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SUMMARY

 

In acute rejection of transplanted organs intragraft fibroblasts increase their production of hyaluro-
nan. Hyaluronan has strong water binding capacity and an increased tissue content of hyaluronan thus
contributes to the development of interstitial oedema. The present study examined the effects of com-
monly used immunosuppressants (prednisolone, cyclosporin, tacrolimus, mycophenolic acid and siroli-
mus) on fibroblast proliferation, hyaluronan production and cell surface receptor expression.
Fibroblasts isolated from rejecting tissue and from normal, non-transplanted tissue were studied in
parallel. All substances investigated, except tacrolimus, were found to affect fibroblasts in one way or
another. The most striking effect was the almost total inhibition of fibroblast proliferation in the pres-
ence of mycophenolic acid. Cyclosporin reduced the proliferation by about 50% and prednisolone had
an inhibiting effect on hyaluronan production (50% reduction). These effects were observed on fibro-
blasts isolated from rat cardiac allografts undergoing rejection as well as on fibroblasts obtained from
normal heart tissue. In contrast, sirolimus was found to stimulate the proliferation of fibroblasts from
rejecting tissue (100% increase), but not that of normal fibroblasts. The majority of the fibroblasts
expressed the hyaluronan receptor CD44, with a more intense expression in cultures of fibroblasts
derived at rejection. None of the immunosuppressants affected the staining pattern (number of posi-
tive cells or intensity). The inhibitory effects of prednisolone, cyclosporin and mycophenolic acid on
fibroblasts may contribute to the overall beneficial effects of these drugs when used for prevention or
treatment of rejection.
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INTRODUCTION

 

In acute rejection of transplanted organs intragraft fibroblasts
increase their production of the glycosaminoglycan hyaluronan
[1,2]. Hyaluronan has strong water binding capacity [3], and an
increased tissue content of hyaluronan thus contributes to the
development of interstitial oedema of the grafted organ [1,4]. A
severe oedema may directly affect organ function, e.g. in heart
transplantation, or lead to increased interstitial pressure with
subsequently disturbed microcirculation and local ischaemia as
a consequence. Apart from these effects, which can be attrib-
uted to the physicochemical properties of the substance, hyalu-
ronan can also affect immunological processes. In general, these
effects are mediated through hyaluronan binding to the cell
surface receptor CD44 which is expressed, for example, by
macrophages and activated T lymphocytes. Hence, there is a co-
localization of hyaluronan and inflammatory cells in rejecting

allografts [1]. In addition, hyaluronan with a lower molecular
weight than the normal approximately 10

 

6

 

 kDa has immu-
nostimulatory effects on macrophages [5] and may up-regulate
the expression of certain adhesion molecules [6]. Such hyaluro-
nan of a lower molecular weight is found under inflammatory
conditions [7].

Fibroblast stimulating substances, e.g. platelet derived growth
factor (PDGF), are released during acute rejection. Moreover,
several cytokines directly involved in the immune activation
within the rejection process, i.e. tumour necrosis factor-

 

a

 

 (TNF-

 

a

 

), interferon-

 

g

 

 (IFN-

 

g

 

) and interleukin-2 (IL-2), have effects on
fibroblast proliferation and/or hyaluronan production [2].

Because immunosuppressive drugs are used both for the pre-
vention and treatment of acute rejection it was of interest to study
the effects of these drugs on fibroblasts. In the present study five
commonly used immunosuppressive substances (prednisolone,
cyclosporin, tacrolimus, mycophenolic acid and sirolimus) were
evaluated in terms of fibroblast proliferation, hyaluronan produc-
tion and cell surface receptor expression. Fibroblasts isolated
from rejecting tissue were studied in parallel with fibroblasts iso-
lated from normal, non-rejecting tissue.
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MATERIALS AND METHODS

 

Heart transplantation

 

Heterotopic heart transplantations were performed using male
DA (RT1

 

a

 

) rats as donors and male Lewis (RT1

 

l

 

) rats as recipients
(allogeneic transplantation) or male Wistar/Kyoto (RT1

 

lv

 

) rats as
donors and recipients (syngeneic transplantation). The animals
were obtained from M&B (Skensved, Denmark) and were
allowed to settle for at least 1 week before operation, given free
access to food and water. Anaesthesia was induced by intraperi-
toneal injection with a mixture of chloral hydrate (180 mg/kg
body weight), pentobarbital (40 mg/kg body weight) and magne-
sium sulphate (90 mg/kg body weight). The regional ethical com-
mittee approved the experiments and all animals received
humane care in compliance with 

 

The Guide for the Care and Use
of Laboratory Animals

 

 published by the National Institutes of
Health (NIH Publication 85–23, revised 1985).

