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Tissue homeostasis in skin is regulated by epithelial-
mesenchymal interactions, mostly operating via dif-
fusible factors. To study the underlying regulatory
mechanisms, in vitro systems have been established to
mimic the in vivo situation in skin. In co-cultures,
keratinocytes grow either adjacent to irradiated fi-
broblasts on plastic or on top of collagen gels con-
taining fibroblasts, thus forming 3-dimensional orga-
notypic structures. Keratinocyte growth is supported
in part by fibroblast-produced factors induced by
keratinocyte mediators such as interleukin-1 (IL-1).
To better understand this cellular interaction and its
modulation by fibroblast proliferation and extracel-
lular matrix (ECM), we examined the effect of IL-1 on
growth factor expression in proliferating and growth-
arrested x-irradiated human dermal fibroblasts on
plastic and in resting cells embedded in collagen gels.
By semiquantitative reverse transcriptase PCR, we
demonstrated that IL-1a and IL-1f3 stimulated the

expression of KGF, HGF, IL-1«, IL-18, IL-1RI, and
IL-8 in fibroblasts regardless of their physiologic
condition, whereas that of TGF-f3 remained unaf-
fected. The constitutive mRNA levels were usually
lower in irradiated postmitotic and ECM-embedded
cells than in proliferating fibroblasts. Cells responded
to stimulation with IL-1 under all three culture con-
ditions, although to different degrees depending on
the growth factor. As demonstrated for HGF, IL-8,
and IL-1, the IL-1a—induced mRNA expression was
followed by production and secretion of protein in
irradiated fibroblasts. Thus, our findings show that
resting and growth-inhibited fibroblasts, reflecting
more closely the situation in dermis, exhibit lower
constitutive growth factor expression levels but char-
acteristically respond to IL-1 stimulation. Key words:
cytokineslirradiation/collagen matrix/reverse transcriptase
PCR. J Invest Dermatol 107:849-855, 1996

pithelial-mesenchymal interactions control epidermal

growth and differentiation and thus regulate tissue

homeostasis in the epidermis (Boukamp et al, 1990;

Fusenig, 1994; Schréder, 1995). Hence, the function of

fibroblasts is, in addition to producing extracellular
matrix as a structural framework, to act as a cellular communication
bridge between epidermis and dermis by synthesizing various
mediators, such as growth factors and cytokines (Luger and
Schwarz, 1995).

To study the regulation of epidermal cell proliferation and
differentiation by fibroblasts, in vitro model systems have been
developed to mimic epidermal-dermal interactions. In its simplest
version, the feeder-layer system, keratinocytes grow in co-culture
with postmitotic fibroblasts, originally the transformed mouse 3T3
cell line, submerged in culture medium and attached to plastic
dishes (Rheinwald and Green, 1975). Homologous human fibro-
blast- and capillary endothelial-feeder cells have been demonstrated
to function similarly and may provide a better tool for studying
interactions between normal human mesenchymal and epithelial
cells (Limat et al, 1989; Smola et al, 1993). In such co-cultures, it has
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been demonstrated that keratinocyte growth depends strongly on
mesenchymal cells, particularly at low seeding densities. It has been
postulated that direct cell-cell contact is required to promote
keratinocyte growth, because fibroblast-conditioned medium can-
not substitute for feeder cells (Rheinwald and Green, 1975; Yaeger
et al, 1991).

More recently, however, it has been demonstrated that fibro-
blast-mediated keratinocyte growth stimulation does operate via
diffusible factors and that their expression is specifically induced by
co-cultured keratinocytes (Smola et al, 1993; Fusenig, 1994).
Likewise, increased interleukin-6 (IL-6) concentrations have been
detected in the conditioned medium of keratinocyte-fibroblast
co-cultures as compared with monocultured cells (Waeld et al,
1992). Furthermore, stimulation of keratinocyte growth factor
(KGF) and IL-6 mRNA expression was observed in fibroblast
feeder cells induced by co-cultured keratinocytes, and IL-1 has
been postulated as one possible inducer (Smola ef al, 1993).

