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Introduction

Cytomegalovirus (CMV) infection is thought to be one

of the risk factors for chronic rejection (CRX). Clinical

and experimental evidence indicates the accelerating role

of CMV infection in the development of CRX in heart,

lung and liver [1]. In renal transplantation, however,

little is known about CMV and CRX or chronic allo-

graft nephropathy (CAN), and clinical reports are con-

troversial [2]. We have previously developed an

experimental model in which rat renal allografts, after

an early inflammatory episode at 5–10 days postopera-

tively, develop CRX under triple drug immunosuppres-

sion within 40–60 days [3]. In this experimental model,

we have demonstrated that CMV prolongs and increa-

ses graft inflammation, accelerates and enhances the

development of CRX and ends up with prominent

interstitial fibrosis within 20 days [4].

The histologic findings of CRX (or CAN) are well

defined and include atherosclerosis, interstitial fibrosis,

glomerulosclerosis, multilayering of the peritubular

capillaries and tubular atrophy [5]. Growth factors,

such as platelet-derived growth factor (PDGF) and

transforming growth factor beta 1 (TGF-b) are known

to play an important role in smooth muscle cell (SMC)

proliferation and in the induction of matrix protein

synthesis. PDGF is a dimeric molecule composed of

A or B-chains, assembled in different combinations,
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Summary

Cytomegalovirus (CMV) accelerates chronic rejection (CRX) in a model of rat

kidney allograft. In this model, the expressions of transforming growth factor

beta 1 (TGF-b), platelet-derived growth factor (PDGF)-AA, PDGF-BB and con-

nective tissue growth factor (CTGF) were investigated with and without CMV.

Transplantations were performed under immunosuppression. One group of

animals was infected with CMV and the other was left uninfected. The grafts

were harvested on days 3–60 after transplantation. Growth factor proteins were

demonstrated by immunohistochemistry, and mRNAs by in situ hybridization.

A significantly more intense and earlier endothelial TGF-b (2.4 ± 0.8 vs.

1.0 ± 0.0; P < 0.05) and PDGF-AA (1.8 ± 0.4 vs. 1.0 ± 0.0; P < 0.05) expres-

sions, confirmed by mRNA hybridization, occurred in the CMV group com-

pared with the noninfected group. PDGF-BB appeared in a few inflammatory

cells only. In addition CTGF appeared earlier and has more intense in the

CMV group (2.5 ± 0.6 vs. 1.2 ± 0.5) and the number of CTGF mRNA-positive

fibroblasts (57 ± 9 vs. 3 ± 4; P < 0.05) was significantly higher. Thus, CMV

enhanced expression of TGF-b1, PDGF-AA and CTGF during the development

of CRX.
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creating PDGF-AA, PDGF-AB or PDGF-BB. PDGF-A is

expressed by both intimal and medial SMC in arteries

with chronic vascular rejection, whereas PDGF-B is

mainly located in infiltrating monocytes [6]. Upregulat-

ed expression of PDGF-A by endothelial cells has been

demonstrated in arteries during acute and CRX [6,7].

TGF-b is a multifunctional polypeptide growth factor

which plays a major role in the regulation of extracel-

lular matrix formation, fibrosis, arteriosclerosis, angio-

genesis and inflammation [8]. Involvement of TGF-b
with CRX has been observed [9]. Connective tissue

growth factor (CTGF) is one of the downstream media-

tors of TGF-b, modulating fibroblast cell growth and

extracellular matrix production. CTGF gene expression

is induced strongly by TGF-b1 but not by other growth

factors [10]. CTGF is important in renal fibrosis in

various renal diseases and renal chronic transplant

rejection [11].

In our previous study, we demonstrated that CMV infec-

tion enhanced chronic renal allograft rejection in a rat model

[4]. In the present study, the effect of CMV infection on the

development of vascular intimal thickening and fibrosis was

further investigated at the molecular level from the same

material. The expression of TGF-b1, PDGF-A and PDGF-B

andCTGF at the protein and gene levels (except for PDGF-B)

at various time points were examined in the presence of rat

CMV(RCMV).