The donor heart was transplanted to the neck vessels of the
recipient using a cuff technique. In brief, the right carotid artery
and the right jugular vein were dissected free, cross-clamped cau-
dally and cut cranially. Short plastic tubes were placed around the
vessels and the vessels were then turned inside out over the tubes
and fixed with ligatures. The donor heart was anastomosed by
pulling the vessels of the graft over the tubes and fastening them
with ligatures. When the transplantation was finished a single dose
of cefuroxim (Zinacef

 

®

 

, Glaxo, Greenford, UK), 20 mg/rat, was
administered intramuscularly.

 

Isolation of fibroblasts

 

Fibroblasts were isolated from normal and transplanted tissues by
explant culture.

The grafts were harvested 5 days after transplantation; at that
time-point the rejection process is well developed with cellular
infiltration, interstitial oedema and hyaluronan accumulation [1].
The animals were anaesthetized and the transplants perfused 

 

in
situ

 

 with Dulbecco’s modified Eagle’s medium (DMEM; Sigma
Chemical, St Louis, MO, USA) containing 50 

 

m

 

g/ml gentamicin
(GM; Sigma Chemical) through the aorta. Subsequently, the
hearts were removed aseptically and placed in DMEM 

 

+

 

 genta-
mycin (GM).

The transplants were cut into approximately 50 sections which
were placed on Petri dishes, covered with DMEM 

 

+

 

 GM supple-
mented with 20% cosmic calf serum (CCS; HyClone, Logan, UT,
USA) and incubated at 37

 

∞

 

C in 5% CO

 

2

 

. Medium was changed
three times weekly. After 10 days the cells were detached by
trypsinization (0·05% trypsin 

 

+

 

 0·01% ethylenediaminetetra-
acetic acid; both from Sigma Chemical) and the outgrowing
fibroblasts transferred into 75 cm

 

2

 

 culture flasks and maintained
in DMEM 

 

+

 

 GM 

 

+

 

 15% CCS. One week later the cells were
trypsinized, centrifuged and resuspended in DMEM 

 

+

 

 GM 

 

+

 

 10%
CCS. Dimethyl sulphoxide (J. T. Baker, Deventer, Holland) was
added to a final concentration of 10% and the cells were than fro-
zen (1 

 

¥

 

 10

 

6

 

 cells/vial) and kept at 

 

-

 

150

 

∞

 

 until use.
In parallel, hearts from previously non-operated DA-rats

were removed and the biopsies further treated as above.

 

Experimental design

 

All experiments were performed on cells in the third passage. The
cells were thawed, pooled, placed in 75 cm

 

2

 

 culture flasks and
grown in DMEM 

 

+

 

 GM 

 

+

 

 15% CCS for 10 days. After trypsini-
zation, the cells were counted and plated in 12-well plates at two

different densities; 15 000 cells/well (‘subconfluent’) and 150 000
cells/well (‘confluent’). The next day, the cells were rinsed with
phosphate-buffered saline (PBS; SVA, Uppsala, Sweden) and
subjected to serum-starvation by the addition of DMEM 

 

+

 

 GM
containing only 0·5% CCS. Three days later the low-serum con-
taining medium was replaced with 1 ml DMEM 

 

+

 

 GM 

 

+

 

 5%CCS.
Fifty 

 

m

 

l of the various immunosuppressive drugs at various con-
centrations (or 50 

 

m

 

l medium) were then added to each well.
Experiments for the analyses of proliferation and hyaluronan

production were set up separately.

