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Summary

Several chronic diseases are characterized by inflammation, T cell recruitment
and tissue remodelling. We hypothesized that activated T cells may stimulate
remodelling of extracellular matrix (ECM) in vitro. Total T cells (CD3+) as
well as CD4+ and CD8+ subsets were isolated from peripheral blood and
stimulated, after which conditioned media (CM) were obtained. CM was
added to human lung fibroblasts in three-dimensional collagen gels and the
area of gels was measured daily. Hydroxyproline was determined as a measure
of collagen degradation in the gels. Matrix metalloproteinase (MMP) activity
in the culture media was analysed by gelatine zymography. Cytokine secretion
of stimulated CD4+ and CD8+ T cells was analysed. CD3+ CM augmented
collagen gel contraction in a time- and dose-dependent manner (P < 0·0001).
CD4+ T cell CM was more potent than CD8+ T cell CM (P < 0·001). CD3+ CM
and CD4+ T cell CM, but not CD8+ T cell CM, stimulated fibroblast-mediated
collagen degradation and MMP-9 activity. A broad-spectrum MMP-inhibitor
added to the culture system inhibited both gel contraction and MMP activity.
Activated CD4+ T cells secreted significantly more tumour necrosis factor
(TNF) and interleukin (IL)-6 compared to CD8+ T cells. CD3+ CM from
patients with chronic obstructive pulmonary disease stimulated fibroblast-
mediated collagen gel contraction to the same magnitude as CD3+ CM from
healthy controls. In conclusion, activated CD4+ T cells can stimulate
fibroblast-mediated degradation of ECM in vitro. This could be a mechanism
by which activated T cells stimulate degradation of lung tissue leading to
pulmonary emphysema.
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Introduction

Several chronic inflammatory lung diseases such as rheuma-
toid arthritis, idiopathic pulmonary fibrosis, asthma, sarcoi-
dosis and chronic obstructive pulmonary disease (COPD)
are characterized by T cell recruitment and remodelling of
the extracellular matrix (ECM). Whereas T helper type 2
(Th2) cells are important for the progression of fibrosis,
interferon (IFN)-g-producing Th1 cells has the opposite
effect by inducing collagen degradation [1].

In COPD, activated T cells, in particular of the CD8+

subset, are accumulated in both the central and peripheral
airways but their role in the pathophysiology of the disease
has not yet been clarified [2–5]. It is suggested that the T cells
in COPD are preferentially of Th1 and T cytotoxic type 1

(Tc-1) phenotypes [4,6]. Recent reports indicate that CD4+

T cells might also be of importance, especially in severe
COPD [7–10].

In emphysema, the lung parenchyma and its elasticity is
destroyed. It is believed that an imbalance between proteases
and anti-proteases is involved in this destructive process [11].
There is an increased activity of matrix metalloproteinases
(MMPs), in particular MMP-2 and MMP-9 in emphysema-
tous lung tissue [12,13]. In addition, alveolar macrophages
from patients with emphysema transcribe and release
elevated levels of MMP-9 compared to healthy controls [13].
Moreover, guinea pigs exposed to smoke develop emphysema
and show increased levels of MMP-9 in the lungs [14]. When
these animals are treated with a broad-spectrum MMP-
inhibitor the emphysematous changes can be attenuated.
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Given that activated T cells are present in the tissue in
different chronic inflammatory diseases, including COPD,
we hypothesized that these cells have the capacity to stimu-
late fibroblast-mediated tissue degradation in vitro. To test
this hypothesis we separated human T cells, stimulated them
and used the conditioned media in a functional in vitro assay
for tissue remodelling, the three-dimensional collagen gel
contraction assay [15].

Materials and methods

Subjects

Peripheral blood was obtained from 18 healthy, non-
smoking individuals between the ages of 26 and 60. These
blood donors were not taking any medications on a regular
basis. For the experiment reported in the last paragraph of
the Results section, peripheral blood was obtained from an
additional five COPD patients and five age-matched healthy
individuals (Table 1). The COPD patients were all ex-
smokers, whereas the control group were never smokers.
Informed consent was obtained from each subject. The study
was approved by the Regional Ethical Review Board, Stock-
holm, Sweden.

