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Introduction

Summary

Peripheral blood mononuclear cells taken from patients with scleroderma
express increased levels of interleukin (IL)-13. Moreover, the expression of
matrix metalloproteinase-1 (MMP-1) from involved scleroderma skin
fibroblasts is refractory to stimulation by tumour necrosis factor (TNF)-a.
To elucidate the mechanism(s) involved, we examined the effect of IL-13 on
TNF-a-induced MMP-1 expression in normal and scleroderma human
dermal fibroblast lines and studied the involvement of serine/threonine
kinase B/protein kinase B (Akt) in this response. Dermal fibroblast lines
were stimulated with TNF-a in the presence of varying concentrations of
IL-13. Total Akt and pAkt were quantitated using Western blot analyses.
Fibroblasts were treated with or without Akt inhibitor VIII in the presence
of IL-13 followed by TNF-a stimulation. MMP-1 expression was analysed
by real-time polymerase chain
immunosorbent assay (ELISA). Statistical analysis was performed using
analysis of variance (ANova) or Student’s #-test. Upon TNF-a stimulation,
normal dermal fibroblasts secrete more MMP-1 than systemic sclerosis
(SSc) fibroblasts. This increase in MMP-1 is lost when fibroblasts are co-
incubated with IL-13 and TNF-a. IL-13 induced a significant increase in
levels of pAkt in dermal fibroblasts, while Akt inhibitor VIII reversed the
suppressive effects of IL-13 on the response of cultured fibroblasts to TNF-
a, increasing their expression of MMP-1. We show that IL-13 suppresses
MMP-1 in TNF-a-stimulated normal and scleroderma dermal fibroblast.
Akt inhibitor VIII is able to reverse the suppressive effect of IL-13 on MMP-
1 expression and protein synthesis. Our data suggest that IL-13 regulates

reaction (PCR) and enzyme-linked

MMP-1 expression in response to TNF-a through an Akt-mediated pathway
and may play a role in fibrotic diseases such as scleroderma.

Keywords: dermal fibroblasts, fibrosis, IL-13, inflammatory response,
MMP-1

the pathophysiology of this imbalance could derive from

The development of fibrosis is the end result of aberrant
inflammatory and tissue repair response resulting from an
imbalance between matrix degradation and synthesis. Rele-
vant considerations in this imbalance are the production of
metalloproteinase (MMP)-1, the enzyme involved in colla-
gen degradation in connective tissues, and the synthesis of
collagen in connective tissue [1]. MMP-1, the principal col-
lagenase synthesized by skin fibroblasts, plays an important
role in the degradation of extracellular matrix in response
to proinflammatory cytokines during wound repair. While

multiple causalities, interleukin (IL)-13 [which is a T
helper type 2 (Th2) cytokine and a major inducer of fibro-
sis in many chronic diseases such as asthma, chronic infec-
tions and parasitic infections] has been implicated in
autoimmune disorders such as scleroderma [2]. However,
the mechanism for the effect of IL-13 on fibrosis is not
understood.

IL-13 has been shown to modulate collagen homeostasis
in normal and keloid fibroblasts, and stimulate the produc-
tion and activation of transforming growth factor (TGF)-B

84 © 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 84-95


http://orcid.org/0000-0002-0362-9299

in vivo in mice [3,4]. In-vitro IL-13 is a potent stimulator
of fibroblast proliferation and collagen production [3].
Data from human studies suggest that IL-13 is a pathogenic
cytokine in systemic sclerosis (SSc) [5,6] in which serum
IL-13 levels are increased. Dermal fibroblasts from SSc
patients show a myofibroblast phenotype that expresses
higher levels of intracellular IL-1 receptor antagonist (icIL-
Ira) than normal skin fibroblasts after stimulation with
tumour necrosis factor (TNF)-a [7]. Expression of MMP-1
is reduced in biopsies from involved skin of patients with
SSc [8]. In our previous study, we showed that peripheral
blood mononuclear cells (PBMC) from diffuse cutaneous
SSc patients produced significant amounts of IL-13 in
response to stimulation with type 1 collagen compared to
peripheral blood mononuclear cells (PBMCs) from control
or patients with localized disease. Co-culturing these super-
natants with scleroderma fibroblasts for 21 days suppressed
their ability to produce MMP-1 [9]. Similarly, prolonged
culturing of scleroderma fibroblasts with recombinant IL-
13 inhibited significantly the ability of fibroblasts to pro-
duce MMP-1 [9]. However, the effect of IL-13 on MMP-1
gene regulation is not understood clearly.