IL-1 is a potent mediator for stimulating growth factor expression
in human dermal fibroblasts, and the induction of IL-13 (Kumar ef
al, 1992), IL-6 (Boxman et al, 1993), IL-8 (Schréder et al, 1990),
hepatocyte growth factor (HGF) (Matsumoto ef al, 1992), and KGF
(Chedid et al, 1994) has been demonstrated in cultured fibroblasts.
IL-1$ is able to induce KGF (Brauchle et al, 1994) and IL-8
(Schroder et al, 1990) in human fibroblasts as well. IL-1 is present
in normal human epidermis and is released in large amounts after
injury, and likewise affects proliferation and chemotaxis of mesen-
chymal cells, as demonstrated in vitro (Schréder, 1995). In partic-
ular, it has been shown that IL-1, secreted by keratinocytes, is
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responsible for the increased IL-6 and IL-8 production by prolifer-
ating mesenchymal cells (Boxman ef al, 1993; Morita et al, 1993).

It was not clear how the IL-1 response of rapidly proliferating
fibroblasts, demonstrated in conventional culture, reflected the
interactions in situ, where dermal fibroblasts are mostly postmitotic.
More in vivo-like conditions are obtained in 3-dimensional orga-
notypic cultures, in which dermal fibroblasts are embedded in a
collagen matrix on which skin keratinocytes are cultured with their
uppermost layers exposed to the air (Bell ef al, 1979; Mackenzie and
Fusenig, 1983; Asselineau ef al, 1986). Under these conditions,
keratinocytes produce a well-differentiated epithelium that resem-
bles normal epidermis, while being dystrophic in the absence of
fibroblasts (Smola ef al, 1994). It was unclear whether in these
organotypic co-culture systems, similar mechanisms are operating
as in feeder-layer cultures. In particular, it was not known whether
inducers, such as IL-1 produced by keratinocytes, would have
similar effects on fibroblasts regardless of their proliferative activity
and the presence of extracellular matrix.

In this study, we examined the modulation of constitutive and
IL-1a— as well as IL-1B-stimulated growth factor expression by
irradiated postmitotic fibroblasts (feeder cells) and fibroblasts em-
bedded in collagen gels in comparison with proliferating fibroblasts
in monolayer cultures. This was meant to determine whether
irreversibly postmitotic fibroblasts in the 2-dimensional co-culture
system or resting fibroblasts embedded in a 3-dimensional collagen
gel was a more suitable model to mimic the mesenchymal reaction
to signals transduced by keratinocytes in skin. Because of the low
expression level of growth factor and cytokine genes, reverse
transcriptase polymerase chain reaction (PCR) was used to deter-
mine RNA expression of several cytokine genes that are considered
to be major contributors in the mesenchymal-epithelial interplay.
These expression data were confirmed by determining concentra-
tions of secreted growth factors in the culture medium.

MATERIALS AND METHODS

Cell Culture Normal human dermal fibroblasts were derived from
explant cultures of human adult skin obtained at surgery, as described
previously (Smola et al, 1993). Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Bio Whittaker, Serva, Heidelberg, Germany)
supplemented with 10% fetal bovine serum, and pre-confluent cultures
between passages 5 and 8 were used in these studies. For preparing feeder
cells, trypsinized single-cell suspensions (0.1% trypsin/0.05% ecthylenedia-
mine tetraacetic acid) were x-irradiated with 70 Gy, plated at 2.8 X 10"
cells/cm?, and grown in FAD medium (DMEM:Ham’s F12, 3:1) with 100
U penicillin per ml and 50 pg streptomycin per ml, and supplemented with
5% fetal bovine serum, 5 g insulin per ml, 1 ng epidermal growth factor
per ml, 10 '"" M cholera toxin, and 24 ng adenine per ml (Sigma,
Deideshofen, Germany). Collagen type I gels were prepared from rat tail
tendons, as described previously (Smola et al, 1993). Ten milliliters of the
collagen gel solution (final collagen concentration of 3.2 mg per ml)
containing 3 X 10° cells per ml was poured into a 10-cm dish and covered
with DMEM supplemented with 10% fetal bovine serum.

Induction Assay Normal human fibroblasts were seeded at 2 X 10*
cells/em? on tissue culture dishes or at 3 X 10° cells per ml into collagen gels
in DMEM with 10% fetal bovine serum. Irradiated fibroblasts were plated at
2.8 % 10" cells/em® on tissue culture dishes or at 3 X 10° cells per ml into
collagen gels in FAD with supplements. Medium was changed after 24 h.
After 48 h in culture, cells were washed once with serum-free medium, and
serum-free medium was added for another 24 h. Thereafter, fresh serum-
and growth factor—free medium with or without recombinant human IL-1«
(Biozol, Eching, Germany) or IL-1f3 (Sigma) was added, and the cultures
were incubated at 37°C for periods from 1 h to 24 h. Where indicated, 1 pg
actinomycin per ml was added to cultures to block RNA synthesis.