Collagen type I

Type I collagen (rat-tail tendon collagen: RTTC) was
extracted according to a previously published method [16].

Cell cultures

Human fetal lung fibroblasts (HFL-1) were obtained from
the American Type Culture Collection (ATCC; Rockville,
MD, USA). The cells were cultured as described previously
[16]. The fibroblasts were passaged twice a week and were
used between the 15th and 20th passages. Confluent fibro-
blasts were trypsinized [trypsin–ethylenediamine tetraacetic
acid (EDTA); Sigma-Aldrich, St. Louis, MO, USA; 0·05%

trypsin 0·53 mM EDTA], resuspended in Dulbecco’s modi-
fied essential medium (DMEM) without serum and used for
collagen gel cultures.

T cell conditioned media

Freshly collected blood was placed into sodium heparin
tubes and mononuclear cells were separated by density gra-
dient centrifugation (Ficoll-PaqueTM PLUS; Amersham Bio-
sciences, Uppsala, Sweden) at 381 g at room temperature for
20 min. T cells were stained with CD3-fluorescein isothiocy-
anate (FITC) or CD4-phycoerythrin (PE)Cy5 or CD8-PE
monoclonal antibodies (DakoCytomation, Glostrup,
Denmark) for 20 min in the dark at +4°C. The stained cells
were then isolated by cell sorting in a MoFlo high-speed
cellsorter (DakoCytomation). The purity was always >93%.
CD4+ and CD8+ T cells were also separated by negative iso-
lation kits (Invitrogen, Carlsbad, CA, USA). Conditioned
media (CM) was obtained from T cells (CD3+, CD4+ or
CD8+) cultured at a concentration of 1·0 ¥ 106/ml in serum-
free DMEM. The T cells were activated by anti-CD3/anti-
CD28-coated magnetic beads in a ratio of 1·2 : 1 bead/cell
(Dynal Biotech, Oslo, Norway) and incubated (+37°C, 5%
CO2) in 96-well plates for 3 days. The cells were removed by
centrifugation and CM was stored at -80°C until use.

Collagen gel contraction assay

Collagen gels were prepared as described previously using
3 ¥ 105 fibroblasts (HFL-1)/ml gel solution [16]. After gela-
tion the collagen gels were released from the surface of the
culture wells using a sterile spatula and transferred into
60 mm tissue culture dishes (Falcon, BD Franklin Lakes, NJ,
USA) containing 5 ml of serum-free DMEM. The T cell CM
was added to DMEM at a concentration of 1/5, unless indi-
cated otherwise. In another set of experiments CD3+ CM
(at a concentration of 1/10) from COPD patients were
compared to healthy controls. In some experiments the
broad-spectrum MMP-inhibitor GM6001 (Calbiochem,
Darmstadt, Germany) was added, together with CD3+ CM,
in a final concentration of 10 mM to the medium in which
the gels were floated. The floating gels were incubated at
37°C, 5% CO2 for 4 days.

In all the experiments, the area of the collagen gels was
measured using an image analyser system (Leica Microsys-
tems AG, Wetzlar, Germany). Using the previously described
method [16], the area of each gel could be measured while
sterility was preserved.

Measurement of cell proliferation

In order to estimate cell numbers in the gels, the DNA
content was assayed fluorometrically with Hoechst dye
33258 (Sigma-Aldrich, St Louis, MO, USA) using a modifi-
cation of a previously published method [17].

Table 1. Characteristics of chronic obstructive pulmonary disease

(COPD) patients and controls (see Results, last section).