 

Immunosuppressive drugs

 

Prednisolone (Sigma Chemical) was dissolved in ethanol to a con-
centration of 10 mg/ml, aliquoted and stored at 

 

-

 

20

 

∞

 

C until use.
The stock solution was further diluted in DMEM 

 

+

 

 GM and the
drug was used at concentrations of 0·1, 1, 5, 10, 50, 100 and
1000 ng/ml.

Cyclosporin (Sandimmun

 

®

 

; Novartis, Basel, Switzerland) was
diluted in DMEM 

 

+

 

 GM and used at concentrations of 5, 10, 100,
500, 1000 and 10 000 ng/ml.

Tacrolimus (FK-506; Fujisawa Pharmaceutical Co., Osaka,
Japan) in powder form was dissolved in Tween 80 (Merck-
Schuchardt, Hohenbrunn bei München, Germany) and methanol
(one part Tween 80 and two parts methanol) to a final concentra-
tion of 13·3 mg/ml. Further dilutions were performed in DMEM 

 

+

 

GM and the drug was studied at concentrations of 0·05, 0·1, 1, 5,
10, 50 and 100 ng/ml.

Mycophenolic acid (Sigma Chemical) was dissolved in meth-
anol to a concentration of 10 mg/ml, diluted further in DMEM 

 

+

 

GM and used at concentrations of 1, 10, 50, 100, 500, 1000 and
5000 ng/ml.

Sirolimus (rapamycin; Sigma Chemical) was dissolved in dim-
ethyl sulphoxide (J. T. Baker) to a concentration of 1 mg/ml, ali-
quoted and stored at 

 

-

 

20

 

∞

 

C until use. The stock solution was
further diluted in DMEM 

 

+

 

 GM and the drug was used at con-
centrations of 0·05, 0·1, 0·5, 1, 10, 100 and 500 ng/ml.

 

Proliferation assay

 

Fibroblast proliferation was determined by [

 

3

 

H]-thymidine incor-
poration. One day after the addition of immunosuppressants
100 

 

m

 

l methyl-[

 

3

 

H]-thymidine (Amersham Pharmacia Biotech,
Uppsala Sweden), diluted in DMEM 

 

+

 

 GM, were added to each
well at a concentration of 10 

 

m

 

Ci/ml (i.e. 1 

 

m

 

Ci/well). Controls
consisted of wells with cells but without methyl-[

 

3

 

H]-thymidine,
and wells with methyl-[

 

3

 

H]-thymidine but without cells. After
overnight incubation the cells were trypsinized and transferred to
96-well filter plates (MultiScreen

 

®

 

; Millipore, Molsheim, France)
and washed first with PBS and subsequently with 95% ethanol.
After drying at 37

 

∞

 

C, 25 

 

m

 

l scintillation cocktail (OptiPhase
SuperMix; Fisher Chemicals, Loughborough Leics, UK) were
added to the wells and the radioactivity measured in a beta
counter.

 

Hyaluronan production

 

Two days after the addition of immunosuppressants the superna-
tants were harvested and frozen for subsequent analysis of hyalu-
ronan content.

Hyaluronan was analysed using a radiometric assay
(Pharmacia & Upjohn Diagnostics, Uppsala, Sweden). The
technique is based on the binding of hyaluronan to specific
hyaluronic acid binding proteins (HABP). Briefly, the sample
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was incubated for 60 min at 4–7

 

∞

 

C with [

 

125

 

I]-labelled HABP.
Sepharose-coupled hyaluronan was added, and the incubation
continued for 45 min at the same temperature. Washing solu-
tion was added and the tubes centrifuged at 2000 

 

g

 

 for 10 min.
After decantation, the radioactivity in the pellet was measured
in a gamma counter. A standard curve was constructed from
samples with known amounts of hyaluronan. The supernatants
from cells cultured at high density (150 000 cells/well) were
diluted 11 times in the standard 0-solution, supplied by the
manufacturer, before analysis.

 

Counting of cells

 

When the supernatants had been frozen for subsequent hyaluro-
nan analysis, the fibroblasts were, in at least one experiment for
each drug, trypsinized and counted in a Coulter counter. This was
performed to ensure that there was no direct cytotoxic effect of
the immunosuppressive substances.