Isolation of RNA At indicated time points, monolayers or collagen gels
were washed once with cold phosphate-buffered saline. Cells were lysed in
guanidinium thiocyanate solution, and total RNA was prepared according
to Chomezynski and Sacchi (1987). The concentration and purity of total
RNA were determined by optical density at 260 and 280 nm and electro-
phoretically by separation in a denaturing agarose gel (1%, Seakem; Biozym,
Oldendorf, Germany).

Reverse Transcriptase PCR  Primer sequences were chosen from sep-
arate exons of the studied genes so that products from cDNA could be
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Table I. Primer Sets Used for PCR to Determine Growth
Factor Gene Expression”
Amplified Ann. Size

Factor Region Temp. (bp) Reference
KGF 446-1027 62°C 582 Finch et al, 1989
HGF 1110-1287 64°C 177 Nakamura et al, 1989
IL-1a 84-504 62°C 421 March et al, 1985
IL-13 174-504 62°C 391 Nishida et al, 1987
IL-1R1 605-1090 52°C 486 Sims et al, 1989
IL-6 51-678 64°C 628 Wong et al, 1988
IL-8 1584-1845 64°C 272 Mukaida et al, 1989
TGF-f1 1769-2013 62°C 245 Derynck et al, 1985
GAPDH 69-308 62°C 240 Tokumaga et al, 1987

* Positions of amplified regions of published sequences, annealing temperature (ann.
temp.) of the primer set, and size of the PCR product are given.

distinguished from those derived from any contaminating genomic DNA
(Table I).

Reverse transcriptase PCR was performed according to an established
method (Singer-Sam e al, 1990) with some modifications. Synthesis of
cDNA was carried out at 42°C for 80 min in 100 pl final volume containing
10 pg total RNA, 10 pul 10x PCR buffer, 20 ul 25 mM MgCl,, 24 ul dNTP
mix (1.25 mM each), 2.5 pl RNasin (20 U per ml), 5 ul 50-U/pul reverse
transcriptase, 2 pl 50-uM oligo dT,;, and 2 pl 50-uM random hexamers
(GeneAmp-PCR-Kit; Perkin-Elmer, Weiterstadt, Germany). Comparative
studies demonstrated that the use of both oligo dT and random primers
guaranteed a representative amplification of ¢DNA regions with different
distances to the polyA tail. Four microliters of first-strand cDNA was added
to the PCR mix up to a volume of 50 pul, following the product description.
The mixture was transferred to a thermal cycler (Biometra, Goéttingen,
Germany) and amplified with settings at 94°C for 1 min, at the indicated
annealing temperature (Table I) for 1 min, and at 72°C for 1 min,
performing 24-30 cycles. The number of cycles was chosen individually for
each primer pair, thus ensuring that results for both internal standard and
test cytokines lay within the exponential phase of the detection curve. Once
optimized, the PCR conditions were kept constant for each product
throughout the different experiments. PCR fragments were separated and
stained by ethidium bromide on 1.5% agarose gels (Seakem; Biozym),
identified by running position on the gel, and further characterized by
digestion with two different restriction enzymes.

Determination of PCR Products and Calculation of mRNA
Amount Quantitative determination of the PCR products was performed
by computerized image analysis of the stained bands (EASY plus; Herolab,
Wiesloch, Germany). Photographs of ethidium bromide-stained PCR
products were saved as digital images at the highest possible resolution of
the camera. The image intensity was calibrated from black (0) to white
(255) on a gray scale of 256 channels per pixel. The size and intensity of
cach band were assessed, and the results were integrated as follows:
Relative amount of PCR products = band area X band specific intensity.
The amount of DNA in each band was determined based on a DNA
standard of similar size and of known concentration run on the same gel.
Considering product length, cycle number, and amplification efficiency, the
original amount of mRNA in the sample was calculated as described
previously (Wiesner, 1992). Values are presented as means and SDs of
duplicate reverse transcriptase PCR analyses of two different culture assays.