COPD Controls

Subjects (n) 5 5

Age (years) 65 (60–77) 59 (56–68)

Male/female 1/4 2/3

Smoking history (pack-years) 34 (24–62) 0

FVC % pred 81 (57–97) 111 (89–129)

FEV1 % pred 54 (23–63) 106 (87–142)

FEV1/FVC % 42 (25–61) 77 (74–87)

Data presented as n or median (range), % pred, percentage pre-

dicted; FEV1, forced expiratory volume in 1 second; FVC, forced vital

capacity.
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Gelatine zymography

The medium in which the collagen gels were floated was
collected and concentrated 25–40 ¥ with Amicon Ultra-4
filter [5000 molecular weight cut-off (MWCO); Millipore,
Carrigtwohill, Ireland], by centrifugation at 7500 g for
30 min. The concentrated medium was diluted with an equal
amount of 2¥ sample buffer (0·125 M Tris HCl pH 6·8, 4%
(w/v) sodium dodecyl sulphate (SDS), 20% (v/v) glycerol,
0·04% (w/v) bromophenol blue) and subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) under non-
reducing conditions in 6% acrylamide gels containing
2 mg/ml gelatine. After separation of MMPs by electro-
phoresis (MiniVE complete; Amersham-Biosciences), gels
were washed by gentle shaking for 2 ¥ 30 min at room tem-
perature in 2·5% (v/v) Triton-X 100. The gels were then
incubated in metalloproteinase buffer (20 mM glycine,
10 mM CaCl2, 1 mM ZnCl2, pH 8·3) for 48 h at 37°C, and
stained subsequently with 0·1% Coomassie blue. Zones of
proteolysis appeared as clear bands against a blue
background. Supernatants from HT1080 cells were used as
positive controls [18].

RNA extraction and cDNA synthesis

HFL-1 cells were seeded in DMEM, supplemented with 10%
fetal calf serum (FCS) in a 12-well tissue culture plate until
80% confluence and starved overnight. The cells were then
stimulated with CD3+ CM for 24 h and total RNA was
extracted using the RNeasy extraction kit (Qiagen Inc.,
Valencia, CA, USA), according to the manufacturer’s
instructions. The RNA was reverse-transcribed from 1 to
2 mg RNA in a total volume of 20 ml using 20 mM random
hexamer primers, 10 mM deoxyribonucleoside triphosphate
(dNTP), 40 U RNasin (Pharmacia Biotech, Uppsala,
Sweden) and 200 U SuperScriptTM RNase H– reverse tran-
scriptase (Invitrogen) according to the manufacturer’s
instructions.

Semiquantification of MMP-9

The basal and stimulated MMP-9 mRNA expression in
HFL-1 was quantified using the ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA). Three ml of cDNA were amplified by real-time
polymerase chain reaction (PCR) with 1 ¥ TaqMan
universal PCR master mix (Applied Biosystems). As
primers and probes, the Assay on Demand Kit from
Applied Biosystems was used for quantification of MMP-9
(Hs00234579_m1). Ribosomal protein large P0 (RPLP0)
was used as a housekeeping gene to normalize for RNA
loading. All TaqMan assays were cDNA-specific. Each
sample was analysed in duplicate using the ABI prism 7000
(Applied Biosystems).

Hydroxyproline assay

Hydroxyproline was quantified as a measure of collagen
content in the gels using a modification of a previously
described method [19]. Briefly, gels were centrifuged at
11 500 g for 10 min to eliminate fluid and then heated at
67°C for 10 min to dissolve the collagen. Twenty microlitres
of the supernatant was mixed gently with 20 ml of 3·3 N
sodium hydroxide followed by autoclaving at 121°C for
15 min. Chloramine T reagent (450 ml/sample) was then
applied and samples were oxidized at room temperature for
20 min. Following this, samples were gently mixed with
500 ml of freshly prepared Ehrlich’s reagent and developed
for 20 min at 65°C. Absorbance of each sample was mea-
sured at 550 nm.

Measurement of cytokines

CD4+ and CD8+ T cells were stimulated for 3 days. Concen-
trations of interleukin (IL)-1b, IL-4, IL-6, IL-8, IL-10, inter-
feron (IFN)-g and tumour necrosis factor (TNF) in the CM
were determined using cytometric bead array (CBA) flex set
(BD, Franklin Lakes, NJ, USA). Thirty microlitres of all
samples were prepared as described in the protocol and the
cytokines were detected within the range 10–2500 pg/ml in a
FACSCantoTM II flow cytometer (BD). The data were analy-
sed with FCAP Array Software version 1·01 (BD).