Materials and methods

Rats

Inbred DA (RT1a) and BN (RT1n) male rats of 200–300 g

were used. The animals were fed with regular rat food

and tap water ad libitum. The animals were treated

according to the international principles of laboratory

animal care. The study was approved by the Committee

for Experimental Research of the Helsinki University Cen-

tral Hospital and the regional authorities.

Renal transplantations

Transplantations were performed in a rat strain combination

of DA fi BN, as described previously [3]. The animals were

anesthetized with midazolam (Dormicum�; Roche, Basel,

Switzerland) and fentanyl-fluanisone (Hypnorm�; Janssen,

Buckinghamshire, UK). The grafts were flushed and stored in

heparinized Euro-Collins’ solution on ice. The total ischemic

time was 30 ± 10 min. The immunosuppression consisted

of triple drug therapy of methylprednisolone (2 mg/kg),

azathioprine (2 mg/kg) and cyclosporin A (5 mg/kg) daily,

administered subcutaneously. One group of animals was

infected with RCMV and the other was left uninfected (see

below).

RCMV infection

One group of allograft recipients which also received

triple drug treatment, were infected with the RCMV

Maastricht strain by inoculation with 105 plaque-form-

ing units of RCMV intraperitoneally, 1 day after renal

transplantation. The presence of RCMV infection in the

graft was confirmed 6–7 days after inoculation by viral

culture and direct antigen detection as described for

the same material in our previous publication [4]. The

CMV-infected and noninfected rats were killed and the

grafts were harvested at different times after transplan-

tation: 3–5, 6–7, 10–14, 20, 30, 40, 50 and 60 days

postoperation. Nontransplanted normal rat kidneys

served as the day 0 control samples. The rat kidney

transplant material was the same as in our previous

publications [4,12,13].

The total number of grafts was 59; 30 rats in the

CMV-infected group and 29 rats in the noninfected

group. There were five rats in both groups harvested 3–4,

6–7 and 10–14 days after transplantation. On day 20,

there were three rats in the CMV group and four rats in

the noninfected group; on day 30, six and five rats; on

day 40, five and six rats, respectively.

Histology

Histologic examination of the graft was performed on the

explants. The specimens were fixed in normal buffered

formalin and stained with hematoxylin–eosin and Mas-

son’s trichrome. Graft histology was evaluated according

to the Banff criteria [14]. The numerical chronic allograft

damage index (CADI) was used to quantify the chronic

alterations in the graft [15]. The CADI was formed of the

six histopathological changes, characteristic of CRX, as

described previously [15]: interstitial inflammation, fibro-

sis, glomerular sclerosis, mesangial matrix increase, vascu-

lar intimal thickening and tubular atrophy. The

examination of the histologic specimens was performed

blindly by two observers.

Immunohistochemistry

The TGF-b, PDGF-AA and CTGF proteins were demon-

strated in frozen sections (3–5 lm) of the explanted grafts

by immunohistochemistry. Indirect immunoperoxidase

staining, using a polyclonal pan-specific antibody against

TGF-b (R&D Systems, Minneapolis, MN, USA), polyclo-

nal anti-PDGF-AA and PDGF-BB (Genzyme Diagnostics,

Cambridge, MA, USA) and a polyclonal antibody against

CTGF (ABcam Limited, Cambridge, UK) was used. Before

staining, the sections were treated with chloroform to

eliminate nonspecific reactions as a result of endogenous
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peroxidase. A peroxidase-conjugated goat anti rabbit

antibody (Zymed, San Francisco, CA, USA) was used as

a secondary antibody. The reaction was revealed using

3-amino-9-ethyl carbazole solution containing hydrogen

peroxide. Mayer’s hemalum was used as a counterstain.

The intensity of the expression of each growth factor was

scored from 0 to 3.

In situ hybridization

The TGF-b1, PDGF-A and CTGF mRNA expressions

were studied by in situ hybridization on paraffin-

embedded grafts. The probe for TGF-b1 was from a

bluescript plasmid (Stratagene, La Jolla, CA, USA) con-

taining a 513-bp fragment (1260–1773 bp) of the

human TGF-b1, for PDGF-A from a bluescript plasmid

containing a 305-bp fragment (774–1078 bp) of the rat

PDGF-A and for CTGF a pRc/CMV plasmid containing

approximately, 1.0 kb fragment of human CTGF (kindly

provided by Dr G. Grotendorst, University of Miami

School of Medicine, FL, USA). In situ hybridization

was performed mainly as described previously [13].