One intracellular mechanism that has been shown to be
up-regulated by IL-13 is the phosphatidylinositol 3-kinase
PI3 kinase/protein kinase B (Akt) pathway [10]. The ser-
ine/threonine protein kinase B (PKB/AKT) is a major com-
ponent of an intracellular signalling pathway that mediates
the response to inflammatory agents. The Akt family of
kinases (Akt 1, 2 and 3) regulates proliferation, survival,
metabolic and other pleiotrophic cellular activities in nor-
mal and tumour cells [11,12]. In the present study, we
hypothesized that IL-13 would decrease the expression of
MMP-1 induced by TNF-a in normal fibroblasts, and that
one possible mechanism for this inhibition might be the
PI3 kinase/Akt pathway. Our data suggest that IL-13 regu-
lates MMP-1 expression in response to proinflammatory
cytokines in normal fibroblasts through an Akt-mediated
pathway with suppression of MMP-1 production with
higher IL-13 levels.

Methods and materials

Cell lines and culture

This study was conducted using protocols approved by the
Institutional Review Board of our institution. The Declara-
tion of Helsinki protocols were followed; patients gave their
written informed consent. Adult patients (aged 18-70 years)
met the American College of Rheumatology preliminary
criteria for the diagnosis of SSc. Human dermal fibroblast
cell lines were obtained from eight normal volunteers and
five scleroderma patients. Punch biopsies from diffuse scle-
roderma (dcSSc) patients were taken from involved sclero-
derma skin of the volar forearm surface. Dermal fibroblasts
were grown from punch biopsies from the volar surface of
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the forearm of normal volunteers. Fibroblasts were allowed
to grow out from explanted skin biopsies for 2—-3 weeks in
Eagle’s minimal essential medium (EMEM) with 9% fetal
calf serum (FCS), 100 p/ml penicillin, 100 pg/ml strepto-
mycin and amphotericin B (1 pg/ml).

The fibroblasts were then cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), penicillin (100 units/ml),
streptomycin (100 pg/ml) and 2 mM L-glutamine (Invitro-
gen, Grand Island, NY, USA) at 37°C in a humidified
atmosphere of 5% CO, in air. Fibroblasts between 10 and
16 passages were used for experiments. For short-term
experiments, fibroblasts were maintained in 10% DMEM
then changed to serum-free for 24 h prior to experimenta-
tion. Normal and scleroderma fibroblasts were treated with
varying concentrations of IL-13, IL-4, Akt inhibitor VIII or
in combination for 1 h and then stimulated by adding
TNF-a for an additional 24 h before harvesting superna-
tants. For long-term studies, culture medium containing
10% FBS alone or with IL-13 were changed every 3 days for
14 days. At the end of the 14-day incubation period, fibro-
blasts were maintained in serum-free (SF) DMEM for 24 h
followed by TNF-a stimulation for an additional 24 h. The
cell layer remaining in the tissue culture plates was placed
at —80°C for at least 24 h and then subjected to CyQuant
analysis, as described below. Control samples received
either phosphate-buffered saline (PBS) (vehicle for TNF-a)
or 5 pM dimethylsulphoxide (DMSO) (vehicle for Akt
inhibitor VIII) as an appropriate buffer control where
needed. DMSO at a final concentration of 5 uM was non-
toxic to cultured cells as measured by Cyquant analysis.

Reagents

Human recombinant TNF-a, IL-13 and IL-4 were pur-
chased from R&D Systems (Minneapolis, MN, USA). Anti-
bodies for Akt and pAkt were obtained from Cell Signaling
Technology (Boston, MA, USA) (nos 9272 and 9271, Ser
473), and antibodies for B-actin were obtained from Sigma
(A5441; Sigma, St Louis, MO, USA). Akt inhibitor VIII
(Akt-1/2) was purchased from Calbiochem (San Diego,
CA, USA; Cat. no. 124018). The CyQuant cell proliferation
assay kit was purchased from Invitrogen. FBS was pur-
chased from Atlanta Biologicals (Atlanta, GA, USA). ECF
Western blotting reagents were purchased from Amersham
Biosciences (Piscataway, NJ, USA). All other reagents were
analytical grade.