 

Immunohistochemical stainings

 

To be able to perform immunohistochemical stainings, fibroblasts
from normal and rejecting tissue were grown on cover slips
(20 mm 

 

¥

 

 20 mm). A total of 3000 fibroblasts in 100 

 

m

 

l DMEM 

 

+

 

GM 

 

+

 

 15% CCS were placed on each coverslip. After overnight
incubation the medium was replaced with starvation medium
(DMEM 

 

+

 

 GM 

 

+

 

 0·5% CCS) and the incubation continued for 3
more days. At that time-point the cells were exposed to the var-
ious immunosuppressive drugs, either prednisolone (100 ng/ml),
cyclosporin (5000 ng/ml), tacrolimus (50 ng/ml), mycophenolic
acid (1000 ng/ml) or sirolimus (100 ng/ml). Two days later the
fibroblasts were washed in PBS and thereafter fixed in methanol
(15 min), air-dried and frozen (

 

-

 

70

 

∞

 

C).
Immunohistochemical stainings were performed using a per-

oxidase–antiperoxidase (PAP) technique. In brief, the sections
were incubated in 0·3% H

 

2

 

O

 

2

 

 in PBS to inhibit endogenous
peroxidase and thereafter with normal goat serum (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) to pre-
vent non-specific background staining before incubation with the
primary antibody. A secondary antibody, goat antimouse IgG
(Jackson ImmunoResearch Laboratories), was used and added in
excess. Then, the sections were incubated with horseradish per-
oxidase–mouse antiperoxidase (Dakopatts, Glostrup, Denmark).
Finally, H

 

2

 

O

 

2

 

 as substrate and 3-amino-9-ethyl-carbazole (AEC)
as electron donor were added to react with the horseradish per-
oxidase. Counterstaining was performed with Mayer’s haematox-
ylin. Negative controls were obtained by omitting the primary
antibody. Positive controls consisted of 6 

 

m

 

m thick acetone-fixed
cryostat sections of frozen biopsies of rejecting heart tissue.

The following monoclonal antibodies were used as primary
antibodies: OX50 (reacts with CD44 positive cells), OX6 (reacts
with MHC class II positive cells), OX8 (reacts with CD8 posi-
tive cells, W3/25 (reacts with CD4 positive cells), OX39 (reacts
with IL-2 receptor positive cells) and VIM 13·2 (reacts with
vimentin 

 

-

 

 an intermediate filament protein of, e.g. fibroblasts).
All antibodies were acquired from Serotec (Oxford, UK),
except for VIM 13·2, which was purchased from Sigma Chemi-
cal. The slides were evaluated blindly according to a four-step
scale depending on the percentage of cells staining positive for
the various antibodies: 

 

+

 

 

 

+

 

 

 

+

 

 (100% positive), 

 

+

 

 

 

+

 

 (75–99%
positive), 

 

+

 

 (1–74% positive), – (0% positive). In parallel, the
stain of the individual cell was judged as strong (

 

+

 

), weak (

 

+

 

/–)
or negative (–).

 

Statistics

 

The results are shown as means and standard errors of the mean
(s.e.m.) of the different experiments (

 

n

 

 

 

=

 

 3–5). Every experiment
consisted of triplicates. The data are related to the proliferation
and hyaluronan concentration, respectively, of cells not exposed
to any immunosuppressive drugs, which are set to 100%. Multiple
comparisons between data were performed by analysis of vari-
ance (

 

ANOVA

 

; StatView, SAS Institute Inc., Cary, NC, USA) fol-
lowed by Fisher’s protected least significant difference (PLSD)

 

post hoc

 

 test when appropriate. A 

 

P

 

 level of less than 0·05 was
regarded as statistically significant.

 

RESULTS

 

Basal hyaluronan production and proliferation

 

The hyaluronan production and proliferation of fibroblasts iso-
lated from normal and rejecting rat heart tissue have been
reported previously [2]. In brief, both parameters are elevated
markedly in fibroblasts obtained from rejecting tissue. The hyalu-
ronan production is about 65% higher in fibroblasts from reject-
ing tissue than in fibroblasts from normal tissue, both for
subconfluent and confluent cells (

 

P 

 

<

 

 0·001), whereas the prolif-
eration is increased by about 720% for subconfluent cells
(

 

P 

 

<

 

 0·01) and 235% for confluent cells (

 

P 

 

<

 

 0·001).
To ensure that the increased fibroblast activation is not only

a result of the transplantation procedure as such, also fibro-
blasts from syngeneically transplanted hearts were isolated and
studied. The proliferation of these cells were considerably lower
(

 

P 

 

<

 

 0·001) than that of fibroblasts from rejecting tissue (Fig. 1).