Protein Determination Fibroblasts cultured under the different condi-
tions as described were stimulated with 20 ng IL-1a per ml (PeproTech,
Rocky Hill, NJ), and protein of selected cytokines was determined by
enzyme-linked immunosorbent assays (ELISA) in aliquots of culture me-
dium collected after 6 h, 10 h, and 24 h. The IL-8 ELISA was purchased
from Endogen (Biozol, Eching, Germany), IL-18 ELISA from Predicta
(Genzyme, Riisselsheim, Germany), and HGF ELISA from R&D systems
(Wiesbaden, Germany). Protein data were measured as pg per ml superna-
tant and given as pg/10° cells, with the SD from duplicate measurements of
two independent experiments.

RESULTS

Growth factor gene expression was analyzed in proliferating normal
and x-irradiated human dermal fibroblasts growing on plastic dishes
as well as in fibroblasts seeded in type I collagen gels. Cells were
derived from different individuals and used at comparable passage
levels (5-8). After plating, cells were cultured for 2 d in serum-
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Figure 1. Concentration-dependent induction of growth factor
mRINA expression by IL-1a. Untreated control (lane 1) and cells stimu-
lated for 4 h with recombinant human I1L-1cv at 0.2 ng per ml (lane 2), 2 ng per
ml (lane 3), or 20 ng per ml (lane 4) in serum-free medium. Total RNA was
extracted, and the mRNA levels for GAPDH, KGF, HGF, IL-1q, and IL-13
were determined by reverse transcriptase PCR as described in Materials and
Methods and visualized on ethidium bromide—stained agarose gels.

containing and for 24 h in serum-free culture medium. Subse-
quently they were treated with different concentrations (0.2 ng per
ml to 20 ng per ml) of recombinant human IL-la and IL-1p,
respectively. At this time, untreated fibroblasts had formed rapidly
proliferating subconfluent cultures, whereas the collagen-embed-
ded cells exhibited a reduced growth rate, in that cell numbers had
increased only slightly compared with the initial seeding density.
Fibroblasts irradiated by 70 Gy had formed monolayers of ex-
tremely large postmitotic cells. When embedded in the collagen
matrix, they exhibited stellate morphology like that of proliferating
fibroblasts, whereas cell numbers after 3 d were about 90% of the
seeding density. Irradiated fibroblasts were analyzed in FAD, the
medium used in keratinocyte-feeder cell co-cultures, but compa-
rable values of mRNA expression were obtained using DMEM, the
medium used for the other assays (data not shown).

Induction of Cytokine mRNA by IL-1a and IL-1f3 After
treatment with IL-1a or IL-13, a time- and concentration-depen-
dent induction of growth factor and cytokine mRINA was detected
by reverse transcriptase PCR in all cultures regardless of their
proliferative states. With IL-1q, the concentration-dependent stim-
ulation was particularly evident after 4 h, i.e., the time of maximal
expression for most factors, as demonstrated in proliferating fibro-
blasts on plastic (Figs 1, 3). Whereas the expression levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as the
internal control for RNA expression, remained largely unchanged,
the expression levels of KGF, HGF, IL-1, and IL-13 were clearly
stimulated with 2 and 20 ng per ml. Because 20 ng of IL-1a per ml
gave positive and consistent results for all factors, we used this
concentration for analyzing the response kinetics of fibroblasts
under the different culture conditions. Higher concentrations of
IL-1c« (40 and 80 ng per ml) did not further increase, but often
lowered, the effect (data not shown).

IL-1f3 exhibited a different specificity of stimulating cytokine
expression, regardless of the culture and growth conditions, with
consistent induction at a concentration of 10 ng per ml (Fig 2). The
expression levels of IL-1a and IL-6 were clearly enhanced at a
comparable rate in proliferating fibroblasts on plastic as well as in
fibroblasts embedded in collagen matrix, regardless of x-irradiation.
On the other hand, KGF, HGF, and IL-1 receptor type 1 (IL-1RI)
mRINA expression was essentially unchanged. There was an in-
creased expression of HGF observed in collagen-embedded cells,
which was, however, not regulated by IL-13. GAPDH expression
was unchanged whether cells were treated with IL-1 or not and
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Figure 2. IL-1B-induced growth factor gene expression in prolif-
erating and resting fibroblasts. Proliferating human dermal fibroblasts
(HDF) on plastic and normal (HDF,_) as well as irradiated (HDF,_,,) fibroblasts
embedded in a collagen matrix were stimulated for 4 h with recombinant
human IL-18 in serum-free medium. Lane 1, untreated HDF on plastic; lane 2,
HDF treated with 5 ng IL-18 per ml; lane 3, HDF treated with 10 ng IL-1f3 per
ml; lane 4, untreated HDF_;; lane 5, HDF,_ treated with 10 ng IL-1f3 per ml;
lane 6, untreated HDF,_;; lane 7, HDF,_; treated with 10 ng IL-13 per
ml. Reverse transcriptase PCR products for KGF, HGF, IL-1a, IL-1R1, and
IL-6 were visualized on ethidium bromide—stained agarose gels and com-
pared with the expression of GAPDH.

