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Abstract

Inbred DA(AG-B4, RT1 a) and WF(AG-B2, RT1') rats were
used as donors and recipients of aortic allografts. The recipient
rats were inoculated i.p. either on day 1 (early infection) or on
day 60 (late infection) with iOs plaque-forming units of rat
cytomegalovirus (RCMV). The control rats were left nonin-
fected. The presence of viral infection was demonstrated by
plaque assays from biopsies of the salivary glands, liver, and
spleen at sacrifice. The rats received 300 gCi 13H Ithymidine by
i.v. injection 3 h before sacrifice, and the grafts were removed at
various time points for histology, immunohistochemistry, and
autoradiography. RCMVinfection significantly enhanced the
generation of allograft arteriosclerosis. Infection at the time of
transplantation had two important effects. First, the infection
was associated with an early, prominent inflammatory episode
and proliferation of inflammatory cells in the allograft adventi-
tia. Second, the viral infection doubled the proliferation rate of
smooth muscle cells and the arteriosclerotic alterations in the
intima. In late infection the impact of RCMVinfection on the
allograft histology was nearly nonexistent. RCMVinfection
showed no effect in syngeneic grafts. These results suggest that
early infection is more important to the generation of acceler-
ated allograft arteriosclerosis than late infection, and that an
acute alloimmune response must be associated with virus infec-
tion, to induce accelerated allograft arteriosclerosis. RCMV-
infected aortic allografts, as described here, provide the first
experimental model to investigate the interaction between the
virus and the vascular wall of the transplant. (J. Clin. Invest.
1993. 92:549-558.) Key words: chronic rejection * cytomegalo-
virus * heart * transplantation

Introduction

Cardiac transplantation is the only method currently available
to return patients with end-stage heart disease to normal life.
Within the past decade, short-term survival rates after heart
transplantation have impressively improved, the 1-yr survival
rate now being 85%. Despite the substantial improvement in
early survival, the percentage of late death has not significantly
reduced ( 1).
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Accelerated allograft arteriosclerosis, i.e., chronic rejection,
has emerged as a major factor affecting cardiac allograft sur-
vival in the long run (2, 3). It is the main cause of death after
the first posttransplant year. In coronary angiography, the inci-
dence of cardiac allograft arteriosclerosis is between 6% and
18% at 1 yr, 23% at 2 yr, and 50% at 5 yr (4, 5), with angio-
graphic underestimation of this disorder in some patients (6).
This phenomenon is probably due to several risk factors, such
as humoral and cellular immune injury, hyperlipidemia, and
infections (7-10).

Cytomegalovirus (CMV)' infection is an important cause
of morbidity and mortality among heart allograft recipients
( 11). There is also strong clinical evidence indicating the role
of CMVinfection in the pathogenesis of cardiac allograft arte-
riosclerosis (12-14). In addition, CMVnucleic acids have
been identified in the coronary arteries of heart transplant recip-
ients with severe accelerated allograft arteriosclerosis ( 15). Fur-
thermore, the possible role of herpesviruses ( 16), in particular
CMV( 17-19), in the pathogenesis of classical atherosclerosis
has been substantiated in recent studies (20).

As of now, no experimental animal model has been avail-
able to investigate the pathophysiology of CMVinfection in
the vascular wall of the transplant. Nonimmunosuppressed
aortic allografts exchanged between major and minor histoin-
compatible rat strains develop, with time, arteriosclerotic alter-
ations which are virtually indistinguishable from those oW
served during chronic cardiac rejection in humans (21 ). In this
article we describe the first experimental animal model to study
the pathophysiology of virus infection in the vascular wall of
the transplant, by demonstrating that rat CMV(RCMV) infec-
tion (22, 23) significantly enhances experimental allograft arte-
riosclerosis.

Methods

Experimental animals. Inbred DA(AG-B4, RTlI) and WF(AG-B2,
RT1 V) rat strains were used as donors and recipients, respectively. The
animals were purchased from the Zentralinstitut fur Versuchstierzucht
(Hannover, FRG). They were 2-3 moof age, and weighed 200-300 g.
The rats were fed with regular rat food (altromin, Standard Diott, Chr.
Petersen A/S, Ringsted, Denmark), and water ad libitum.

