosis (media), or
merely based on swelling and increased deposition of
extracellular matrix proteins, nuclear counts were carried
out on media and neo-intima per cross-sectional area in
n=6

n=6 n=6

Statistical analysis:
{Student t - test)
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each group. Results are shown in Fig. 2. Since infiltration
of (mononuclear) inflammatory cells appeared to be
restricted to the adventitia with hardly any infiltration of
inflammatory cells in the media or neo-intima at day 50
post transplantation, nuclear counts were made without
making attempts to differentiate between types of cells.
More than 90 % of the cells in both media and neo-intima
appeared to be smc as estimated by staining with smc-
specific monoclonal antibodies (results not shown). As
shown in Fig. 2, the amount of nuclei in the neo-intima of
aortic allografts was significantly increased in RCMV-
infected recipients as compared to non-infected controls
(P =0.01). The amount of nuclei in the allografted media
in infected recipients, as compared to non-infected con-
trols, was also significantly higher (7 = 0.004). Antiviral
therapy in the form of HPMPC had no significant
influence on the amount of nuclei in the media (P = 0.46)
but inhibited significantly the influx and/or proliferation
of cells (smc) in the intima, as compared to the infected
non-HPMPC-treated controls (P = 0.005), even to below
the levels as measured in the non-infected controls
(P =0.006).

Effects of HPMPC (Fig. 3)

As was shown in Figs. 1 and 2, after HPMPC treatment
neo-intima formation in allogeneic grafts of RCMV-
infected recipients was significantly reduced (group C
versus d; P =0.01), even to below the level of the non-
infected recipients (group A versus d; p <0.01). This
might suggest a proliferation-inhibiting effect or a direct
toxic effect of HPMPC itself. However, control experi-
ments in which recipients of allogeneic aortic grafts were
treated with HPMPC alone, without prior RCMYV infec-
tion, did not show these effects of decreased neo-intima
formation and media “‘necrosis”. Results are shown in
Fig. 3. Due to the low numbers in this control group, no
significance was reached. Differences in neo-intima for-
mation between group E (i.e. the allogeneic control
group treated solely with HPMPC without infection

with RCMV) and groups A (allogeneic control) and D
(allogeneic, RCMV-infected and HPMPC-treated) were
0.14 and 0.10 (P), respectively.

Infiltration of inflammatory cells

When measured at day 50 post transplantation, there was
an abundant mononuclear cellular infiltration predomi-
nantly in the adventitia; hardly any inflammatory cell
were observed in the media, and in the neo-intima, small
numbers of mononuclear leucocytes were occasionally
observed in the sub-endothelial space. Although not
quantitated, the cellular infiltrate was clearly enhanced by
the viral infection in the adventitia, but not in the media
and/or the neo-intima. As judged by positive BrDU
staining (results not shown), these mononuclear infiltrat-
ing cells appeared to proliferate locally. HPMPC treat-
ment of RCMV-infected recipients of aortic allografts
diminished the amount of cellular infiltration in the
grafted adventitia.

Detection of viral antigens and viral genome

At day 50 post Tx, no viral antigens or viral genome
components were detected in either the media or neo-
intima. In the adventitia, very sporadic RCMV-positive
inflammatory cells were detected gither by immunoperox-
idase staining of antigens or by in situ hybridisation for
detection of the viral genome. However, numbers were
so low that it could not be distinguished from (usually
very low) background staining.