 

Effects of immunosuppressive drugs on fibroblast hyaluronan 
production and proliferation

 

None of the immunosuppressive substances investigated appeared
to have any direct toxic effect on fibroblasts, i.e. there was no dif-
ference in cell number at the termination of the experiments
when comparing fibroblasts exposed to the highest drug concen-
trations and fibroblasts incubated in the absence of any drug.

 

Prednisolone

 

The hyaluronan production was inhibited in the presence of
prednisolone (Fig. 2a). This effect was seen in all cultures at
prednisolone concentrations above 10 ng/ml; in normal, conflu-
ent fibroblasts the inhibitory effect was seen even at the lowest
concentration investigated, i.e. 0·1 ng/ml. Prednisolone had no
effects on the proliferation of fibroblasts (Fig. 2b), regardless of

 

Fig. 1.

 

Proliferation, measured as [

 

3

 

H]-thymidine incorporation, of con-
fluent fibroblast cultures (

 

n

 

 

 

=

 

 10). The fibroblasts were isolated either from
syngeneically or allogeneically transplanted heart tissue. ***

 

P

 

 

 

<

 

 0·001.
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source (normal or rejecting tissue) or density (confluent or
subconfluent).

 

Cyclosporin

 

In the presence of cyclosporin slightly decreased amounts of
hyaluronan were found in the supernatants of normal, confluent
fibroblasts at the highest cyclosporin concentrations investigated,
otherwise no effects on hyaluronan production were seen
(Fig. 3a). However, the proliferation of normal, confluent fibro-
blasts was inhibited, as was the proliferation of both confluent
and subconfluent fibroblasts obtained from rejecting tissue
(Fig. 3b).

 

Tacrolimus

 

Tacrolimus did not affect either hyaluronan production (Fig. 4a)
or proliferation (Fig. 4b) of confluent or subconfluent fibroblasts
obtained from normal or rejecting tissue.

 

Mycophenolic acid

 

Mycophenolic acid had no effect on hyaluronan production
(Fig. 5a), but strongly affected fibroblast proliferation (Fig. 5b).
At mycophenolic acid concentrations of 1000 and 10 000 ng/ml
the proliferation of the cells was almost totally abolished. This

effect was seen in 17 of 18 tests; the single exception was in one
experiment with non-confluent, normal fibroblasts.

 

Sirolimus

 

The fibroblast supernatant concentrations of hyaluronan were not
affected in the presence of sirolimus (Fig. 6a). However, in con-
fluent cultures of fibroblasts obtained from rejecting tissue the
proliferation was stimulated (Fig. 6b). A tendency towards
increased proliferation at low concentrations was also seen in nor-
mal fibroblasts; this was, however, not statistically significant. In
contrast, in non-confluent cultures there was a tendency (statisti-
cally non-significant) towards a decreased proliferation.

 

Immunohistochemical stainings

 

The absolute majority of the fibroblasts expressed CD44 on their
surfaces, irrespective of whether the cells were isolated form nor-
mal or rejecting hearts (Table 1). Often the staining was more
intense in cultures of fibroblasts from rejecting tissue than in
cultures of fibroblasts from normal tissue (Fig. 7). There was no

 