CyQuant analysis

At the end of the incubation period, culture supernatants
were stored at —20°C until analysis by enzyme-linked
immunosorbent assay (ELISA) for MMP-1 protein, and the
cell layer was frozen at —80°C for assay of cell numbers by
CyQuant cell proliferation assay. Cells were removed from
—80°C and allowed to thaw, at which time cell lysis buffer
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and dye were placed on the cell layer and allowed to incu-
bate overnight in the dark. Fluorescence excitation/emis-
sion was read at 480/520 nm using a SPECTRAMAX
340PC microplate spectrophotometer (Molecular Devices,
Sunnyside, CA, USA).

Analysis of gene expression

Total RNA was isolated from cells using Trizol (Ambion,
Grand Island, NY, USA) and reverse-transcribed into
cDNA using reverse transcriptase [Life Technologies—
Applied Biosystems (ABI), Grand Island, NY, USA] for real
time—polymerase chain reaction assay (RT-PCR). A Taq-
man gene assay was used for MMP-1 (Cat. no.
HS00899658-m1; Life Technologies—ABI); beta actin
(Applied Biosystems, Grand Island, NY, USA) was used as
housekeeping gene. The PCR was run using sps version 2-3
software and analysed with RQ manager (Life Technolo-
gies—ABI).

Analysis of MMP-1 protein expression

Supernatants from cultured fibroblasts were analysed for
MMP-1 using human MMP-1 ELISA kit (R&D Systems)
and normalized to cell number as determined by CyQuant
assay.

Analysis of issue inhibitor of metalloproteinase-1
(TIMP-1) protein expression

Supernatants from cultured fibroblasts were analysed for
TIMP-1 using the human TIMP-1 ELISA kit (R&D
Systems).

Quantitation of Akt and pAkt in dermal fibroblasts

The level and activation of Akt was determined by immu-
noblotting using antibodies specific for the phosphorylated
active form (pAkt) or non-phosphorylated form (total
Akt). To test the involvement of the PKB/Akt pathway in
MMP-1 expression, we used the Akt inhibitor VIII, a cell-
permeable quinoxaline compound that inhibits the phos-
phorylation steps of Akt 1 and Akt 2 isoforms selectively
[13,14]. Fibroblasts were treated with interleukin (IL-13)
for the indicated time intervals, then washed with ice-cold
phosphate-buffered saline (PBS) and lysed in radioimmu-
noprecipitation assay (RIPA) buffer. The protein concen-
trations of the lysates were determined by a Bio-Rad
protein assay, and 50 pg/well were electrophoresed in a
10% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred electrophoretically
onto a polyvinylidene difluoride (PVDF) membrane. The
membrane was incubated overnight with rabbit anti-
phosphorylated Akt antibody (no. 9271, Ser 473, 1/1000
dilution; Cell Signaling). The same blot was stripped and
reprobed with Akt antibody (no. 9272, 1/1000 dilution;
Cell Signaling) and then with B-actin antibody (A5441, 1/
1000 dilution; Sigma) on the same blot. Akt control cell

extract (no. 9273; Cell Signaling) was used as a positive
control. Band densities were measured and normalized
based on B-actin levels.

Effect of Akt inhibitor VIII on MMP-1 protein
expression

To determine the effects of Akt inhibition on the PI3
kinase-Akt pathway and MMP-1 expression, a dose—
response study using an Akt inhibitor was performed. The
Akt inhibitor at 2-5 and 5 pM with and without stimula-
tion with 5 ng/ml TNF-a for 24 h was found to be non-
toxic to these fibroblasts (data not shown). A concentration
of 5 uM was used for the Akt inhibitor experiments.
Fibroblasts were pretreated with 5 pM of Akt inhibitor VIII
for 1 h followed by incubation with or without IL-13 2-5
ng/ml for an additional 1 h before stimulation with TNF-a
(5 ng/ml) for 24 h. Supernatants were analysed by ELISA
for MMP-1 after 24 h of TNF-a stimulation and stored at
—20°C until further analysis. As a vehicle control, PBS and
0-1% DMSO (v/v) were added to cell culture medium 1 h
before stimulation with TNF-a.