-Discussion

The rat model used in this study is particularly appropri-
ate for studying the effects of allografting and the role of
CMYV infection in it, because of the availability of well-
characterised inbred strains and of monoclonal anti-
bodies to various markers involved in graft rejection, such
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as differentiation markers for leucocytes, and a rat CMV
strain that closely resembles human CMYV [1, 2]. Techni-
cally, transplantation of whole organs, such as hearts and
kidneys, as well as arterial grafts, are possible and have
been carried out by many researchers [2]. The results
obtained in this model of chronic rejection without
infection closely resembled those of others [13], demon-
strating the reproducibility of the model. Moreover, a
clear effect of acute RCMYV infection on these processes
involved in chronic rejection was shown by this study.
Neo-intima formation and mononuclear cellular in-
filtration in the adventitia was enhanced by the viral
infection, but only when infection was introduced during
intima proliferation, which, in the rat strain combination
used, starts around day 20 day post transplantation,
reaching its maximum at day 60 [13]. This proliferation
coincides with the amount of celiular infiltration in
(mainly) the adventitia [13]. Others, using the same
Maastricht rat strain of CMV [8], have also found
significant enhancing effects of acute RCMV on neo-
intima formation, cellular infiltration and media necrosis,
only, however, when the infection was administered at the
time of transplantation, and not thereafter. In the rat
strain combination used in those experiments (DA x WF),
although believed to represent an equal allogeneic barrier,
proliferation starts right after transplantation and re-
aches peak levels somewhat earlier on day 30. This
strongly indicates that acute CMV infection renders its
enhancing effects on chronic rejection via manipulation
of the early phases of chronic rejection. This is supported
by the fact that is none of the transplanted aorta segments
where viral antigens or viral genome components demon-
strated in the media or (neo)-intima at the time of
sacrifice, but sporadic RCMV-infected cells were demon-
strated in the adventitia. Since the effects of acute RCMV
infections coincide with the infiltration of inflammatory
cells in the adventitia, and since the amount of these
infiltrates is enhanced by the viral infection, it might be
speculated that these effects ar nor established via direct
effects on the vessel wall, but rather indirectly via
stimulated production of growth factors, cytokines and
migration-enhancing factors. In part, these factors are
produced by the stimulated and/or infected inflammatory
cells, in part, these inflammatory cells enhance the
production of these factors by other cells within the vessel
wall, e.g. endothelium, fibroblasts and smooth muscle
cells. More studies addressing these questions are under
way and will be presented soon.

It is known that many microbial components may
have aspecific effects on immunological mechanisms,

and many bacteria and viruses have statistically been

associated with diminished allograft survival. To demons-
trate that in this model, virus infection and replication are
responsible for the measured effects, prophylactic anti-
viral therapy was used. For this purpose, an antiviral
drug, HPMPC, still in the experimental phase of evalu-
ation, but with very promising results both in humans and
in animals [14, 17], was used. The compound is a
nucleotide analogue and has proven to be a potent and
selective inhibitor of both human (HCMV) and rat
cytomegalovirus (RCMYV) replication both in vivo and
vitro [14, 17]. Compared to similar already-accepted
drugs such as Ganciclovir, it has the advantage of low
toxicity (selectivity index of 1,250 in vitro and in vivo) and
very low therapeutic levels with a long half-life, requiring
administration only once a week. When HPMPC was
administered at (experimentally established) therapeutic
levels [17], the effects of RCMYV infection on both neo-
intima formation and cellular depletion of the media was
completely abolished. This clearly supported the theory
that RCMYV replication stimulates chronic rejection, since
it can be prevented by effective antiviral therapy. In this
way, the stimulatory effects of CMYV on proliferation of
both inflammatory cells and smc, possibly via infection of
a few of these cells, is effectively inhibited by HPMPC.
Apart from the antiviral effect, however, HPMPC in-
hibits neo-intima formation to a level below that of the
(non-RCM V-infected) allogeneic controls. This sugges-
ted a toxic or proliferation-inhibiting effect of the com-
pound per se. However, the administration on HPMPC
to non-infected recipients of aortic allografts did not
clearly show these effects on intima and media. More
investigations addressing the effects of HPMPC on
cellular proliferation are in progress, and results will be
presented soon.

In conclusion, chronic rejection of aortic allografts,
reflected by neo-intima formation, decrease in medial
cellularity, and infiltration plus proliferation of mononu-
clear inflammatory cells in the adventita, was enhanced
by acute cytomegalovirus infection. This was effectively
prevented by antiviral therapy in the form of HPMPC.
More studies are needed to investigate the mechanisms
underlying these effects, but it seems likely that it is
mediated via stimulation of early rejection processes.
Whatever the pharmaceutical mechanisms, as soon as
HPMPC is accepted for general use in humans, it should
be” considered as prophylactic therapy in allograft
recipients.
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