Statistical analysis

Results are presented as median with lower and upper quar-
tile values (p25–p75) unless stated otherwise. The Mann–
Whitney U-test was used when two groups were compared.
When more than two groups were evaluated, analysis of
variance (anova) followed by Tukey’s multiple comparison
tests were performed. P-values < 0·05 were considered
significant. Statistical comparisons and graphs were per-
formed by use of GraphPad Prism version 4·03.

Results

T cell conditioned media stimulate fibroblast-mediated
collagen gel contraction

Fibroblast-populated collagen gels incubated with CD3+ CM
from healthy individuals contracted more during the 4-day
culture period compared to control gels (Fig. 1a). Increasing
concentrations of CD3+ CM were added to the culture
system showing that the augmentation of fibroblast-
mediated collagen gel contraction was both time- and
concentration-dependent (Fig. 1b). The increased gel con-
traction by CD3+ CM was not seen earlier than 2 days of
culture. The experiment was repeated on multiple occasions
with a final concentration of 1/5 CD3+ CM (Table 2) and
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median (p25–p75) of these 10 experiments at day 4 as the
percentage of initial gel area was 3·3 (1·2–14·6)% (CD3+

CM) versus 38·2 (31·9–43·2)% (control). Although the mag-
nitude of gel contraction varied in individual experiments,
pooled data showed a significant (P < 0·0001) difference in
contraction between CD3+ CM-stimulated and control gels.

CD4+ and CD8+ T cells isolated through cell sorting
(n = 4) or by negative isolation with beads (n = 4) were
stimulated for 3 days as described above. CD4+ T cell CM
and CD8+ T cell CM were added separately to the media in
which the gels were floated (Fig. 1c). Pooled data from these
eight separate experiments confirmed that CD4+ T cell CM
stimulated fibroblast-mediated collagen gel contraction sig-
nificantly more than both CD8+ T cell CM and control; 5·9
(3·5–6·4)% (CD4+) of initial gel area after 4 days of culture
versus 36·1 (29·6–45·8)% (CD8+) and 37·1 (34·6–45·8)%
(control). Data were analysed with one-way anova followed
by Tukey’s multiple comparison test, P < 0·001 for both
CD4+versus CD8+ and CD4+versus control. There was no sig-
nificant difference in the ability of CD8+ T cell CM to stimu-
late contraction compared to control.

Cell proliferation

Fibroblast-populated collagen gels stimulated with CD3+

CM had slightly more DNA than control gels [optical density
(OD)]-value: 1083 (959–1155) versus 832 (726–981); data
from four sets of experiments in triplicate). However, the
difference was not statistically significant (P = 0·11).

Gelatine zymography

Control cultures with fibroblasts alone contained both pro-
and active forms of MMP-2, but no MMP-9 (Fig. 2a). When
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Fig. 1. T cell conditioned media (CM) stimulate fibroblast-mediated

gel contraction. Fibroblasts [3 ¥ 105 human fetal lung fibroblasts

(HFL)] were cast into collagen gels in a 24-well culture plate. After

gelation the gels were released into a 60 mm tissue culture dish

containing serum-free Dulbecco’s modified essential medium

(DMEM) with or without T cell CM. The area of the floating gels was

measured daily with an image analyser. (a) Photograph of collagen

gels after 4 days of culture. (i) Control gels with fibroblasts. (ii) Gels

with fibroblasts stimulated with 1/5 CD3+ CM. (b) Time- and

concentration-dependent augmentation of fibroblast-mediated

collagen gel contraction by various concentrations of CD3+ CM (1/40,

1/20, 1/10 and 1/5). Vertical axis: the percentage of initial gel area.