Paraffin sections (3–5 lm) of the kidney transplants

were deparaffinized and hydrated through descending

ethanol concentrations. Sections were hybridized at

60 �C with RNA-probe. Digoxigenin-labeled probes were

detected following the methods from the DIG-detection

kit (Boehringer Mannheim, Mannheim, Germany). After

color substrate incubation, the slides were counter-

stained with hematoxylin. Staining was considered pos-

itive when seen with the antisense probe only.

Statistics

The data were expressed as mean ± SEM and Mann–

Whitney U-test was used to compare the results between

the groups. P-values of <0.05 were considered significant.

Results

Histologic findings

The CMV-infected allografts ended up with CRX, with

characteristic vascular changes and prominent interstitial

fibrosis within 20 days after transplantation. In the non-

infected grafts, CRX was seen only after 40 days. The His-

tologic findings have been described in detail in our

previous publication [4]. The Histologic changes were

examined blindly and the results were quantified and

expressed as CADI values. The CADI value in CMV-

infected allografts was significantly higher on day 6–7

(5.8 ± 0.3 vs. 2.9 ± 0.7; P < 0.01) when compared with

the noninfected allografts, because of the significantly

more intense inflammation. In CMV-infected grafts, the

CADI value (9.0 ± 0.3 vs. 5.9 ± 0.9; P < 0.05) reached its

maximum value, together with maximal histologic signs

of CRX and prominent interstitial fibrosis, on day 20. In

(b)(a)

(e)

(c)

(d) (f)

Figure 1 A clear transforming growth factor beta 1 (TGF-b) expression of the endothelial cells (arrows) in the cytomegalovirus (CMV)-infected (a)

and a faint expression in the noninfected renal allograft (b) and corresponding expressions of platelet-derived growth factor (PDGF)-AA (d and e)

on day 7 after transplantation demonstrated by immunohistochemistry. The normal control kidneys showed no TGF-b or PDGF AA (c and f) (ori-

ginal magnification 400·).
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the noninfected allografts, the maximal CADI value was

reached on day 40, together with the histologic criteria of

CRX.

Expression of TGF-b and PDGF

In immunohistochemistry, the expression of TGF-b was

seen both in the capillary and vascular endothelium of

the grafts. In CMV-infected rats, the maximum expres-

sion of TGF-b was reached at day 3–5 and it was signifi-

cantly more intense compared with the noninfected

group in the capillaries (2.4 ± 0.4 vs. 1.0 ± 0.0; P < 0.05)

and in the vascular endothelium (2.5 ± 0.5 vs. 0.7 ± 0.3)

(Figs 1 and 2). The noninfected grafts reached a lower

peak expression of TGF-b at day 20 after transplantation

(2.0 ± 0.0 for capillaries and 2.0 ± 0.0 for vascular endo-

thelium). Moreover, the expression of PDGF-AA in the

capillaries of CMV grafts (Figs 1 and 2) peaked earlier, at

day 6 and 7, and was more intense than in the noninfected

grafts (1.8 ± 0.3 vs. 1.0 ± 0.0). The peak capillary expres-

sion of PDGF-AA in the noninfected graft was seen on

day 20 (1.5 ± 0.5) (Fig. 2). The expression of PDGF-AA

in the vascular endothelium was very faint in both groups

and there were no significant differences between the

CMV-infected and the noninfected grafts (data not

shown). The expression of PDGF-BB was seen only occa-

sionally in interstitial inflammatory cells in both groups

and there were no significant differences between the

CMV-infected and noninfected grafts (not shown). For

this reason the gene expression was not analyzed. The

capillaries and vascular endothelium in the normal

kidneys did not express TGF-b1 and PDGF-AA (Figs 1

and 2).