icol

whether they were proliferating, resting (collagen embedded), or
postmitotic. This indicated that GAPDH mRNA expression was
fairly constant under the different experimental conditions and that
this rather stable marker was a reliable control for mRNA expres-
sion and equal RNA amounts in the individual reverse transcriptase
assays.

Kinetics of Growth Factor Modulation by IL-1a To clarify
the response of fibroblasts to IL-1 under different growth condi-
tions, we determined the time kinetics of RNA expression of
selected growth factors over a period of 24 h after treatment with
20 ng IL-1a per ml (Fig 3). In irradiated fibroblasts, the constitutive
levels of KGF mRNA were lower than those in proliferating cells,
but the kinetics of induction were similar, exhibiting maximal
stimulation after 4 h (Fig 3a). Although the basal KGF mRNA
levels were reduced further in fibroblasts growing for 3 d in
collagen type I gels, the kinetics and relative degrees of induction
were comparable to the other two situations.

A time-dependent increase in HGF mRNA expression was
observed in all fibroblast cultures, with a maximum at 4 h after
IL-1« induction (Fig 3b). Whereas the constitutive levels were
highest in irradiated cells, the relative induction was strongest in
proliferating cells and lower, but very similar, in irradiated and
collagen-embedded fibroblasts. IL-1ae mRNA expression was con-
stitutively very low under all culture conditions, but showed drastic
autostimulation in proliferating fibroblasts (about 30-fold), with a
maximum after 4 h (Fig 3¢). A comparable profile, though at a
lower level, was obtained with collagen-embedded fibroblasts,
whereas the induction in postmitotic feeder cells was very low. In
contrast to irradiated and collagen-embedded cells, constitutive
IL-1R1 expression was high in proliferating fibroblasts and was
further induced by IL-1a (Fig 3d). Furthermore, IL-1RI levels
showed a different time course, remaining stimulated for up to 24 h.
As shown by others, IL-8 production in proliferating fibroblasts is
inducible by IL-1a (Schroder er al, 1990). Here we demonstrate
that this occurs similarly under different culture and proliferation
conditions. The basal IL-8 values were highest in proliferating
fibroblasts, but the induction levels were similar in irradiated and
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Figure 3. Time kinetics of IL-1a-in- 0
duced growth factor gene expression in
irradiated (HDF,), proliferating (HDF),
and collagen matrix—embedded
(HDF_,,) human dermal fibroblasts.
Cells were stimulated with 20 ng recombi-
nant human IL-1a per ml in serum-free
medium. At 1, 4, 10, or 24 h later, the
mRNA levels for KGF (a), HGF (b), 1L-1«
(c), IL-1RI (d), IL-8 (e), and TGF-f1 (f) were
calculated on the basis of band densities of
the reverse transcriptase PCR products on
ethidium bromide-stained agarose gels. Val-
ues were normalized against the expression
of GAPDH and calculated as molecules of
cytokine mRNA per 10* molecules of
GAPDH mRNA. Data are expressed as the
mean = SD of four experiments.
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collagen-embedded cells (about 10-fold) (Fig 3e). Constitutive
transforming growth factor (TGF)-f1 expression was relatively
high and similar under all culture conditions, noticeably stimulated
by IL-1« in irradiated cells only (Fig 3f). A remarkable decline in
TGF-B1 expression occurred under all conditions after 10 h, and
even more so after 24 h.

To demonstrate that the IL-1a—induced elevated levels of cyto-
kine mRNA were due to increased transcription and not to RNA
stabilization, we blocked transcription by simultaneous treatment
with 1 pg actinomycin D per ml (Fig 4). This concentration was