All animals received humane care in compliance with the Princi-
ples of Laboratory Animal Care and the Guidefor the Care and Use of
LaboratoryAnimals prepared and formulated by the Institute of Labo-
ratory Animal Resources and published by the National Institutes of
Health (NIH Publication No. 86-23, revised 1985).

Heterotopic aortic allografts. An approximately 3-cm-long segment
of descending thoracic aorta was removed, thoroughly perfused with
PBS, and used as a transplant as described previously (21 ). End-to-end

1. Abbreviations used in this paper: CMV, cytomegalovirus; IP, im-
munoperoxidase; LCA, leukocyte commonantigen; PSU, point score

unit; RCMV, rat CMV.
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anastomosis was performed using 9-0 continuous nylon suture. The
graft was transplanted into heterotopic position below renal arteries
and above bifurcation, forming a loop in the recipient abdominal cav-
ity. Total ischemic time varied from 45 to 60 min, during which time
the graft was kept in an ice bath of +40C for 15 min. The animals were
anaesthetized with choral hydrate 240 mg/kg i.p., and were given 0.25
mg/kg buprenorphine s.c. (Temgesic; Reckitt & Colman, Hull, UK)
for postoperative pain relief. Strain combinations DAto DAand DAto
WFwere used for syngeneic and allogeneic transplantations, respec-
tively. The grafts were removed at 7 and 14 d, and 1, 3, and 6 moafter
transplantation in the early infection group, and at 7 and 14 d, and 1
and 4 mo after infection in the late infection group (see below). The
control rats were killed at 7 and 14 d, and 1, 2, 3, 6, and 12 mo after
transplantation. Usually five successful transplantations were included
in each time point. All grafts were processed for histology and autoradi-
ography.

RCMV. RCMVMaastricht strain (22, 23) was passaged by infect-
ing rat embryo fibroblasts, prepared from 17-d-old DA rat embryos.
The cells were cultured in flasks containing modified Eagle's MEM
(Flow Laboratories, Irvine, UK) supplemented with 200 mML-gluta-
mine (Northumbria Biologicals Ltd., Cramlington, UK), 10,000 IU/
ml penicillin/ 1,000 Mg/ml streptomycin solution (Gibco Ltd., Paisley,
UK) and 2% FCS (Gibco Ltd.) according to standard viral culture
techniques (24). The stocks of virus were stored at -70'C until use.

RCMVinfection in the transplant recipient. Recipient rats were
inoculated i.p. with I05 plaque-forming units (PFU) of RCMVeither
on the 1st posttransplant day (early infection group), or on the 60th
posttransplant day (late infection group). The control rats were left
noninfected. The infected and noninfected rats were kept in separate
colonies with otherwise similar diet and conditions.

Plaque assays for the quantitation of viral stock. Quantitation of
infectious virus was done by plaque assays, using a modification of the
method described by Wentworth and French (25), and Bruggeman et
al. (22). Confluent rat embryo fibroblast cell monolayers were infected
with 200 Ml of the appropriate virus dilution and incubated for 90 min
at 37°C in a 5%CO2incubator. After the incubation, infected cells were
covered with 1 ml of DME(Biological Industries, Kibbutz Beth, Hae-
mek, Israel) with final concentration of 0.25% agar (Bacto-Agar, Difco,
Inc., Detroit, MI). After an incubation of 7 d the cells were fixed with
10% formaline for one night at room temperature. After the fixation,
the solid base layer was removed, the cell monolayers were stained with
1% aqueous crystal violet, and the plaques were counted.

Plaque assay for the demonstration of RCMVinfection. The biop-
sies from salivary glands, liver, and spleen were taken aseptically in
culture medium (as above) at sacrifice, and stored at -70°C for plaque
assays. In short, organs were homogenized in a tissue grinder and sus-
pended in MEMwith 2% FCS. Quantitation of infectious virus was
done by plaque assays as described (22). For this purpose 10-fold
dilutions of 10% homogenates (wt/vol) were inoculated on confluent
rat embryo fibroblast monolayers. After an incubation of 7 d, the num-
ber of plaques was monitored microscopically after methylene blue
staining.

Immunoperoxidase staining for RCMVantigen detection. Forma-
line-fixed paraffin sections, 4 Mmthick, were stained with monoclonal
antibodies, directed against early and late antigens of the virus, to de-
tect RCMVantigens in the vascular wall (26, 27).