Fig. 2. Hyaluronan content in supernatants of confluent fibroblasts
exposed to different concentrations of prednisolone for 48 h (a) and pro-
liferation, measured as [3H]-thymidine incorporation, of confluent fibro-
blasts exposed to different concentrations of prednisolone for 48 h (b).
The fibroblasts were isolated from cardiac allografts undergoing rejection
(�) or from normal heart tissue (�). The results are mean values ± s.e.m.
of three or four different experiments where every experiment consisted
of triplicates. *P < 0·05, **P < 0·01 and ***P < 0·001 compared with hyalu-
ronan content or proliferation of fibroblasts incubated in the absence of
prednisolone.
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Fig. 3. Hyaluronan content in supernatants of confluent fibroblasts
exposed to different concentrations of cyclosporin for 48 h (a) and prolif-
eration, measured as [3H]-thymidine incorporation, of confluent fibro-
blasts exposed to different concentrations of cyclosporin for 48 h (b). The
fibroblasts were isolated from cardiac allografts undergoing rejection (�)
or from normal heart tissue (�). The results are mean values ± s.e.m. of
three or four different experiments where every experiment consisted of
triplicates. *P < 0·05, **P < 0·01 and ***P < 0·001 compared with hyaluro-
nan content or proliferation of fibroblasts incubated in the absence of
cyclosporin.
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obvious difference in the staining pattern (number of positive
cells or intensity) in the presence of any of the drugs. IL-2 recep-
tors, CD4 or MHC class II antigens were not detected in any of
the cultures. The antibody recognizing CD8, which, when applied
on frozen tissue provides a distinct staining, resulted in a diffuse
labelling of the fibroblasts, irrespective of source (normal or
rejecting tissue) or drug exposure. All cells stained positive for
vimentin.

DISCUSSION

The present study demonstrates that some of the most commonly
used immunosuppressive drugs have the capacity to directly
affect graft-derived fibroblasts. Effects were seen on fibroblast
proliferation and/or hyaluronan production. Prednisolone had a
strong inhibiting effect on hyaluronan production whereas fibro-
blast proliferation was reduced by cyclosporin, and in the pres-
ence of mycophenolic acid the proliferation was almost totally
abolished. These effects were seen on fibroblasts isolated from rat
cardiac allografts undergoing rejection as well as on fibroblasts
obtained from normal, non-transplanted heart tissue. In contrast,

Fig. 4. Hyaluronan content in supernatants of confluent fibroblasts
exposed to different concentrations of tacrolimus for 48 h (a) and prolif-
eration, measured as [3H]-thymidine incorporation, of confluent fibro-
blasts exposed to different concentrations of tacrolimus for 48 h (b). The
fibroblasts were isolated from cardiac allografts undergoing rejection (�)
or from normal heart tissue (�). The results are mean values ± s.e.m. of
three or four different experiments where every experiment consisted of
triplicates.
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Fig. 5. Hyaluronan content in supernatants of confluent fibroblasts
exposed to different concentrations of mycophenolic acid for 48 h (a) and
proliferation, measured as 3H-thymidine incorporation, of confluent fibro-
blasts exposed to different concentrations of mycophenolic acid for 48 h
(b). The fibroblasts were isolated from cardiac allografts undergoing rejec-
tion (�) or from normal heart tissue (�). The results are mean values ±
s.e.m. of three or four different experiments where every experiment con-
sisted of triplicates. **P < 0·01 and ***P < 0·001 compared with hyaluro-
nan content or proliferation of fibroblasts incubated in the absence of
mycophenolic acid.

(a)

(b)

0

50

100

150

0.1 1 10 100 1000 10 000

Mycophenolic acid (ng/ml)

H
ya

lu
ro

na
n 

(%
)

0

50

100

150

0.1 1 10 100 1000 10 000

Mycophenolic acid (ng/ml)

P
ro

lif
er

at
io

n 
(%

)

***
***

***  ***

Table 1. Immunohistochemical stainings of fibroblasts. Fibroblasts iso-
lated from normal heart tissue or from transplanted hearts undergoing 
rejection were grown on coverslips, fixed and stained. The slides were 

evaluated blindly according to a four-step scale depending on the 
percentage of cells staining positive for the various antibodies: 

+ + + (100% positive), + + (75–99% positive), + (1–74% positive), 
– (0% positive). In parallel, the stain of the individual cell was judged 

as strong (+), weak (+/–) or negative (–). The table shows median values 
of three or four experiments

Number of 
positive cells Intensity

Normal Rejection Normal Rejection

CD44 ++/+++ +++ +/– +
IL-2 receptor – – – –
CD4 – – – –
MHC class II – – – –
CD8 ++ ++ +/– +/–
Vimentin +++ +++ + +
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sirolimus was found to stimulate the proliferation of fibroblasts
from rejecting tissue but not that of normal fibroblasts. Tacrolimus
was the single substance investigated where no effects were seen
on any parameter.