The expression of TGF-b1 and PDGF-A mRNA in

the capillary and in the vascular endothelium was dem-

onstrated by in situ hybridization. In CMV-infected

grafts, TGF-b1 mRNA expression was located in the

capillary and vascular endothelium, and was observed

for a longer time period than in the noninfected grafts.

In CMV-infected grafts, PDGF-A mRNA expression was

located both in the capillaries and in the vascular

endothelium during the first week after transplantation.

The expression of TGF-b1 and PDGF-A mRNA in the

normal kidneys was almost nonexistent. The expression

of TGF-b1 and PDGF-A mRNA expressions are shown

in Fig. 3.

Expression of CTGF

The CTGF protein was located in interstitial fibroblasts.

The expression of CTGF peaked earlier (at days 10–14)

and was significantly more intense in the RCMV-infected

grafts (2.5 ± 0.6 vs. 1.2 ± 0.5; P < 0.05) than in the non-

infected grafts (Figs 4a and 5). Normal kidneys demon-

strated only very faint CTGF expression in the interstitial

fibroblasts (Figs 4a and 5). The CTGF mRNA-positive

fibroblasts were located in the area of the juxtamedullary

cortex (Fig. 5). CTGF mRNA expression peaked earlier in

the CMV-infected than in the noninfected grafts. The

number of CTGF mRNA-positive interstitial cells was sig-

nificantly higher (57 ± 9 vs. 3 ± 4; P < 0.05) in the

infected animals than in the uninfected animals, on day

10–14 post-transplantation (Fig. 4b). In the normal kid-

ney only few positive interstitial fibroblasts were recorded

(Figs 4b and 5).
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Figure 2 The expression of transforming growth factor beta 1 (TGF-b)

in capillaries (a) and in vascular endothelium (b) and the expression of

platelet-derived growth factor (PDGF)-AA in capillaries (c), demonstra-

ted by immunohistochemistry. *P < 0.05.
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Discussion

We previously used the RCMV Maastricht strain to study

the effect of viral infection on the development of chronic

renal allograft rejection in the rat [4]. In this experimen-

tal model of renal transplant nephropathy, we have now

demonstrated that CMV infection enhanced and acceler-

ated the expression of endothelial TGF-b and PDGF-AA

and upregulated the corresponding gene expressions. In

CMV-infected grafts, the expression of TGF-b peaked ear-

lier and it was significantly more intense at the protein

level compared with the noninfected group. In the

CMV-infected group the expression of PDGF-A in the

capillaries peaked earlier and was more intense than in

the noninfected grafts.

TGF-b and PDGF-AA are known stimuli for SMC

migration and proliferation in experimental vascular

injury and may, in an autocrine and/or paracrine manner,

promote further intimal expansion and lesion progression

in vasculopathy [6,16]. In a previous study on a rat aorta

allograft model of CRX, RCMV infection enhanced TGF-

b expression and PDGF-BB in the vascular wall [16]. In

our study RCMV infection seems to have no effect on the

expression of PDGF-BB. Other studies suggest that

PDGF-AA plays a role in the development of intimal

lesions mediated by macrophage-derived cytokines in car-

diac allograft arteriosclerosis [16]. The importance of

arterial PDGF-AA in the development of chronic renal

allograft rejection has also been demonstrated in another

study using a rat transplant model [7].

Interstitial fibrosis is an important parameter in the

chronic renal allograft. Our present data show a strong

increase of CTGF expression at the interstitial sites in the

CMV-infected grafts. CMV enhanced the appearance of

CTGF mRNA-expressing fibroblasts in the graft. Our pre-

vious observations on the effect of CMV in the develop-

ment of interstitial fibrosis [4] can now be linked with

increased and enhanced induction of CTGF. CTGF induces

fibroblast proliferation and extracellular matrix synthesis

(b)(a)

(e)

(c)

(d) (f)

Figure 3 A strong positive signal for transforming growth factor beta 1 (TGF-b1) (a) and platelet-derived growth factor (PDGF)-A (d) mRNAs

localized in the endothelial cells (arrows) of the cytomegalovirus (CMV)-infected renal allografs demonstrated by in situ hybridization. The minor

signals seen in the non-CMV-infected grafts (b and e) and in the totally negative control kidneys (c and f) (original magnification 400·).
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Figure 4 The intensity of connective tissue growth factor (CTGF)

expression (a), demonstrated by immunohistochemistry and number

of CTGF mRNA-positive cells (b) demonstrated by in situ hybridization.