Histological specimens and staining. A segment of the graft was
fixed in 10% buffered formaline, embedded in paraffin, and examined
histologically after sectioning and staining with Mayer's hematoxylin-
eosin. Cross sections were prepared for evaluation of circular changes
in the graft. Aortas of nontransplanted rats and thoracic aortas of the
recipients were used as controls. There was no difference, whether in
situ fixation was performed or not.

Quantitation of histology in rat aortic transplants. The morphologi-
cal changes were quantitated according to standard morphometric prin-
ciples (28), and are expressed as point score units (PSU), i.e., mean

number of points falling over a given anatomical area using straight,
cross-sectional lines, and a 0.02-mm grid. The number of cell nuclei

and the thickness in the different layers of aorta, i.e., adventitia, media,
and intima, separated from each other by intimal and external elastic
lamina, were evaluated. The mean (±SEM) was used as final scores.

In vivo labeling and autoradiography. All rats received 300 MCi of
(methyl-3H]thymidine (IHH]TdR; Amersham International plc,
Amersham, UK) by i.v. injection via dorsalis penis (males) or femora-
lis (females) vein 3 h before sacrifice. The histology was processed from
paraffin sections, emulsion film autoradiography (Ilford L.4; Ilford,
Mobberley, Cheshire, UK) was performed, and the labeling of the ad-
ventitial, media, and intimal nuclei in the aortic wall of the infected
ones was compared with that of noninfected rats. The results were
quantitated as the number of [3H]TdR labeled nuclei in the adventitia,
media, and intima using cross-sectional areas of the aorta.

Immunohistochemistry. Frozen and formaline-fixed 3-4-Mm-thick
paraffine sections of aortic allografts were stained with immunoperoxi-
dase (IP) technique at the time point of 1 mo using monoclonal anti-
bodies to leukocyte commonantigen (LCA, OX 1; Sera Lab, Sussex,
UK) and a-smooth muscle actin (Bio-Makor, Rehovot, Israel). The
sections were stained using the two-layer indirect IP technique (21 ).
The sections were incubated with monoclonal antibodies, washed, and
incubated consecutively with peroxidase-conjugated rabbit anti-
mouse Ig and goat anti-rabbit Ig, followed by treatment with the sub-
strate solution containing the chromogen 3-amino-9-ethylcarbazole.
Hydrogen peroxidase was added to the 3-amino-9-ethylcarbazole solu-
tion immediately before use. The specimens were counterstained with
hematoxylin-eosin and aquamounted.

Statistical methods. All data are expressed as mean±SEM, if not
otherwise indicated. The Mann-Whitney U test (Z corrected for ties)
(29) was used to evaluate the significances of histological and autora-
diographic changes between infected and noninfected allografts at cer-
tain time points. The linear regression analysis (30, 31 ) was applied to
evaluate the significances of histological changes between infected and
noninfected allografts within time intervals. Here, the statistical differ-
ence between regression coefficients (slopes) of linear plots have been
calculated. Linear regression analysis made it possible to use large sam-
ple sizes compared to Mann-Whitney U test. It was not applied to
autoradiographs of these groups owing to the shapes of the curves and
hence small sample sizes. P values < 0.05 were regarded as statistically
significant.

Results

CMVinfection in the transplant recipient
Aortic allografts were transplanted from the DA to the WF
strain (allogeneic), or for control from the DAto the DAstrain
(syngeneic). Both types of recipients were infected with l0
PFU of RCMVon day 1 (early infection), but only allografts
on day 60 (late infection). A group of allograft and syngeneic
graft recipients was left noninfected and used as controls.

The biology of RCMVinfection in nonimmunosuppressed
rats has previously been described in detail by Bruggeman et al.
(32). The infected rats did not show any symptoms of the
disease. Biopsies from the salivary glands were usually negative
at 7 and 14 d, but showed positivity at 1 and 3 moafter RCMV
inoculation as demonstrated by plaque assays (chronic infec-
tion). In contrast, liver and spleen were usually positive only at
7 and 14 d, and negative later on (acute systemic infection). At
6 mo all organs biopsies cultured for plaque assays were nega-
tive (latent infection).

