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Low concentrations of cytokines produced by allergen-stimulated peripheral blood
mononuclear cells have potent effects on nasal polyp-derived fibroblasts
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SUMMARY

Accumulating data show that fibroblasts are important regulators in the development and maintenance
of allergic airway inflammation. However, most studies so far have used individual recombinant cytok-
ines in high concentrations, unlikely to be found in vivo. We aimed to investigate how cytokines pro-
duced by peripheral blood mononuclear cells (PBMC) affect fibroblast functions. Primary airway
fibroblasts where incubated with allergen-stimulated or non-stimulated PBMC supernatants from aller-
gic patients. The levels of cytokines in PBMC supernatants were measured and the expression of CD54,
CD40 and CD106 as well as the production of eotaxin, interleukin (IL)-6 and IL-8 were assessed in
fibroblasts. Although the levels of single cytokines measured in PBMC supernatants were low, a signif-
icant up-regulation of the surface molecules as well as of IL-6 and IL-8 production was found in fibro-
blasts cultured with allergen-stimulated PBMC supernatants as compared to non-stimulated, while the
increase in eotaxin production was not significant. The evaluation of correlations between cytokines
produced by PBMC and effects seen on fibroblasts did not indicate a crucial role for any single cytokine.
Furthermore, the addition of comparably low concentrations of recombinant interferon (rIFN)-y or
recombinant tumour necrosis factor (rTNF)- ¢ did not induce the same effects as PBMC supernatants,
the only exception being TNF-a as a direct inducer of CD54 expression. Our results show that syner-
gistic mechanisms has a more important role than single mediators, highlighting important differences
between in vitro experiments, where effects of individual mediators are studied, versus the actual situ-

ation in vivo.
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INTRODUCTION

The allergic reaction in human airways is characterized by an
ongoing inflammatory response. Protagonists in the typical aller-
gic inflammation are mast cells, eosinophils, neutrophils and lym-
phocytes and the general recruitment of inflammatory cells into
the injured site involves a series of events such as adhesion,
transendothelial migration and chemotactic movement, in which
adhesion molecules play an important role [1]. Furthermore,
when activated, these cells produce proinflammatory cytokines
that amplify the inflammatory reaction and may induce remodel-
ling of the airway [2].

Activation of fibroblasts by inflammatory cells is associated
with cell proliferation and increased deposition of collagen and
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fibronectin, causing the thickening of the basal membrane and the
appearance of a subepithelial fibrosis [3]. Previously, fibroblasts
have been considered mainly a physical barrier, but recent studies
have shown that they may be important modulators of local
inflammation due to their capacity to release a variety of proin-
flammatory mediators such as eotaxin, interleukin (IL)-6 and IL-
8 [4,5]. In particular, eotaxin is a potent chemoattractant for eosi-
nophils and Th2 cells, which are hallmarks of the inflammation
associated with allergic disease [6].

The findings that IL-4, IL-13, tumour necrosis factor (TNF)-o
and interferon (IFN)-y can act directly on fibroblast cell lines [7-
10] also suggests that they may be important effector cells in the
pathogenesis of airway inflammation and remodelling and conse-
quently targets for new treatment strategies. In fact, some com-
monly used anti-allergic and anti-inflammatory drugs have been
shown to down-regulate adhesion molecule expression and pro-
liferation in fibroblasts [11,12]. Considering that approximately
30% of the lung and airway tissues consist of fibroblasts [12] it is
very probable that their functions as well as the modulation of
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these functions will have a profound impact on the inflammatory
response.

We used fibroblasts isolated from nasal polyps, which repre-
sent a good model of chronic airway inflammation, because many
histopathological features are shared [13]. The recently proposed
concept of united airway disease (UAD) provides evidence for a
strict connection between upper and lower respiratory tracts [14].
The same kinetics of inflammation, the same pattern of recruited
cells, and the up-regulation of the same adhesion molecules occur
after specific challenge in the mucosa of the nose, conjunctiva and
bronchi of allergic patients [15-17].

Previous studies on fibroblast regulation by cytokines have
been performed using one or a combination of recombinant
cytokines in high concentration ranges [7-9,18,19]. However, in
vivo, many known and unknown mediators, present in minute
concentrations, are likely to contribute to the immune regulation
in a synergistic network.