100

percent of expression

Figure 4. Actinomycin D inhibits IL-1 induction of growth factor
gene expression. Subconfluent fibroblast cultures were treated with 20 ng
IL-1a per ml and 1 pg actinomycin D per ml for 4 h. Cells were harvested,
RNA was extracted, and growth factor mRNA levels were analyzed by
reverse transcriptase PCR as described in Materials and Methods (see also Fig
3). Data are given as percent values of control cultures treated with IL-1«
only (100%).
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effective in blocking transcription without inducing cytotoxic ef-
fects in proliferating fibroblast cultures. Except for TGF-p1, which
was only moderately affected, the expression of all other cytokines
and IL-1RI was reduced to below 20% of the value induced by IL-1
in the absence of the inhibitor. Similar results were obtained with
irradiated fibroblasts (data not shown), confirming that the elevated
mRNA levels were due to enhanced transcription. Thus, our data
clearly demonstrate that [L-1a is able to stimulate cytokine mRINA
expression not only in rapidly proliferating dermal skin fibroblasts
grown on plastic, but also in matrix-embedded resting fibroblasts
and even in heavily irradiated postmitotic cells.

IL-1a-Induced Protein Secretion in Postmitotic Fibroblasts
To prove that the observed IL-1—induced elevated RNA levels
of the cytokines analyzed were biologically relevant and re-
flected in higher protein levels, we determined the amounts of
HGF, IL-8, and IL-18 in the conditioned medium by ELISA.
Cultures of normal and irradiated fibroblasts were treated with
20 ng of IL-1a per ml, and medium was analyzed at 6 and 10 h
after treatment.

HGF was produced and secreted by normal and irradiated
fibroblasts in substantial amounts, with maximal values reached 6 h
after stimulation (Fig 5a). Although constitutive and stimulated
mRNA levels were higher in irradiated fibroblasts, protein concen-
trations determined in the medium were always lower, but clearly
demonstrated a significant increase, after IL-1 induction. On the
other hand, the amount of IL-8 secreted into the medium was
comparable in proliferating and postmitotic fibroblasts, both con-
stitutively and at 6 and 10 h after IL-1« stimulation (Fig 5b).

Another cytokine sensitive to IL-1« stimulation is IL-1f3, which
is also secreted by fibroblasts after stimulation (Kumar et al, 1992).
Although the endogenous mRNA levels were similarly low in
proliferating and postmitotic fibroblasts, IL-13 expression was
upregulated by IL-1a in proliferating cells only (Fig 6a). In both
proliferating and irradiated cells, the constitutive medium levels
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Figure 5. IL-1« induction of cytokine production in proliferating
human dermal fibroblasts (HDF) and irradiated (HDF,) fibroblasts
on plastic. Subconfluent fibroblast cultures were treated with 20 ng IL-1a
per ml in serum-free medium, and aliquots of medium were analyzed for
HGF (a) or IL-8 (b) secretion at 6 h and 10 h after treatment. Data
determined by ELISA are calculated as pg protein per 10° cells and given as
mean £ SD of two experiments.

were barely measurable by ELISA. After IL-1 treatment, a higher
and earlier stimulation was observed in irradiated fibroblasts,
although normal cells reached a similar end point after 10 h (Fig
6b). The discrepancy between mRNA and protein expression in
irradiated cells may be due to the upregulation of convertase
activity after DNA damage (Brugarolas ef al, 1995; Vasilakos et al,
1995).

Thus, although each of the selected factors exhibited individual
levels of constitutive and induced secretion, in all cases a substantial
induction was apparent in both proliferating and irreversibly post-
mitotic (irradiated) fibroblasts, as well as in resting fibroblasts
embedded in collagen gel (not shown).

DISCUSSION

The growth-promoting effect on keratinocytes of co-cultured
fibroblasts has been known for some time, and diffusible growth
factors as well as cell-cell contact mechanisms have been postulated
to be involved in this effect (Limat ef al, 1989; Yaeger et al, 1991;
Fusenig, 1994; Smola et al, 1994). Recently we were able to
demonstrate that fibroblast-keratinocyte interactions occur via dif-
fusible factors and that expression of growth factors in fibroblasts is
stimulated by keratinocyte-produced inducers (Smola ef al, 1993).
We had postulated that IL-1 is a possible candidate for such a
keratinocyte messenger (Fusenig, 1994).

Here we add further evidence to this hypothesis in demonstrating
that x-irradiated postmitotic (feeder) fibroblasts, used in the sim-
plest wversion of co-cultures, indeed respond to IL-1 stimuli by
enhanced RNA and protein expression. This clearly documents
that these heavily irradiated feeder fibroblasts maintained an oper-
ative signaling system and a correct transcription, translation, and
secretion mechanism of several growth factors and cytokines. They
behaved similarly to growth-retarded fibroblasts embedded in
collagen gels.