Sporadic inflammatory cells in the adventitia of aortic allo-
grafts and native thoracic aorta were found to be RCMVanti-
gen positive by the IP technique. In syngeneic grafts no RCMV
antigen positive cells were found by IP. Mast cells, perivascular
adipose tissue, leukocytes, or small vessels in the adventitia of
the thoracic aorta in syngeneic rats were seldom positive.
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Effect of virus infection on histological changes in the
allograft
The following grafts were examined: (a) in the early infection
group, allografts were removed at 7 and 14 d, and at 1, 3, and 6
mo after transplantation, and (b) in the late infection group
allografts were removed at 7 and 14 d, and 1 and 4 mo after
infection. Alterations observed in the adventitia, media, and
intima of the graft, as quantitated by standard morphometric
principles, are given below (28).

INFECTION ONTHE 1ST POSTTRANSPLANTDAY

The adventitia. The adventitia of nontransplanted normal con-
trol aorta consisted of a few cells only (0.5±0.5 PSU, ±SD),
which were mainly fibroblasts. In noninfected allografts, as
confirmed by staining with anti-LCA (21 ) there was infiltra-
tion of white inflammatory cells in the adventitia, with a peak
at 11.5±1.2 PSU at 1 mo, whereafter the inflammation de-
clined. In infected allografts (Fig. 1 a), the inflammatory epi-
sode occurred earlier with a peak at 11.6±1.5 PSU already
during the 1st week (P = 0.025 at the 1st and 2nd week). After
1 mo, the intensity of inflammation in infected allografts de-
clined to the level of noninfected allografts. The thickness of
the adventitia (Fig. 1 b) relates to inflammation and edema,

and showed approximately the same time profile as did the cell
nuclear counts.

The media. The number of cell nuclei in the media of non-
transplanted aortas was 3.1 ± 1.0 PSU (±SD). In noninfected
allografts the number of media nuclei remained within the nor-
mal values until 1 mo, and thereafter a rapid reduction of me-
dia nuclei occurred with a fall to 0.8±0.2 PSU at 3 mo. The
reduction in the number of cell nuclei was due to media necro-
sis. In infected allografts (Fig. 1 c), the medial necrosis devel-
oped in the same course as in noninfected allografts.

The medial thickness (Fig. 1 d) in control aorta was
5.0±0.4 PSU (±SD). As a consequence of the loss of medial
cell nuclei, there was a small decrease in the thickness of media,
to 4.3±0.2 and 3.7±0.2 PSU at 3 mo in noninfected and in-
fected allografts, respectively.

The intima. The luminal surface of the aortic wall is nor-
mally lined by the endothelial cell monolayer, i.e., on the aver-
age 0.9±0.2 PSU (±SD) nuclei only. The number of intimal
cell nuclei in noninfected allografts was 2.3±0.4, and 2.5±0.3
PSU at 1 and 3 mo, respectively, reaching 3.7±0.8 PSU at 6
mo. In infected allografts (Fig. 1 e), the number of cells in-
creased rapidly up to 3.6±0.7 PSUat 1 mo, but remained un-
changed at 3 mo(P < 0.05 at the 1st and 3rd months). At 6 mo
posttransplantation, there was a minor loss in the number of
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Figure 1. Effect of RCMVinfection at the time of aortic transplantation (early infection) on the generation of accelerated allograft arterioscle-

rosis. The rats were infected i.p. with 105 PFU of RCMVon day 1 after transplantation, or left noninfected, and were killed at 7 (n = 5) and

14 (n = 5) d and 1 (n = 4), 3 (n = 4), and 6 (n = 3) mo after transplantation. The corresponding numbers in control groups were 5, 3, 21, 1 1,

5, and 5. The responses are quantitated by PSU in the adventitia, media, and intima. Framed area = normal control aorta±SD. Mann-Whithey

Utest was used to evaluate the significances between the experimental and the control groups, and are indicated as follows: *P < 0.05 and **P
< 0.025. Note that the time is given in logarithmic scale, to emphasize the immediate posttransplant period.
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intimal cell nuclei in infected allografts compared with nonin-
fected ones.

The intimal thickness of normal control aortas is nonexis-
tent (0.1±0.1 PSU, ±SD). In noninfected allografts, the thick-
ness of the intima increased steadily reaching 2.7±0.3 PSUat 3
mo, and a peak of 5.5±0.7 PSUat 6 mo. In infected allografts,
intimal thickening occurred earlier (Fig. 1 f), and the differ-
ence was significant even at 3 mo with 5.2±0.9 PSU in the
infected grafts compared with noninfected controls (P < 0.05).
The enhanced increase in intimal thickness continued in in-
fected allografts, and also thereafter, though in a lesser tempo,
reaching 6.7±1.6 PSU 6 mo after transplantation. There was
cartilage and bone formation in two of five infected allografts at
6 mo; inasmuch as this distorts the morphological evaluation,
these rats have been omitted from morphological measure-
ments.