Horizontal axis: time in days. Data are presented as mean of triplicate

gels � standard error of the mean (s.e.m.) from one representative

experiment. (c) CD4+ and CD8+ T cell stimulation of

fibroblast-mediated collagen gel contraction. CD4+ and CD8+ T cell

CM were diluted 1/5 in serum-free DMEM. Data presented as in (b).

Table 2. CD3+ conditioned media (CM) stimulate fibroblast-mediated

collagen gel contraction.

Exp. Fibroblasts Fibroblasts + CD3+ CM*

1 36·3 � 0·9 4·5 � 0·1

2 35·1 � 1·3 5·7 + 1·1

3 30·5 � 0·7 9·4 � 0·5

4 40·8 � 0·7 30·9 � 1·3

5 40·8 � 0·7 1·5 � 0·04

6 45·5 � 0·2 19·7 � 4·9

7 51·3 � 0·1 2·0 � 0·3

8 40·0 � 2·7 1·4 � 0·2

9 24·9 � 0·2 1·0 � 0·1

10 33·2 � 0·4 0·6 � 0·1

Median 38·2 3·3***

(p25–p75) (31·9–43·2) (1·2–14·6)

Values are percentage of initial gel area as mean � standard error of

the mean of triplicate gels from 10 individual experiments at day 4.

Median (p25–p75) of all experiments is presented. *CD3+ CM was

diluted to 1/5 in serum free Dulbecco’s modified essential medium.

***P < 0·0001 versus fibroblasts alone (Mann–Whitney).
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fibroblasts in gel cultures were stimulated with CD3+ CM,
additional bands of active MMP-9 were detected. CD3+ CM
alone did not contain any detectable MMP-2 or MMP-9
activity (data not shown). Gel cultures stimulated with CD4+

and CD8+ T cell CM from four different donors were com-
pared (Fig. 2b). Active MMP-9 was detected only in CD4+ T
cell CM-stimulated culture media (Fig. 2c). This difference
was statistically significant (P < 0·05).

Inhibition of gel contraction and MMP activity
by GM6001

GM6001 was capable of inhibiting both CD3+ CM-
stimulated and -unstimulated fibroblast-mediated collagen

gel contraction (Fig. 3). Control gels cultured with GM6001
had a significantly inhibited gel-contraction compared to
control gels without GM6001 [72·4 (69·3–78·3)% of initial
gel area (median, minimum–maximum) versus 40·8 (30·5–
41·4)%], P < 0·01. Gels stimulated with CD3+ CM was inhib-
ited even more by GM6001 [81·9 (74·0–89·0)% versus 9·4
(1·5–31)%], P < 0·001. In addition, when the MMP-
inhibitor GM6001 was added to the culture system, both
MMP-2 and MMP-9 activities were decreased when mea-
sured with gelatine zymography (data not shown).
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Fig. 2. T cell conditioned media (CM) stimulate fibroblasts to release

active matrix metalloproteinase (MMP)-9 in three-dimensional

cultures. Media from gel cultures were collected and concentrated.

Proteins were separated by electrophoresis on an acrylamide gel

containing gelatine. MMP-2 and MMP-9 activity were detected after

proteolysis. Densitometry was used to determine the intensity of

MMP-9 activity. (a) MMP-2 and MMP-9 activity in media stimulated

with CD3+ CM (lanes 3, 4 and 6) from three separate experiments

were compared to control samples [human fetal lung fibroblasts

(HFL) cultured in Dulbecco’s modified essential medium (DMEM)

alone, lanes 2 and 5]. The first lane contained supernatants from

HT1080 cells (positive control). (b) MMP-2 and MMP-9 activity after

stimulation with CD4+ T cell CM and CD8+ T cells CM separately

from four different experiments (CD4-1/CD8-1, CD4-2/CD8-2,

CD4-3/CD8-3 and CD4-4/CD8-4). (c) The relative MMP-9 activity as

densitometric value in media from gel cultures stimulated with CD4+

and CD8+ T cell CM (P < 0·05, Mann–Whitney, n = 4), n.d. = not

detected.
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Fig. 3. Matrix metalloproteinase (MMP) inhibitor GM6001