*P < 0.05.
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[10] and in our previous study, collagen synthesis was

increased in CMV-infected grafts [13].

Various mechanisms could be suggested by which

CMV infection enhances the expression of growth factors

in chronic kidney allograft rejection. We have previously

shown in the same transplant model that CMV prolongs

and increases inflammation and increases the number of

macrophages in the graft [4]. CMV enhances T-cell acti-

vation and the expression of adhesion molecules of the

vascular endothelium [12]. Increased inflammatory

response induced by CMV may stimulate the expression

of growth factors indirectly, by proinflammatory cytok-

ines such as interleukin-1 (IL-1) and tumor necrosis fac-

tor alpha (TNF-a). CMV directly induces TNF-a [17] and

upregulates IL-1b gene expression, which may lead to the

production of IL-1 by mononuclear cells [18]. These

cytokines stimulate the synthesis of PDGF-A and TGF-b
[19,20]. However, the central role of growth factors, espe-

cially TGF-b, in the pathogenesis of CMV-related chan-

ges, can also be explained by the fact that CMV infection

induces the transcription and secretion of TGF-b1 [21].

Further effects of TGF-b on fibroblasts are mediated by

CTGF [10]. In normal TGF-b-induced repair response,

CTGF expression is dependent of TGF-b [22]. However,

both in CRX and in CMV-enhanced CRX, TGF-b expres-

sion was located in vascular structures and not in fibro-

blasts, although a few interstitial TGF-b-positive single

cells were occasionally seen. In this model of CAN,

the intense CTGF expression in fibroblasts during the

development of fibrosis was possibly mediated by TGF-b,
which was not produced by fibroblasts and was due to a

paracrine effect [10].

These inflammatory phenomena, in response to injury

induced by CMV infection, may lead to endothelial cell

and SMC damage, and to the exposure of SMC to cytok-

ines and peptide growth factors, which can lead to the

enhanced intimal thickening observed in CMV-infected

allografts. Growth factors secreted by endothelia and

SMC induce the migration and proliferation of SMC dur-

ing vasculopathy. The early expression of both TGF-b
and PDGF-A in the vascular endothelium of CMV-infec-

ted grafts explains the early transplant vasculopathy. It is

thought that growth factors may, via paracrine and auto-

crine activity involve the development of vessel neointima,

besides having the potential to stimulate the neighboring

SMC of the arterial vessel media to replicate or migrate

and hence promote further neointimal expansion. This

phenomenon is thus enhanced by CMV. In addition the

early induction of interstitial fibrosis in our model can be

explained by the CMV-induced increase of the inflamma-

tory reaction in the graft. Inflammatory response increa-

ses many cytokines and prolonged production of these

cytokines can lead to excessive matrix accumulation and

chronic fibrosis.

In conclusion, CMV enhanced and accelerated the

expression of endothelial TGF-b1 and PDGF-AA proteins

in renal allografts ending up with CRX. Our results sug-

gest that the CMV-associated enhancement of CAN is

(b)(a)

(e)

(c)

(d) (f)

Figure 5 A strong positive expression of connective tissue growth factor (CTGF) in the interstitial fibroblasts (arrow) of the cytomegalovirus

(CMV)-infected renal allografts (a), a weak expression in the non-CMV-infected renal allografts (b) and no expression in the control kidney (c)

demonstrated by immunohistochemistry (original magnification 1000·). A strong positive signal for CTGF mRNA in numerous interstitial fibroblasts

of CMV-infected allografts (d), a weaker positive signal for CTGF mRNA in a few interstitial fibroblasts of non-CMV graft (e) and no expression in

the control kidney (f) demonstrated by in situ hybridization (original magnification 400·).
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mediated by TGF-b1 and the PDGF A-chain. CMV also

enhances fibroblast CTGF expression in the graft during

the development of interstitial fibrosis.
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