IP studies demonstrated that the rapid increase in the num-
ber of nuclei and thickness of intima at 1 mo in infected rats
was largely due to the infiltration of LCA-positive inflamma-
tory cells (histologically monocyte-macrophage lineage and

lymphoid cells) into the intima and edema, with minor prolifer-
ation of smooth muscle cells. In noninfected allografts, the inti-
mal thickening was due to smooth muscle cell proliferation, as
demonstrated also earlier by staining with a-actin antibody
(21 ) (Figs. 2 and 3). After 1 mo, the cytology of intimal prolif-
eration in infected rats resembled that of the noninfected ones.

Regression analysis. To evaluate whether the histological
changes in two groups were significantly different, an addi-
tional test, the linear regression analysis ( 30, 31 ), was applied
to groups of noninfected and infected allografts. This analysis
demonstrated (Table I) that the adventitial inflammation was
indeed significantly stronger at day 7 after transplantation in
the infected vs. noninfected allografts (P = 0.02), and that
there was no difference in the intensity of media necrosis,
whereas in the intima both the nuclear contents (P = 0.01 up to
3 mo) and the intimal thickness (P = 0.001 up to 3 mo) were
significantly more prominent in the infected grafts. This con-
firms the visual interpretation and the results of Mann-Whit-
ney Utests (indicated in Fig. 1 ) that CMVinfection enhanced
the early adventitial inflammation. It also enhanced intimal

Figure 2. A microphotograph of the vascular wall of (A) noninfected and (B) infected allograft at 1 moafter transplantation. Note the infiltration
of lymphoid cells and monocyte-macrophages into the intima and edema of the infected allograft, with minor proliferation of smooth muscle
cells as demonstrated by LCA-antibody in IP staining (not shown). In noninfected allografts (A), the intimal thickening is due to smooth muscle
cells as also demonstrated by IP staining with a-actin antibody (not shown). Abbreviations: e, endothelium; i, intima; m, media, separated by
internal and external elastic laminae (vertical arrows); a, adventitia. Hematoxylin-eosin, x400.
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proliferation up to 3 mo after transplantation, whereafter the
differences between the infected and noninfected groups lev-
eled off.

INFECTION ON THE 60TH POSTTRANSPLANTDAY

The changes in the late infection group were much less impres-
sive. The findings of this group are summarized in Fig. 4.

The adventitia. The number of adventitial nuclei in nonin-
fected allografts was 1 1.4±1.2 PSUat 2 mo. The infection with
RCMVon the 60th posttransplant day increased only slightly
the number of inflammatory cells in the adventitia up to
12.6±7.2 PSU(P = NS) in the 2nd week after infection. There-
after, the inflammatory response declined back to control allo-
graft level (Fig. 4 a). The thickness of the adventitia (Fig. 4 b)
followed approximately the same pace.

The media. There were 1.2±0.2 PSU of media nuclei in
noninfected allografts at 2 mo. In infected allografts, media
necrosis was slightly enhanced, with a fall to 0.42±0.16 PSUat
the 1st week after infection (P = NS), and it remained below
the level of noninfected allografts thereafter (Fig. 4 c). The
thickness of media followed the same time course (Fig. 4 d).

The intima. At 2 mo there were 3.1±0.4 PSUof nuclei in
noninfected allografts. The number of nuclei increased up to

3.5±0.50 PSU 14 d after infection (P = NS), but declined
thereafter to the level of control allografts (Fig. 4 e). The inti-
mal thickness of noninfected allografts was 2.9±0.2 PSUat 2
mo. There was a transient increase up to 4.4±0.3 PSU in in-
fected allografts (P = NS), whereas no difference was found
after this time point (Fig. 4 f ).

Effect of virus infection on histological changes in the
syngeneic grafts
The syngeneic grafts were examined at 7 and 14 d, and 1 and 3
mo after transplantation. Changes in the three layers of the
vessel wall were quantitated; normal values of control non-
transplanted aorta are given above. The findings of the synge-
neic grafts are summarized in Fig. 5.