attenuates CD3+ conditioned media (CM) mediated collagen gel

contraction. Fibroblasts [human fetal lung fibroblasts (HFL)-1] were

cast in collagen gels and released into serum-free Dulbecco’s modified

essential medium (DMEM) with or without CD3+ CM and the

broad-spectrum MMP-inhibitor GM6001. After 4 days of culture, the

area of the gels was measured with an image analyser. Vertical axis:

percentage of initial gel area. Horizontal axis: condition. Data shown

as mean � standard error of the mean of triplicate gels from three

separate experiments. (**P < 0·01, ***P < 0·001, analysis of variance

followed by Tukey’s).
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Fibroblast MMP-9 mRNA expression

Stimulation of fibroblasts with CD3+ CM from two healthy
individuals resulted in a 2·4- and a 9·6-fold increase of
MMP-9 expression, respectively, compared to control. The
corresponding cycle threshold (Ct) values were 39·1 for the
control and 37·7 and 35·9 for the CD3+ CM-stimulated
samples. In an experiment with CD3+ CM from a third indi-
vidual MMP-9 mRNA expression was undetectable in the
control sample (after 45 PCR cycles). However, the reverse
transcription (RT)–PCR Ct value of the CD3+ CM-treated
sample was 38·6. The corresponding Ct values of the house-
keeping gene (RPLP0) in all samples were in the range of
22·5–22·8, showing that the increase was not an artefact.

Collagen degradation

Hydroxyproline was measured in order to estimate collagen
content in the gels. The amount of hydroxyproline was sig-
nificantly lower in gels stimulated with CD3+ CM compared
to control gels (Fig. 4a). Data from four pooled experiments
of triplicates at day 4 showed the decrease of collagen as 10·4
(3·6–14·7) mg hydroxyproline when CD3+ CM was added
versus 20·9 (19·1–25) mg in the control, P < 0·05. Gels stimu-
lated with CD4+ T cell CM had significantly lower collagen
content compared to gels stimulated with CD8+ T cell CM.
Median hydroxyproline content in CD4+ T cell
CM-stimulated gels was 29 (13–49)% of control (HFL-1)
compared to CD8+ T cell CM-stimulated gels; 116 (102–
137)%, P < 0·05 (Fig. 4b).

Cytokine secretion

CD4+ (n = 4) and CD8+ T cells (n = 4) were obtained by
negative isolation with beads.

Concentrations of cytokines secreted by activated CD4+

and CD8+ T cells were measured after 3 days of stimulation.
IL-1b could not be detected and there were no significant
differences in the IL-8, IL-10 and IFN-g secretion (Table 3).
However, IL-6 and TNF was increased significantly in super-
natants from CD4+ T cells in comparison to CD8+ T cells
(P < 0·05 for both). The increased IL-4 secretion from stimu-
lated CD4+ T cells should be interpreted with caution, as the
values were in the lower part or below the detection limit on
the standard curve.

The effect of CD3+ conditioned media from
COPD patients on fibroblast-mediated collagen
gel contraction

CD3+ CM collected from five COPD patients and five
matched controls were added separately to the gel culture
media in which the gels were floated. Both CD3+ CM from
COPD patients and controls stimulated fibroblast-mediated
collagen gel contraction. However, there was no difference
over time between these groups. Median at day 4 of CD3+
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Fig. 4. T cell conditioned media (CM) stimulate collagen degradation.

Collagen gels from day 4 were prepared and assayed for hydroxyproline

as a measure of collagen content. (a) Hydroxyproline content in tripli-

cates of gels from four separate experiments with control gels [human

fetal lung fibroblasts (HFL)-1] and gels incubated with CD3+ CM. Ver-

tical axis: mg hydroxyproline. Horizontal axis: samples (*P < 0·05,

Mann–Whitney). (b) Hydroxyproline content in triplicate gels stimu-

lated with CD4+ T cell CM and CD8+ T cell CM from four separate

experiments. Vertical axis: hydroxyproline (% of control, HFL-1). Hori-

zontal axis: samples (*P < 0·05, Mann–Whitney).