In this study we aimed to investigate how the mediators pro-
duced by peripheral blood mononuclear cells (PBMC), in the
concentrations actually produced by these cells, can regulate
proinflammatory functions of fibroblasts.

MATERIALS AND METHODS

Patients

PBMC were isolated from 14 patients with documented allergy to
the house dust mite Dermatophagoides pteronyssinus (Dp).
Fibroblasts were obtained from nasal polyps of six patients
undergoing nasal surgery. None of the patients received anti-
inflammatory drug treatment during a minimum of 2 weeks
before cells were isolated.

Informed consent was obtained from all subjects participating
in the study and appropriate ethical approval was obtained from
Comitato Etico, Dipartemento di Medicina Interna e Specialita
Mediche, Genoa University, Genoa, Italy.

Preparation and stimulation of PBMC

PBMC were prepared from heparinized whole blood samples
using Ficoll gradient centrifugation (Lympholyte-H, Cedarlane
Laboratory Ltd, Canada). The cells were recovered in RPMI-1640
(G1BCO, Milan, Ttaly) supplemented with 10% FCS (GIBCO),
50 pg/ml penicillin (Sigma, St Louis, MO, USA), 50 ug/ml strep-
tomycin (Sigma) and 2 mM glutamine (Sigma) and seeded at a
concentration of 1x 10° cells/ml in 96-well microtitre plates for
proliferation and in six-well plates for collection of supernatants.
For specific allergen stimulation 10 ug/ml Dp extract (Lofarma,
Milan, Ttaly) was used. This concentration was shown to give opti-
mal cell activation in our preliminary studies. This is also a con-
centration of in vivo relevance as the risk level of sensitization is
2 pg/ml of the major allergen Der pl [20].

As a negative control of the specific proliferation, PBMC
from five non-allergic subjects were stimulated in the same way.
The proliferation was measured on day 7 after allergen stimula-
tion. During the last 18 h of incubation 1-0 uCi/well of [’H]thymi-
dine was added and the thymidine incorporation was determined
by scintillation counting in a beta-counter. All samples were set
up in triplicate and the mean value was calculated. Stimulation
index (SI) was calculated as counts per minute (cpm) values after
allergen stimulation divided by cpm value without stimulation.

Cell free supernatants were collected after 5 days of allergen
stimulation and stored at —20°C until use.

Preparation and stimulation of primary fibroblasts

Nasal tissue was cut into small fragments and incubated in RPMI-
1640 medium containing a mixture of 10 UI/ml DNAse, 500 Ul/ml
collagenase type IV and 30 Ul/ml hyaluronidase (all enzymes
purchased from Sigma) on a magnetic stirrer for 2 h at 37°C. The
cells were then cultured in RPMI supplemented with 10% FCS,
glutamine and antibiotics, as described above. The fibroblast cul-
tures were characterized in flow cytometry using the specific
mouse IgG1 monoclonal antibody ASO2 (Dianova, Hamburg,
Germany), that according to the manufacturer reacts specifically
with a membrane-bound protein of human fibroblasts, and anti-
cytokeratin antibody (Immunotech, Marseille, France) by intrac-
ytoplasmic immunofluorescence staining. In addition, using
immunoperoxidase staining the presence of vimentin (Biogenex,
CA, USA), fibronectin (kindly provided by Prof L. Zardi, IST,
Genoa, Italy), o-smooth muscle actin (a-SMA) (Dako, CA,
USA), smoothelin and myosin (both kindly provided by Prof G.
Gabbiani, Department of Pathology, University of Geneva,
Switzerland) was assessed. The characterization is presented in
Table 1.

Cells were seeded in 24-well culture plates and grown close to
confluence, before incubation with PBMC supernatants (stimu-
lated as described above). Cell-free supernatants were collected
after 24 h of incubation at 37°C and stored at —20°C, and the cells
were recovered for flow cytometry analysis. Preliminary studies
showed that by increasing the incubation time up to 48 h no addi-
tional effects on adhesion molecule expression or cytokine pro-
duction were detected. Individual effects of TNF-o and IFN-y
were studied by incubating the fibroblasts with recombinant (r)
TNF-o. or rIFN-y (Euroclone, Milan, Italy) at concentration
ranges (250-15000 pg/ml) comparable to those found in the
PBMC supernatants plus a higher concentration, similar to what
has been used in previous studies [7-9,18,19].