Statistical analysis

Data are reported as mean = standard error of the mean
(s.e.m.). Statistical analysis was performed using analysis of
variance (ANOVA) or Student’s t-test where P < 0-05 was
considered significant.

Results

IL-13 suppression of MMP-1 expression in human
dermal fibroblasts

In order to determine whether IL-13 suppresses TNF-a-
mediated induction of MMP-1, we pretreated normal
human fibroblast cell lines with various concentrations of
IL-13 (0-5, 1-0, 2-5 and 5 ng/ml) or IL-4 (1-0 and 5 ng/ml)
in triplicate wells for 1 h prior to stimulation with TNF-a
(5 ng/ml) for an additional 24 h. Cultured supernatants
were harvested and analysed for MMP-1 by ELISA. As IL-
13 is a potent inducer of fibroblast proliferation, fibroblasts
were normalized with respect to cell number. Treatment of
the fibroblasts with varying doses of IL-13 showed a dose-
dependent decrease in the levels of MMP-1 protein. This
dose-dependent decrease was noted at doses > 1-0 ng/ml
in response to stimulation with TNF-a. IL-13 at 2-5 and
5-0 ng/ml inhibited TNF-a-induced MMP-1 expression
significantly (Fig. la). Lower doses of IL-13 augmented
TNF-a-induced MMP-1 protein expression at 0-5 ng/ml,
suggesting that higher concentrations of IL-13 (two- to
fivefold higher) are needed to suppress TNF-a-induced
MMP-1 expression (Fig. 1a,b). In a separate experiment, an
IL-13 dose response was carried out on scleroderma fibro-
blast lines. Similar to normal dermal fibroblasts, an IL-13
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Fig. 1. Dose-dependent effect of interleukin (IL)-13 on production of matrix metalloproteinase-1 (MMP-1) protein in dermal fibroblasts
stimulated with tumour necrosis factor (TNF)-a.. Normal fibroblast cell lines: (a,b,c) and scleroderma lines (d,e) were pretreated with various
concentrations of IL-13 or IL-4 before stimulation with TNF-a. Data are expressed as the mean * standard error of the mean (s.e.m.) and
values (MMP-1/cell) are plotted as a percentage of that seen for cultures stimulated with TNF- a. P-values were determined by analysis of

variance (ANOvA) or Student’s t-test where P < 0-05 was considered significant. Experiments were repeated to confirm results.
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Fig. 2. Suppressive effect of long-term incubation of interleukin
(IL)-13 on production of matrix metalloproteinase-1 (MMP-1)
protein in response to tumour necrosis factor (TNF)-a stimulation
in normal dermal fibroblasts. Fibroblast lines (n = 8) were treated
with vehicle [Dulbecco’s modified Eagle’s medium (DMEM) + 10%
fetal calf serum (FCS) + phosphate-buffered saline (PBS) with 0-1%
bovine serum albumin (BSA) (vehicle for IL-13 and TNF- «)] or IL-
13 2:5 ng/ml for 14 days prior to stimulation with TNF-a for
enzyme-linked immunosorbent assay (ELISA) analysis of culture
supernatants. Experiments were run in triplicate and expressed as
percentage of that seen for cultures stimulated with TNF-a.. P-values
determined by Student’s t-test. P < 0-05 represents significance.

dose of 1 to 2 ng/ml inhibited TNF-a-inhibited MMP-1
expression significantly (Fig. 1d). As the IL-4 receptor
alpha (IL-4Ra) subunit is shared with the IL-13 receptor,
we examined the effect of IL-4 on TNF-a-induced MMP-
1 expression. Healthy and scleroderma fibroblasts were
incubated with varying doses of IL-4 for 1 h followed
by stimulation with TNF-a (5 ng/ml). A dose-dependent
inhibition of TNF-a-induced MMP-1 expression was
seen in healthy fibroblasts with IL-4 at 1 ng/ml and
5ng/ml (Fig. 1c) and in scleroderma fibroblasts at doses
1 ng/ml and 10 ng/ml (Fig. 1le). These data show that
normal and scleroderma fibroblasts respond similarly to
IL-4 and IL-13.
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Due to the chronic nature of fibrotic disorders, a study
was conducted in normal fibroblasts to assess the effects of
chronic exposure of IL-13 on TNF-a-induced MMP-1
expression. Eight normal dermal fibroblast lines were sub-
jected to long-term culturing with human recombinant
IL-13. Dermal fibroblasts were incubated with culture
medium containing 10% FBS with or without the inclusion
of IL-13 (2-5ng/ml) for 14 days followed by a 24-h washout
period in SF DMEM prior to stimulation with TNF-a
(5 ng/ml), as described previously [9].