The immunosuppressive drugs in current use in organ trans-
plantation are more or less specific. Many of the drugs used for
maintenance therapy are generally regarded as ‘cell-specific’, e.g.
the calcineurin-inhibitors as ‘T lymphocyte-specific’ and myco-
phenolic acid as ‘lymphocyte-specific’. However, even those drugs
can affect other cell types, such as endothelial cells and kerati-
nocytes for the calcineurin-inhibitors [8,9] and vascular smooth
muscle cells and endothelial cells for mycophenolic acid [10,11].
The most unspecific substances in common use as immunosup-
pressants are the steroids, which are utilized not only for prophy-
laxis but also for therapeutic intervention at already established
rejection.

The question of whether the immunosuppressive drugs can
exert effects on fibroblasts is not just of theoretical interest, but is
probably also clinically relevant. Fibroblasts of rejecting tissue are
activated in that they have an increased proliferation rate and an

increased production of hyaluronan [2]. Local hyaluronan
accumulation has negative effects on organ viability by contrib-
uting to interstitial oedema and cell infiltration. As proof of this,
treatment with the hyaluronan-degrading enzyme hyaluronidase
leads to decreased oedema and decreased interstitial pressure as
well as reduced cell infiltration and prolonged graft survival
[4,12]. The effects on cell infiltration and graft survival are most
probably exerted through interference with the interaction
between hyaluronan and the cell surface receptor CD44. Hence,
such effects can also be obtained by treatment with low molecular
weight hyaluronan [13].

An enhanced fibroblast proliferation, resulting in increasing
numbers of cells, should also affect the tissue concentration of
other substances than hyaluronan being produced by fibroblasts.
Today there is increasing evidence of extracellular matrix pro-
teins, such as laminin and fibronectin, as being of importance in
allograft rejection [14]. Thus, local treatment with antilaminin
antibodies was recently shown to ameliorate the rejection process
[15].

In the present study it was shown that fibroblasts isolated
from rejecting tissue displayed a more intense staining for CD44
than normal fibroblasts. This finding is in agreement with that of
studies performed on human lung allografts where the fibroblast
expression of CD44 was increased in biopsies from patients with
acute rejection and/or obliterative bronchiolitis [16].

In view of the undesired effects of excessive amounts of extra-
cellular matrix substances, it would be advantageous to treat
rejection with a drug that suppresses not only the immunocom-
petent cells but also the activated fibroblasts. In contrast, an
immunosuppressive drug with stimulating effects on fibroblasts
might worsen the injuries of the tissue.

The hyaluronan concentration in supernatants of fibroblasts
isolated from an immunologically active environment was
reduced in the presence of prednisolone. This hyaluronan inhibi-
tion might, by improving the viability of the organ, contribute to
the often very good effects of steroids in the treatment of acute
rejection. Prednisolone was also found to decrease the hyaluro-
nan production of normal fibroblasts - and at lower concentra-
tions than for the already stimulated fibroblasts. This indicates
that the low dose of steroids traditionally being included in main-
tenance therapy protocols has favourable effects on fibroblasts.
Steroids have been shown previously to suppress the production
of hyaluronan in fibroblasts of other sources, e.g. synovial and
skin fibroblasts [17,18].

Hyaluronan can bind to CD44 on fibroblasts and subse-
quently become internalized and degraded [19]. Thus, a reduced
supernatant content of hyaluronan may be the result not only of
a decreased synthesis but also of an increased CD44 expression.
However, no such tendency was seen in the analysis of the immu-
nohistochemical stainings. In addition, the mRNA expression of
one of the hyaluronic acid synthases, HAS2, has in recent exper-
iments been demonstrated to be suppressed in the presence of
steroids [20].