Inhibition experiments

The inhibition of TNF-o was studied in PBMC from four subjects
by preincubation of supernatants with 72 ng/ml of anti-TNF-o
(Peprotech EC Ltd, UK) for 1 h at 37°C before addition to fibro-
blasts. This concentration was calculated to achieve 50% blocking
efficiency of the highest concentration of TNF-o found in our
supernatants.

Table 1. Characterization of fibroblast cell cultures by immunobhis-
tochemistryfor flowcytometry}

Antigen Immunoreactivity*
Cytokeratini _

Thy-1 (CD90)} ++
Vimentinf ++
Fibronectinf ++
Smoothelin{ _
o-Smooth muscle actinf 4
Myosint +

*Indicates no positive staining; * indicates <5% positive staining; +
indicates <50% positive staining;++ indicates >50% positive staining. In
flow cytometry —indicates no positive cells, and + + indicates 100% positive
cells.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:254-260
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Flowcytometry analysis of stimulated fibroblasts

Fibroblast surface expression of CD54 (mouse IgG1, Cymbus
Biotechnology, Southampton, UK), CD106 (mouse IgG1, Cym-
bus Biotechnology) and CD40 (mouse IgG1, Ancell Corporation,
MN, USA) was assessed by indirect immunoflourescence staining
and analysed on a Coulter EPICS XL flow cytometer as described
before [18,19]. As a secondary antibody, fluorescein isothiocyan-
ate (FITC)-labelled goat antimouse IgG (Southern Biotechnology
Association, Birmingham, AL, USA) was used.

Cytokine quantification in PBMC and fibroblast supernatants
Concentrations of IL-4, IL-6, IL-8, IL-13, TNF-o, IFN-y and
eotaxin were measured in PBMC supernatants and IL-6, IL-8 and
eotaxin were assessed in fibroblast supernatants. Commercially
available ELISA kits for IL-4, IFN-v, IL-6, TNF-¢, IL-8 (Euro-
clone, detection limits 0-5 pg/ml; 5 pg/ml; 2 pg/ml; 10 pg/ml; 25 pg/
ml, respectively), IL-13, and eotaxin (R&D Systems UK, detec-
tion limits 32 pg/ml; 5 pg/ml, respectively) were used according to
the manufacturers’ instructions. The final concentrations of cytok-
ines produced by fibroblasts were obtained by subtracting the
concentration of that particular cytokine measured in the PBMC
supernatant used as stimulus.

Statistical analysis

To evaluate the significance of surface molecule expression and
cytokine production, paired Student’s ¢-test was used. For evalu-
ating correlation between cytokine concentrations in PBMC
supernatants and effects on fibroblast, Spearman’s rank correla-
tion was assessed. In order to increase the power of the correla-
tion analysis, data were included from both allergen and non-
stimulated PBMC. These results reflect the direct correlation
between the absolute concentration of a cytokine in the PBMC
supernatant used as stimulus and the effect on the fibroblasts. A
P-value <0-05 was considered significant. Outliers are excluded in
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the figures in order to clarify the presentation of the data, but they
are included in all statistical calculations.

RESULTS

Proliferation and cytokine production in PBMC cultures
In allergic subjects the Dp-induced specific proliferation was sig-
nificantly increased compared to non-stimulated cell cultures, cal-
culated as SI (P =0002) (SI range: 1-0-5-4, mean: 2-5). In the five
non-allergic control subjects no significant specific proliferation
was found (P =0-3) (SI range: 0-3-3-1, mean: 1-2), excluding non-
specific stimulation by contamination in the allergen extract.
The production of cytokines was measured in the PBMC from
six allergic patients with and without Dp stimulation. These super-
natants were also used to stimulate fibroblasts. In Fig. 1 the pro-
duction of cytokines, with and without Dp specific stimulation, is
shown. TNF-¢, IFN-7, IL-6 and IL-8 were augmented following
Dp stimulation; however, only IL-6 and IL-8 levels reached a sta-
tistically significant increase (P =0-01 and P =0-009, respec-
tively). IL-13 expression was largely unchanged. IL-4 and eotaxin
production were under the detection limit in all samples, and
therefore not included in the figure.