To measure both the usually low constitutive and the induced
mRINA levels in resting and proliferating fibroblasts, we used the
sensitive technique of reverse transcriptase PCR. The semiquanti-
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Figure 6. Protein and mRNA induction of IL-1f by IL-la in
proliferating and postmitotic fibroblasts. Subconfluent normal human
dermal fibroblasts (HDF) and irradiated (HDF,) fibroblasts in serum-free
medium were treated with 20 ng IL-1a per ml. RNA was analyzed by
reverse transcriptase PCR at 1 h, 4 h, and 10 h after induction (a). Protein
production was measured by ELISA in medium aliquots 6 h and 10 h after
induction (b) and was calculated as pg/10° cells. RNA data are expressed as
mean * SD of four experiments, and protein data of two experiments.

tative reverse transcriptase PCR method allows determination of
relative differences in mRNA levels between different samples, as
the result obtained after reverse transcription and PCR s related to
an equal original RNA content per sample. The RNA used in each
sample was standardized by measuring the expression of the
housekeeping gene GAPDH, because the expression of GAPDH
was not noticeably altered by culture conditions or the proliferation
state. This furthermore revealed losses or degradation of RNA as
well as inefficiencies during the reverse transcriptase reaction.
Because of its minimal variations of activation, GAPDH was chosen
as internal standard, and the resulting amplified cDNAs could be
calculated in a semiquantitative manner (Murphy et al, 1993). In the
PCR step, GAPDH and an experimental gene product are ampli-
fied in separate tubes containing aliquots of the same cDNA
sample. By keeping the amount of cDNA input constant and the
number of cycles of PCR in the linear range of amplification,
signals obtained were linearly related to specific RNA levels, with
adequate reproducibility for every experiment (Singer-Sam ef al,
1990). Analysis of parameters in the quantitative reverse transcrip-
tase PCR, with specific internal standards, clearly showed that the
relative and quantitative reverse transcriptase PCR. assays yiclded
comparable results (Chen and Klebe, 1993). Although the method
used here does not allow determination of quantitative absolute
mRNA values, it does indicate major relative changes occurring in
cells under different culture conditions and proliferation states, and
after induction, with sufficient accuracy and good reproducibility.

The most important information in this study is that feeder
fibroblasts, often named “lethally irradiated cells,” are not only
capable of maintaining a basal level of metabolic activity (Van der
Schans et al, 1983), but also can still respond to specific stimuli by
upregulating growth factor mRNA expression. This further indi-
cates that DNA damage (predominantly single-strand breaks)
caused by high-dose (70 Gy) x-ray irradiation was sufficient for
blocking DNA replication and cell division but did not prevent
RNA transcription. Whether the reduced levels of baseline expres-
sion of most factors in irradiated cells are a consequence of radiation
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damage or are related to the postmitotic state of cells cannot be
answered by these data. The comparably low constitutive levels of
cytokine RNAs in untreated fibroblasts embedded for 3 d in
collagen gels, a condition in which proliferation is reduced (Cou-
lomb et al, 1989; Kono et al, 1990), suggest that such low levels are
characteristic of resting fibroblasts. Moreover, the responses of both
irradiated and collagen-embedded fibroblasts to IL-1 stimulation
are comparable and show kinetics similar to those in proliferating
fibroblasts. This demonstrates that under all these conditions,
fibroblasts specifically respond to an external signal by upregulating
cytokine expression.

In addition, protein determination of selected cytokines revealed
a similar response in both irradiated and proliferating fibroblasts.
Moreover, in both cases the amount of protein determined in the
culture supernatant was similar in irradiated cells.

Whereas the protein concentrations of IL-8 roughly paralleled
the RNA data, this was not the case for HGF. For HGF, secretion
by irradiated cells was clearly lower than in normal fibroblasts,
whereas mRNA levels were higher. In general, the data clearly
indicate that irradiated cells had maintained their potential not only
to provide constitutively produced growth factors, but also to
respond in a typical way to exogenous stimulation by protein
synthesis and secretion, comparable to proliferating cells.