Table 3. Cytokine concentrations in conditioned media (CM) from

activated CD4+ and CD8+ T cells.

Cytokine CD4 CD8

IL-1b Not detected Not detected

IL-4 16 (12–18)* 6 (3–9)

IL-6 269 (110–424)* 9 (1–36)

IL-8 26 (9–111) 6 (3–37)

IL-10 24 (8–53) 7 (1–9)

IFN-g 857 (176–1895) 347 (54–2757)

TNF 2880 (1507–4781)* 496 (131–1462)

Values are in pg/ml, median (range). *P < 0·05 (Mann–Whitney).

IFN: interferon; IL: interleukin; TNF: tumour necrosis factor.
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CM from the COPD group: 14·4 (3·4–19·6)% of initial gel
area versus the healthy group: 7·9 (3·3–13·8)%, P = 0·55
(Mann–Whitney).

Discussion

In the current study, we demonstrate that activated human T
cells can stimulate fibroblast-mediated contraction of col-
lagen gels. We found that conditioned media (CM) from
CD4+ T cells was more potent than CD8+ T cell CM in
mediating this effect. In the three-dimensional culture
system, a degradation of collagen was observed together with
an increased MMP-9 expression and activity. A broad-
spectrum MMP-inhibitor added to the culture system inhib-
ited both gel contraction and MMP activity. Finally, we
found that activated CD4+ T cells secrete more IL-6 and TNF
compared to activated CD8+ T cells.

The three-dimensional collagen gel contraction assay used
in this study, described originally by Bell et al. [15], is used as
a method for studying fibroblast-mediated remodelling in
vitro. Even though this culture system is a simplification of in
vivo conditions, the system has been used to elucidate effects
of potential fibrotic mediators [16,20–22]. The method
allows studies of mediators affecting fibroblasts cultured in a
three-dimensional manner and also provides an opportunity
to study cell–cell interactions. In the present study we did not
culture T cells and fibroblasts together in order to exclude
any possible allogeneic reaction between the two cell types.

It has been demonstrated previously that the number of
CD8+ T cells in the small airways in COPD correlates with
lung function impairment [2,3]. CD8+ T cells have the ability
to induce cell death through granzymes, perforins and Fas-
induced apoptosis and it has been suggested that CD8+ T
cells are associated with apoptosis of alveolar epithelial cells
in emphysema [23]. Other studies show that both CD4+ and
CD8+ T cell numbers increase in peripheral airways in severe
COPD [24,25]. Aoshiba et al. suggested that lymphocyte
subsets are distributed differently, depending on the severity
of emphysema, which can vary in different sites of the lung
[7]. They showed that CD4+ T cells are more abundant
in severe emphysematous lesions, whereas CD8+ T cells
are found preferentially in mild emphysematous tissue.
Our finding that CD4+ T cell CM stimulate fibroblasts to
increased protease activity and remodelling in vitro supports
these previous observations and suggests that this subtype
might be of importance in severe COPD, where tissue deg-
radation and emphysema are predominant findings.

Our finding that T cells stimulate fibroblast-mediated
MMP-9 activity and collagen degradation is in line with the
concept that emphysema is due to an imbalance between
proteases and anti-proteases [26]. We also demonstrated that
CD3+ CM stimulated fibroblasts to express MMP-9 mRNA.
In COPD, there is most probably an interplay between
several cell types and mediators that contribute to remodel-
ling and degradation of lung tissue. For instance, it has been

shown that macrophages and neutrophils are recruited to the
lungs of these patients and that they produce a variety of
MMPs, such as MMP-1, MMP-2, MMP-8 and MMP-9, that
might be of importance in the development of emphysema
[27,28]. Fibroblast-mediated collagen gel contraction could
be inhibited by a broad-spectrum MMP-inhibitor. The inhi-
bition of basal contraction by GM6001 may be due to inhi-
bition of the constitutive release of MMP-2 whereas the
greater inhibition seen with CD3+ CM is, plausibly, an inhi-
bition of both constitutive MMP-2 as well as induced
MMP-9 and other MMPs. This strengthens our hypothesis
that MMPs are important in fibroblast-mediated remodel-
ling induced by T cell CM.