Cytokine production in fibroblast cultures

The production of cytokines in fibroblast cultures is shown in
Fig. 2. The production of IL-6 and IL-8 was significantly higher in
fibroblasts cultured with Dp-stimulated PBMC supernatants
compared to non-stimulated supernatants (P =002 and
P =0-002, respectively). The production of eotaxin found after
incubation with Dp-stimulated supernatants did not reach statis-
tical significance but a calculated P-value of 0-07 suggests an
increase. This is also indicated by the fact that in all patients an
increase in eotaxin production was observed (individual data not
shown).
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Fig. 1. Cytokine production in PBMC supernatants (n=6) with or without Dp stimulation for 5 days. Dp = Dp stimulation; ns = no
stimulation. The following concentration ranges and mean values in pg/ml were measured: TNF-oz Dp (0-1387; 455), ns (0-762; 267); IFN-
7. Dp (0-6000; 2036), ns (0-138; 59); IL-13: Dp (146-316; 236), ns (122-275; 219); IL-6: Dp (309-10 516; 6018), ns (0-75; 13); IL-8: Dp

(43 954-160 185; 88 962), ns (0-16 337; 7701).
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Table 2 shows statistical evaluation of the correlation’s
between cytokines in the PBMC supernatants and mediators pro-
duced by the stimulated fibroblasts. We found a positive correla-
tion between the concentration of eotaxin produced by fibroblasts
and the amount of TNF-« and IFN-yin PBMC supernatants. The
production of IL-6 and IL-8 in fibroblasts correlated with the lev-
els of IL-6, IL-8 and IL-13 as well as IFN-v.

Table 2. Statistical correlations between cytokines concentrations in the
PBMC supernatants used as stimulus (IL-6, IL-8, IL-13, TNF-¢ and IFN-
7) and the consequent expression of eotaxin, IL-6, IL-8, CD54, CD106,
and CD40 by fibroblasts

Fibroblast expression

PBMC release Eotaxin IL-6 1L-8 CD54 CD40 CD106
IL-6 0-1 0-05%* 0-004%*  0-02% 03 02
1L-8 0-07 0-06 0-02%* 0-004%* 05 02
IL-13 0-1 0-004**  0-08 0-6 02 0-1
TNF-« 0-007**  0-6 09 0-08 0-09 0-4
IFN-y 0-03* 0-03* 0-008**  0-005%* 0-03*  0-02*

Values of cytokine concentrations from both Dp stimulated and non-
stimulated PBMC supernatants are included in the calculations. A Spear-
man’s rank correlation test was used, and a P-value = 0-05 was considered
as significant (*), and P-value = 0-01 as highly significant (**).
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Up-regulation of surface markers

In fibroblasts cultured with allergen-stimulated PBMC a signifi-
cant up-regulation of all three surface molecules was found, com-
pared to non-stimulated cultures (CD54, P =0-0001; CDA40,
P =0-0005; CD106, P = 0-005). The results are presented in Fig. 3.
The amounts of IFN-yin the PBMC supernatants correlated sig-
nificantly with the degree of up-regulation of all three surface
molecules while IL-6 and IL-8 correlated mainly with CD54
expression (Table 2).

Effects of rTNF-o. and rIFN-y

In order to evaluate their single effects, "TTNF-o and rIFN-y were
added to fibroblast cultures at concentration ranges similar to
those found in PBMC supernatants plus one higher concentration
(range 250-15 000 pg/ml). Using a concentration of 250 pg/ml
r'TNF-o, no eotaxin was produced by the fibroblasts, while a pro-
duction was induced by PBMC supernatant containing 205 pg/ml
of TNF-a (Fig.4a). An almost fourfold increase in rTNF-o
(750 pg/ml) was required to obtain a comparable production to
this PBMC supernatant. Blocking TNF-« in the supernatant pro-
vided only marginal down-regulation in eotaxin production
(Fig. 4a). CD54 production was induced by rTNF- ¢ already at the
lowest concentration and showed a dose-dependent response
while CD40 and CD106 were unaffected (Fig.5). Furthermore,
CD54 expression was specifically inhibited by the addition of anti-
TNF-o antibody (Fig. 4b). It should be noted that the highest
expression of CD54 was induced by PBMC supernatant. rIFN-y
did not have any effect on either eotaxin production or surface
molecule expression by fibroblasts (data not shown).
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Fig. 2. Cytokine production in fibroblast cultures, after incubation with PBMC supernatants (n = 6). Dp = Dp stimulated PBMC; ns = not
stimulated PBMC. The final concentrations were corrected by subtracting the amount of the respective cytokine present in the PBMC
supernatants used as stimulus of the fibroblasts. The following concentration ranges and mean values in pg/ml were measured: eotaxin: Dp
(8-343; 136), ns (0-92; 37); IL-6: Dp (30 000-39 800; 33 282), ns (18 900-34 200; 26 330); IL-8: Dp (122 100-300 000; 194 522), ns (72 300