The adventitia. The number of adventitial nuclei in nonin-
fected syngeneic grafts varied from 3.5±0.5 to 2.3±0.5 PSUat

7 d and 3 mo, respectively. In infected syngeneic grafts there
was a slight inflammatory episode at 7 d, but thereafter the
number of adventitial nuclei was similar to noninfected rats

(Fig. 5 a).
The media. The number of media nuclei in noninfected

and infected syngeneic grafts remained within the normal val-
ues of nontransplanted aorta (3.1 ± 1.0 PSU, ±SD) during the
whole observation period (Fig. 5 c).

The intima. In noninfected syngeneic grafts, no intimal pro-
liferation was observed. In infected syngeneic grafts, however, a
slight intimal nuclear response was recorded at 1 mo, but the
difference was not of statistical significance (Fig. 5 e). In non-
infected syngeneic grafts no intimal thickening was observed.
In infected rats, there was only a minor increase in intimal
thickness at 1 mo (Fig. 5 f ). Taken together, viral infection on
syngeneic transplants had no impact.

Effect of virus infection on the histological changes in the
nontransplanted descending thoracic aorta
No morphological alterations were observed in the native tho-
racal aorta of the infected rats.

Table I. Linear Regression Analysis for Evaluation of Tendencies ofArteriosclerotic Alterations in the Vascular Wall of Noninfected
and Infected Allografts within Different Time Intervals

DA-WF DA WF+ RCMV

Parameter Time interval No. Slope No. Slope P value

mo

Adventitial nuclei 0-0.25 10 2.8 10 35.2 0.02
0-0.5 13 4.8 15 16.8 NS
0-1 34 9.5 19 11.5 NS

Media nuclei 0.5-6 40 -0.4 16 -0.4 NS

Intimal nuclei 0-1 34 1.6 19 2.5 0.02
0-3 45 0.5 23 0.9 0.01
0-6 50 0.3 26 0.4 NS

Intimal thickness 0-1 34 1.5 19 2.0 0.01
0-3 45 0.8 23 1.7 0.001
0-6 50 0.7 26 1.2 NS

Linear regression analysis yielded the slope of the curve (regression coefficient) and the position of the slope was used to test the significances.
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Figure 4. Effect of RCMVinfection on the generation of allograft arteriosclerosis, when the virus was inoculated i.p. 60 d after transplantation.
The rats were killed 7 (n = 3) and 14 (n = 3) d, and 1 (n = 3) and 4 (n = 3) moafter RCMVinfection. The corresponding numbers of the
control group were 5, 3, 21, 22, 11, 5, and 3. The responses are quantitated by PSUin the adventitia, media, and intima. For explanation of
symbols, see the text of Fig. 1.

Impact of virus infection on cell proliferation in the
vascular wall
All rats received ['H]TdR before sacrifice. The autoradio-
grams were performed from paraffin sections, and the prolifera-
tion was quantitated as the number of ['H ] TdR-labeled nuclei
per cross section.

Adventitial cellproliferation. In noninfected allografts there
was an increase in the number of ['H ] TdR-incorporating cells
in the adventitia, from 0 to 88±3 cells at the 1st week, and to
225±25 cells at 1 mo. The high level of white cell proliferation
in the adventitia lasted for 3 mo, and declined thereafter. In
infected allografts there was a more rapid and intensive peak of
white cell proliferation at the 1st posttransplant week 227±21
(P < 0.05). Thereafter the proliferative response declined grad-
ually, returning to the level of noninfected allografts, and de-
clining even below that after 1 mo(P < 0.025 at 1 and 3 mo, P
< 0.05 at 6 mo) (Fig. 6 a).

Media cell proliferation. There was also an increase in the
number of ['H]TdR incorporating cells in the media of non-

infected allografts lasting for 1-3 mo. In infected allografts,
the increase was more prominent at the 1st and 2nd weeks
(P < 0.05 at 1 wk, P < 0.025 at 2 wk), but declined thereafter
(Fig. 6 b).

Intimal cell proliferation. Proliferating cells in the intima of
noninfected allografts were first observed after 2 wk. Thereaf-
ter, the proliferative response in the intima continued at least
for 6 mo, i.e., to the end of the observation time. In infected

allografts, the intimal cell proliferation was more intensive
throughout the observation time (P < 0.025 at 1 wk; thereafter
NS) (Fig. 6 c).