The effects of the two calcineurin inhibitors were not similar;
tacrolimus did not affect either fibroblast proliferation or hyalu-
ronan production, whereas cyclosporin reduced proliferation.
Inhibiting effects of cyclosporin on normal fibroblasts were
observed even at the lowest concentration studied, i.e. 10 ng/ml,
thus it is unlikely that the lack of effect of tacrolimus is a conse-
quence of the drug concentrations chosen for the study. Conse-
quently, the effect of cyclosporin on cardiac fibroblasts appears to

Fig. 6. Hyaluronan content in supernatants of confluent fibroblasts
exposed to different concentrations of sirolimus for 48 h (a) and prolifer-
ation, measured as [3H]-thymidine incorporation, of confluent fibroblasts
exposed to different concentrations of sirolimus for 48 h (b). The fibro-
blasts were isolated from cardiac allografts undergoing rejection (�) or
from normal heart tissue (�). The results are mean values ± s.e.m. of three
or four different experiments where every experiment consisted of tripli-
cates. *P < 0·05 and **P < 0·01 compared with proliferation of fibroblasts
incubated in the absence of sirolimus.
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be non-calcineurin-dependent. The inhibitory effect might thus be
associated with cyclosporin binding to cyclophilin. Previous exper-
iments on cultured fibroblasts have noticed that the folding of
procollagen I is slowed down in the presence of cyclosporin [21].

Studies of cyclosporin have been performed on gingival fibro-
blasts to elucidate the mechanisms behind gingival overgrowth
during cyclosporin therapy. Most authors have concluded that
cyclosporin stimulates the proliferation of these cells [22,23]. In
addition, there are indications of increased production of extra-
cellular matrix substances, including hyaluronan [24], although it
has been proposed recently that gingival overgrowth could be
attributed to a reduced fibroblast degradation of extracellular
matrix substances [25]. In our studies on cardiac fibroblasts
obtained from normal or rejecting tissue no effects were seen on
hyaluronan production/degradation or CD44 expression.

The most striking result of our experiments was the total inhi-
bition of fibroblast proliferation in the presence of mycophenolic
acid. Because the hyaluronan levels were maintained and the
actual cell numbers not affected at this early time point, toxic
effects can be excluded. The average plasma trough level of myco-
phenolic acid in kidney-transplanted patients given a daily dose of
mycophenolic mofetil of 1·5 g for prevention of rejection is about
3 mg/ml [26]. Hence, the concentrations where we observed the
suppressed proliferation (1 and 10 mg/ml) should be biologically
relevant.

The antiproliferative effect of mycophenolic acid on vascular
smooth muscle cells has been suggested to contribute to the pos-
itive effects of the drug in preventing intimal thickening associ-
ated with chronic rejection in experimental models [27]. In
addition, a multivariate analysis of risk factors for chronic
allograft failure in about 8500 kidney-transplanted patients
treated with mycophenolic mofetil showed that the drug reduces
the risk of developing chronic allograft failure. This effect is
attributed not only to a reduced number of acute rejection epi-
sodes [28]; a reduced proliferation of intragraft fibroblasts might
very well contribute to such an effect by reducing the deposition
of extracellular matrix substances.

There are several reports on sirolimus as an inhibitor of
growth-factor induced proliferation of fibroblasts from various
sources [29–31]. In analogy, it is well known that wound healing
may be disturbed in transplanted patients treated with sirolimus.
In our study, where the fibroblasts were obtained from an immu-
nologically active environment but not stimulated further in vitro,
the proliferation was increased. Thus, our in vitro data may call for
increased surveillance of possible negative effects related to an
additional activation of fibroblasts when sirolimus is given in epi-
sodes of rejection. However, no stimulatory effects were seen on
normal fibroblasts, hence the data do not indicate a counterpro-
ductive effect of sirolimus when used for prophylaxis of rejection.

Several of the drugs investigated affected fibroblast prolifer-
ation but not hyaluronan synthesis. However, it can be speculated
that a reduced cell number will, over time, result in lower amounts
of hyaluronan being produced, even if the production rate is
maintained on a single cell basis. On the other hand, an increasing
cell number should result in higher hyaluronan levels. Similarly,
the amounts of other substances produced by fibroblasts should
also be affected by a stimulated or suppressed proliferation.

To summarize, several of the immunosuppressive drugs used
in organ transplantation have effects on fibroblasts. Suppression
of fibroblast activity might have favourable effects on graft via-
bility, which would thus contribute to the overall effects of the
drugs.
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