147 500; 82 470).
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Fig. 3. Expression of surface molecules on fibroblasts after incubation with PBMC supernatants (n=14). Dp = Dp stimulated PBMC;
ns = not stimulated PBMC. CD54: Dp (9-6-78; 43-8), ns (5-2-20-5; 10-7); CD40: Dp (0-5-8; 4-2), ns (0-4-2-5; 1-5); CD106: Dp (0-5-14; 5-6),

ns (0-5-6-1; 3-3).
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Fig. 4. Eotaxin production (a) and CD54 expression (b) by fibroblasts
after stimulation with two concentrations of rTNF-« (250 and 750 pg/ml),
a PBMC supernatant (TNF-oz 205 pg/ml) and the same PBMC superna-
tant preincubated with anti-TNF-o blocking antibodies. This figure pre-
sents one representative experiment of four.

rIFN-y and rTNF-o were not able to induce IL-6 and IL-8
release from fibroblasts in a comparable way to the PBMC super-
natants (Table 3).

DISCUSSION

It is now becoming evident that fibroblasts are not merely barrier
cells, but also important modulators of the inflammatory response
by their capacity to secrete mediators and express surface mole-
cules [7-9,21,22]. Previous in vitro studies have shown important
effects of recombinant individual cytokines on fibroblasts isolated
from different target organs as well as on cell lines. In this study
we have investigated the effects of allergen-stimulated PBMC
supernatants on primary nasal fibroblasts, thereby trying to mimic
a more in vivo-like environment regarding the presence of both
known and unknown mediators which may act synergistically,
even in very low concentrations. An important observation is that
the cytokine concentrations we found in our PBMC supernatants
were lower than those used in most studies applying pure cytok-
ines in fibroblast cultures. These differences were remarkable in
some cases. For example, different studies have shown induction
of eotaxin production in dermal or nasal fibroblasts by TNF-¢, IL-
4 and IL-13 using concentration ranges from 20 to 10* times more
than we found in our PBMC supernatants [4,7-10]. Although the
concentrations of individual cytokines in our supernatants were
low, they had profound effects on fibroblasts by inducing chemok-
ine/cytokine production and up-regulation of surface molecules.
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Fig. 5. Effect of four different concentrations of rTNF-a on the expres-
sion of surface molecules by primary fibroblast cultures. MFI = mean flu-
orescence intensity. [, CD54; O, CD106; A, CD40.

Table 3. Induction of IL-6 and IL-8 production in fibroblasts by recom-
binant TNF-o and IFN-y, respectively, or PBMC supernatants with a com-
parable amount of these cytokines. One representative experiment of four

is shown
Fibroblast production
IL-6 IL-8
Supernatant (708 pg/ml TNF-o) 21 146 79 098
750 pg/ml rTNF-o 6336 16 873
Supernatant (621 pg/ml IFN-y) 29 852 190 643
750 pg/ml rIFN-y 328 363