Cell proliferation in late infection group and syngeneic
grafts. Cell proliferation in the late infection group and synge-
neic grafts did not differ from that of noninfected transplants,
neither did the histological response to viral infection (Figs. 7
and 8).

Discussion

Strong clinical evidence has been recently provided that CMV
infection enhances cardiac allograft arteriosclerosis in human
heart allografts (12-14). In addition, an association of CMV
infection in cardiac transplant recipients with more frequent
allograft rejections and death is suggested in one of these stud-
ies (12). Furthermore, a link between viral infections, espe-
cially herpesviruses, and classical atherosclerosis is substan-
tiated by the observations of Fabricant et al. ( 16), who showed
that Marek's disease herpesvirus caused atherosclerotic lesions
in chicken which closely resembled those observed in classical
atherosclerosis in human arteries.

In this report we provide, for the first time, experimental
evidence that CMVinfection accelerates allograft arteriosclero-
sis. RCMVinfection at the time of transplantation has two

important effects on the generation of accelerated arteriosclero-
sis in aortic allografts. First, the infection is associated with an
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Figure S. Effect of RCMVinfection at the time of aortic transplantation on syngeneic grafts. The rats were infected i.p. with 10' PFU of RCMV
on day 1 after transplantation, or left noninfected, and killed at 7 (n = 3) and 14 (n = 3) d and 1 (n = 3) and 3 (n = 3) moafter transplantation.
The corresponding numbers of the control group were 3, 0, 8, and 10. The responses are quantitated by PSUin the adventitia, media, and
intima. For explanation of symbols, see the text of Fig. 1.

early prominent inflammatory episode and proliferation of in-
flammatory cells in the allograft adventitia. Second, the viral
infection doubled the proliferation of smooth muscle cells and
the arteriosclerotic alterations in the intima. Weconsider the
accelerated intimal changes, which have been observed only in
virus-infected allografts, to be due to the early prominent in-
flammation in the arterial wall. The specificity of the early
replicating lymphoid cell populations in the allograft infiltrate
have not yet been defined.

If the timepoint of infection is postponed by 2 mo, the
impact of RCMVinfection on the allograft histological
changes is small. This is also the case if syngeneic grafts are

infected with RCMVat the time of transplantation. Thus, an

acute alloimmune response must be associated with virus in-
fection, to induce accelerated allograft arteriosclerosis. Our
studies in CMVinfected human heart allografts have demon-
strated that a similar inflammatory response, subendothelial
lymphocytosis, in vessel walls with alterations of small intra-
myocardial arterioles leading to narrowing of the vascular lu-
men of the graft were related to CMVinfection (33).

What would then be the plausible mechanisms whereby
CMVinfection enhances allograft arteriosclerosis? CMVis ca-

pable of infecting components of the vascular wall, in particu-
lar, endothelial cells (34-36) and smooth muscle cells (37).
Like all other herpesviruses, CMVis able to turn into the latent
state after acute infection. In latent CMVinfection of smooth
muscle cells ( 19), detected by tracing viral genes and antigens

( 17, 18), the virus may transform the smooth muscle cells by
incorporating into the cell genome, and induce local prolifera-
tion and changes in cellular metabolism of these cells, e.g.,
production of different growth factors, without destroying
them (38-40). These possibilities will be considered in an sepa-
rate communication.

Early CMVinfection significantly enhanced the early ad-
ventitial inflammatory episode. During acute CMVinfection,
enhancement of several molecular inflammatory cascades may
take place. Studies in the aortic allograft model (41) demon-
strate that, during the induction of allograft arteriosclerosis in
the absence of CMVvirus, several cytokines (including IL-1
and ay-interferon) and growth factors (including epidermal
growth factor, insulinlike growth factor- and platelet-derived
growth factor) are prominently expressed in the vascular wall
both on the peptide and the mRNAlevel, although the levels of
eicosanoids are not altered. In addition, this latent infection
may prolong the inflammatory responses so that the cell com-

ponents of the vascular wall may be under continuous influ-
ence of different cytokines.