It has alrcady been shown that adult human skin fibroblasts
express increased amounts of growth factors after stimulation with
IL-1a, e.g., IL-1B3 (Kumar et al, 1992), IL-6 (Boxman ef al, 1993),
IL-8 (Schréder ef al, 1990), HGF (Matsumoto ¢f al, 1992), and KGF
(Chedid et al, 1994). We could confirm the induction of KGF,
HGF, IL-1« and -3, and IL-6 and -8, by IL-1« as well as IL-1f in
proliferating fibroblasts. Furthermore, we observed increased ex-
pression of these growth factors not only in irradiated, but also in
matrix-embedded cells after stimulation with IL-1. Elevation of
IL-1a to 40 ng per ml and 80 ng per ml further enhanced some
growth factor expression levels in collagen-embedded fibroblasts,
in contrast to monolayer cells, in which the levels were decreasing
at these doses (data not shown). This may indicate reduced IL-1
diffusion, increased absorption to collagen, or an altered response of
fibroblasts embedded in extracellular matrix.

Pronounced synthesis of IL-6 in co-cultures of keratinocytes with
postmitotic feeder cells had been reported, and putatively origi-
nated in the feeder cells (Waelti ef al, 1992). We confirmed here
the induction of IL-6 and in addition IL-8 mRNA expression,
regardless of the physical condition of the cells. 1L-6 mRNA
expression was enhanced even in irradiated fibroblasts, comparable
to that found in proliferating cells (data not shown). We could
prove that IL-6 expression in such feeder-layer co-cultures occurs
in irradiated fibroblasts, most probably via IL-1 released by kerati-
nocytes.

Expression of TGF-1 and IL-1RI in fibroblasts seemed to
remain unaffected by IL-1 under all culture conditions. It has been
reported that the level of IL-IRI expression can regulate the
responsiveness of cells to exogenous IL-1 (Groves ef al, 1994).
Considering that the IL-1RI promotor resembles that of house-
keeping genes (Kupper and Groves, 1995), a rapid and strong
change in IL-1RI gene expression was not anticipated.

From these data, we conclude that under both keratinocyte-
fibroblast co-culture conditions, i.e., in 2-dimensional (feeder
layer) and organotypic cultures, the observed growth-stimulatory
effect on keratinocytes by co-cultured fibroblasts is due to the
upregulated production of several paracrine-acting growth factors
and not primarily by constitutive baseline expression in fibroblasts,
as suggested in previous studies (Smola ef al, 1993, 1994). It is well
known that keratinocytes produce IL-1a upon irritation in skin
(Kupper and Groves, 1995; Luger and Schwarz, 1995) and also in
culture (Boxman et al, 1993). We provide further evidence herein
for the earlier assumption that IL-1a is one possible mediator by
which keratinocytes induce the expression of several growth factors
in co-cultured fibroblasts, such as KGF, HGF, and IL-1 itself, which
in turn stimulate keratinocyte growth (Matsumoto ef al, 1992;
Chedid et al, 1994; Kupper and Groves, 1995). This stimulatory
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effect on keratinocyte proliferation is most probably the result of the
combined action of several factors with known growth-enhancing
activity on keratinocytes. The higher RNA expression level of HGF
in postmitotic cells, initially interpreted as the major growth-
stimulatory component in feeder cells, could be partly due to the
FAD medium containing cholera toxin, a component that has been
shown recently to stimulate HGF mRNA synthesis (Matsunaga et
al, 1994). Indeed, constitutive HGF mRNA levels of irradiated
fibroblasts cultured in DMEM were only 50% of those in FAD
medium. Accordingly, HGF protein levels in the culture medium of
irradiated cells were lower than those of proliferating cells.

In general, these data strongly indicate that “lethal irradiation™
does not kill feeder cells, but rather induces terminal differentiation
with irreversible growth arrest but largely preserved physiologic
functions (Bumann ef al, 1995). The overall similarity of constitu-
tive cytokine expression and IL-1a response between irradiated and
collagen-embedded fibroblasts further indicates that proliferation-
inhibited fibroblasts are comparably regulated. Although the re-
sponse to cytokine stimulation, in contrast to constitutive levels of
cytokine mRNA, is similar in proliferating fibroblasts and resting
cells, the relevance of conventional, rapidly proliferating fibroblast
cultures as a model for the mostly nonproliferating fibroblasts in the
dermis may be questioned. As demonstrated earlier for the produc-
tion and metabolism of extracellular matrix (Eckes et al, 1992),
fibroblasts in collagen gels more closely resemble dermal *“fibro-
cytes” than the rapidly proliferating fibroblasts in conventional
monolayer cultures. The data presented here suggest that the
irradiation-induced postmitotic “feeder” fibroblasts may represent
a similar model system for resting dermal fibrocytes to study their
reaction on keratinocyte-released signal peptides.
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