This indicates that, in vivo, the cells may be regulated by very sub-
tle changes in the cytokine network rather than highly polarized
effects exerted by single mediators. We studied the effects of TNF-
o in more depth because this cytokine has been reported to have
important effects on fibroblast functions and because we found
some significant correlations between TNF-« concentrations in
PBMC supernatants and effects on fibroblasts. However, when
stimulating fibroblasts with the recombinant cytokine, the effects
on fibroblasts were different to those found using PBMC super-
natants, although the concentration of the individual cytokine was
comparable. For example, to obtain the same level of eotaxin pro-
duction, a fourfold higher concentration of rTNF- ¢ was required.
Moreover, when blocking TNF-¢ in the PBMC supernatants no
significant decrease was found in the chemokine production. This
supports further the view that synergistic effects orchestrate the
cytokine network and that small changes may be crucial to the
final response rather than large alterations in a single cytokine.
Regarding CD54 expression, the role of TNF-a seems to be
clearer, as the expression of this adhesion molecule was induced
directly by recombinant TNF-o at the same concentrations as
found in our PBMC supernatants and its expression was signifi-
cantly down-regulated by blocking TNF-c. Interestingly, no sig-
nificant correlation was found between TNF-o¢ in PBMC
supernatants and CD54 expression, indicating that an inhibitory

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:254-260



Cytokine effects on nasal fibroblasts 259

synergism may also be present in the cytokine network. Further-
more, the reverse situation was found with IFN-y that correlated
significantly with CD54 expression, but when adding rIFN-y to
fibroblasts no effects were found. However, when adding rIFN-y
together with r'TNF-o an up-regulation, even higher than with
r'TNF-a alone, was observed (unpublished observations), again
supporting the important role of synergism. Also in other studies
the important role of synergistic effects have been highlighted.
Concerning eotaxin production in fibroblasts, several combina-
tions of cytokines have been shown to be important; TNF-« and
IL-4, as well as TNF- and IL-13, enhance eotaxin production
when added together, while IFN-y, on the other hand, inhibits
TNF-o-induced eotaxin production [7,9,10].

Because various cytokines have different kinetic patterns and
any chosen time-point cannot represent the optimal production of
all individual cytokines, we performed preliminary experiments
to evaluate the influence of different incubation time points. We
stimulated PBMC for 3, 5 and 7 days and measured the effects on
surface molecules up-regulation on fibroblasts after stimulation
with these supernatants. The 5-day stimulation was shown to give
the best specific response according to the ratio obtained between
stimulated and non-stimulated fibroblasts. The fact that we chose
one time-point may be the reason why IL-4 production was under
the detection limit in our measurements. This is in accordance
with previous studies showing difficulties in detecting IL-4 [23],
and that IL-4 is produced during a short time-frame with a rapid
decline [24]. We cannot, therefore, draw any conclusions about
the role of this cytokine in our supernatants. However, of the
fibroblast effects that we are studying, Azzarone and colleagues
have shown that IL-4 alone only influence CD106 expression [4].
Furthermore, as IL-4 and IL-13 have largely been shown to have
overlapping effects on fibroblasts [4,9] it is plausible that in our
experiments IL-13 has the most important effect, due to the
higher concentrations found.

The specific mediators released by fibroblasts that we mea-
sured in this study all have possible important impacts on airway
inflammation; IL-6 induces T cell activation and proliferation
[25], and the recently characterized CC chemokine eotaxin selec-
tively recruits eosinophils in the airways [26]. IL-8, a CXC
chemokine mainly associated with neutrophil function, has been
linked to a variety of inflammatory diseases in the lung, including
adult respiratory distress syndrome and chronic bronchitis, and in
allergic asthma IL-8 levels correlate with the severity of the
disease [27,28].

An important signalling between lymphocytes and resident
cells in the tissue can also be delivered through direct cell contact
mediated by surface molecules. The up-regulation of CD54 and
CD40 on fibroblasts following incubation with allergen-stimu-
lated PBMC supernatants is in accordance with the hypothesis of
an enhancing cross-talk between fibroblasts and leucocytes [29].
The CD40-CD40L interaction has, for example, been shown to
directly induce IL-6 and IL-8 production by fibroblasts [30].

This cross-talk including resident fibroblasts expressing
increased amounts of CD54 and CD40 may lead to an enhance-
ment of the inflammatory process. More studies using co-
culture systems are needed to increase the knowledge of these
mechanisms.

Taken together, these and previous results show clearly that
fibroblasts are able to act as specific immune modulators in the
allergic inflammation and should therefore be considered as
important therapeutic targets. Furthermore, our study indicates

that the regulating cytokines function in a delicate synergistic net-
work that may not be mimicked properly with individual media-
tors. Consequently, results from in vitro studies must be
interpreted carefully when cytokines in high concentrations are
applied individually.
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