Studies with mouse CMVhave suggested that natural killer
cells have an important role in limiting acute CMVinfection
(42). It was further noticed that two kinds of cytotoxic T cells
were produced against immediate and late antigens produced
during acute mouse CMVinfection (43, 44). In addition,
CMV, like other herpesviruses, induces the expression of IgG
Fc receptors on the virus-infected cells (45), and thus allows
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Figure 6. Autoradiograms for proliferating cells in the three layers of
allograft vascular wall, when the virus was inoculated i.p. at the time
of transplantation. All rats received [3H]TdR i.v. 3 h before sacrifice.
The autoradiograms were quantitated as the number of thymidine
incorporating nuclei in cross sections of different layers of aorta.
There was no proliferation in nontransplanted aortas. Noninfected
DA-WFallografts±SEM (n = 3, 5, 4, 3, 3, and 3); RCMV-infected
allografts±SEM (n = 5, 4, 4, 5, and 3). Mann-Whithey U test was
used to test significances between the experimental and the control
groups, and are indicated as follows: *P < 0.05 and **P < 0.025.
Note that the time is given in logarithmic scale, to emphasize the im-
mediate posttransplant period.
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Figure 7. Autoradiograms for proliferating cells in the three layers of
allograft vascular wall, when the virus was inoculated i.p. 2 moafter
transplantation. For explanation of symbols, see the legend to Fig. 6.

interaction with granulocytes (46), leading to cell damage
through enzyme release and oxygen radicals. Furthermore,
human CMVinfection up-regulates IL-1,8 gene expression
leading to increased production of IL-1 by monocyte-macro-
phage cell lineage, and to enhancement of inflammatory re-
sponses (47).

The immediate early gene of human CMVis able to code
for a protein that has sequence homology and immunologic
cross-reactivity with HLA-DR 13 chain, thus possibly enhanc-
ing alloimmune responses to donor antigens (48). CMValso
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Proliferating response of smooth muscle cells in RCMV
infected and noninfected allografts seems to be a self-limiting
process. As clearly seen in autoradiograms, in noninfected allo-
grafts the proliferation of smooth muscle cells in the intima
declines close to zero level at 10-12 mo after transplantation,
whereas in RCMV-infected allografts, where the response takes
place earlier and is more intense, the proliferation stops already
at 5-6 moafter transplantation. After this time point, the histo-
logical lesion also stops progressing, but plateaus off. Hayflick
(51) 20 yr ago described how human diploid cell strains have a
limited in vitro lifetime. Ross et al. (52) demonstrated in their
experiments that smooth muscle cells derived from advanced
atherosclerotic lesions of the superficial femoral artery have a
limited capacity for cell division in vitro as compared to
smooth muscle cells derived from nonaffected areas of the un-
derlying media.

To conclude, our studies demonstrate that RCMVinfec-
tion enhances allograft arteriosclerosis in rat aortic allografts,
with the prerequisite that an acute alloimmune response and
acute virus infection coincide. When applied to the clinical
situation, the results emphasize that CMV-negative recipient
receiving a CMV-positive graft is in particularly great danger of
developing enhanced graft arteriosclerosis. Our experiments
have not yet provided any conclusive answer as to which are
the molecular mechanisms of viral infection in the vascular
wall. Tracking of viral antigens and viral genome in the graft
and descending thoracic aorta of the recipient is in progress.
This experimental animal model will make it possible, for the
first time, to investigate the pathophysiology of viral infection
in the vascular wall of transplant recipients, and enables us to
develop logistics for prophylaxis and treatment of CMV-en-
hanced allograft arteriosclerosis with antiviral regimens.
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Figure 8. Autoradiograms for proliferating cells in the three layers of
vascular wall in syngeneic grafts, when RCMVwas inoculated on

day I after transplantation. The infected rats were killed 7 (n = 3)
and 14 (n = 3) d, and 1 (n = 3) and 3 (n = 3) mo after transplanta-
tion. The corresponding number for noninfected syngeneic rats were

2, 0, 3, and 3. For explanation of symbols, see the legend to Fig. 6.

encodes a glycoprotein homologous with the heavy chain of
MHCclass-I antigens that has the ability to bind the light chain
of MHCclass-I molecule, i.e., to the 32-microglobulin (49).
These inflammatory and immunologic phenomena in re-

sponse to injury (50) induced by viral infection may lead to
endothelial cell monolayer damage, and to the exposure of
smooth muscle cells to cytokines and growth factors and to
the virus itself. These possibilities will be answered in future
studies.
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