Contraction of fibroblast-populated collagen gels is
dependent upon the number of cells in the gel [17]. To
investigate whether cell proliferation during the culture
period could explain the increased contractility, total DNA
content in the gels was determined. The number of cells
measured as DNA content was slightly higher in gels stimu-
lated with CD3+ CM. However, this difference was not
statistically significant and this small increase in cell num-
bers could most probably not explain the pronounced
CD3+ CM-induced augmentation of fibroblast-mediated
contraction.

The stimulatory effect of CD3+ CM and CD4+ T cell CM in
the fibroblast-mediated collagen gel contraction assay was
never observed earlier than 2 days of culture. This is in agree-
ment with the results of Distler et al. who showed that
microparticles derived from activated or apoptotic T cells
can induce different types of fibroblasts to the release of
mediators, including MMP-9 [29], and that such a response
from the fibroblasts was time-dependent, with a strong
MMP activity induction only after 36 h.

Activated T cells have been shown to inhibit collagen pro-
duction by dermal fibroblasts through TNF and IFN-g activ-
ity [30,31]. We measured concentrations of cytokines in the
CD4+ and CD8+ T cell supernatants and found significantly
more CD4+ T cell-secreted IL-6 and TNF. The higher con-
centrations of IL-6 could be important for sustaining the
inflammation as this is a proinflammatory cytokine. It has
also been shown that IL-6 per se can stimulate fibroblast-
mediated collagen degradation through MMP activity [32].
A previous study has shown that both TNF and IFN-g inhibit
collagen gel contraction when added alone or together [33].
However, a functional study of cytokine interaction with
fibroblasts showed that when TNF was cultured together
with growth factors such as platelet-derived growth factor
(PDGF) or basic fibroblast growth factor (bFGF), fibroblasts
were stimulated to MMP-9 up-regulation [34]. This was not
observed by growth factors or TNF alone. This suggests that
cytokines, in particular TNF, in the CD4+ T cell supernatants
can induce MMP-9 secretion and simulate fibroblast-
mediated gel contraction when either T cell produced
growth factors or autocrine growth factors produced by
fibroblasts themselves are present. The previous findings of T
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cell-mediated inhibition of collagen production [30,31],
together with our present demonstration of T cell-induced
protease activity, suggest a potent role for T cells in tissue
remodelling. A decrease in collagen synthesis combined with
increased production of tissue degrading enzymes most cer-
tainly results in tissue degradation. However, in this study
only a few cytokines were investigated. Further studies of the
mechanisms involved and the mediators secreted by acti-
vated T cells that stimulate fibroblast-mediated tissue
remodelling in vitro need to be performed to understand this
process fully.

CD3+ CM from COPD patients were also compared to
CD3+ CM from age-matched healthy individuals. However,
we were not able to detect any difference in their ability to
stimulate fibroblast-mediated collagen gel contraction. The
reason that T cells from healthy controls behaved in the
same manner as T cells from COPD patients may be due to
the fact that the cells from both groups were stimulated
extensively and had reached a considerable activity. T cells
are accumulated in the lung in COPD and are activated in
vivo [4,5]. Therefore, we believe that our approach using in
vitro-activated peripheral blood T cells may mimic lung T
cells in an inflammatory condition. Furthermore, COPD is
an extremely heterogeneous disease. Our patients were not
included based on their extent of emphysema or systemic
involvements. This could hamper a potential effect of T
cells from subsets of COPD patients in various biological
assays.

In conclusion, we have demonstrated that activated CD4+

T cells can stimulate fibroblasts to degradation of extracel-
lular matrix in vitro. Our data demonstrate that this is due, at
least partially, to fibroblast-induced MMP activity and may
be a mechanism by which activated T cells stimulate degra-
dation of lung tissue leading to pulmonary emphysema.
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