Chronic exposure of the normal fibroblasts to IL-13 sup-
pressed constitutive MMP-1 protein expression when com-
pared to fibroblasts cultured in vehicle alone (Fig. 2). The
suppressive effects of chronic IL-13 exposure on MMP-1
protein expression were not overcome when fibroblasts
were stimulated later with TNF-a (Fig. 2). We selected two
of these fibroblast lines to analyse the relative expression of
MMP-1 mRNA. The relative expression of MMP-1 mRNA
in response to TNF-a stimulation was also inhibited by
long-term culture of fibroblasts in the presence of IL-13
(Fig. 3) in normal fibroblast lines 3 and 6 maintained in
medium alone for 14 days. MMP-1 mRNA measured by
RT-PCR was increased 60- and 80-fold in normal fibro-
blast lines 3 and 6 (Fig. 3a,b, respectively) after stimulation
with TNF-a. In the same normal fibroblast lines cultured
for 14 days in the presence of IL-13 followed by stimulation
with TNF-a, MMP-1 mRNA was reduced by 30 and 75%,
respectively, from the MMP-1 mRNA levels attained in the
same normal fibroblast lines cultured for 14 days with
medium and then with TNF-a.

Effect of IL-13 on Akt activation

As protein kinase B/Akt has been shown to be a critical
enzyme in the signal transduction pathways of fibrosis
[15], we investigated the role that protein kinase B/Akt
might have in IL-13 inhibition of MMP-1. Protein kinase
B/Akt activation in normal fibroblasts was analysed by
Western blotting for total Akt and phosphorylated Akt
(pAkt) at time-points 0 h, 20 min, 40 min, 1 h, 4 h and
16 h after stimulation with 2-5 ng/ml of IL-13 (Fig. 4a). A

Fig. 3. Expression of matrix
IP<0'004| metalloproteinase-1 (MMP-1). Polymerase
chain reaction (PCR) analyses of MMP-1
mRNA in dermal fibroblasts after a 14-day
culture with recombinant interleukin (IL)-
13 followed by stimulation with tumour
necrosis factor (TNF)-a in normal dermal
fibroblast lines 3 (a) and 6 (b). Data are
expressed as standard error of the mean
(s.em.) and plotted as relative MMP-1.
P-values were determined by analysis of
variance (aNova) and compared with the
value in TNF-a-treated cells.
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significant 26% increase in the level of pAkt was detected
by Western blot analysis after 20 min of stimulation with
IL-13 (2-5 ng/ml) compared to untreated controls at time 0
(Fig. 4a). The levels of pAkt returned to baseline value at
40 min and decreased thereafter, reaching the lowest level
at the 16-h time-point (Fig. 4a). In contrast, there was no
significant decrease in total Akt level during the 16-h
period of observation (Fig. 4b).

Inhibition of TNF-induced MMP-1 protein expression
by IL-13 in human normal dermal fibroblasts and
SSc from involved skin is mediated by protein kinase
B/Akt

To understand further the mechanism of inhibition by
which IL-13 inhibits MMP-1 protein production and to
test the involvement of the PKB/Akt pathway in MMP-1
expression, we used the Akt inhibitor VIII, a cell-permeable

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 84-95

quinoxaline compound that inhibits the phosphorylation
steps of Akt 1 and Akt 2 isoforms selectively [13]. We
hypothesized that treatment with the Akt inhibitor VIII
would be able to restore the response to TNF-a of the
fibroblasts cultured with IL-13. To analyse our fibroblasts
for MMP-1 protein synthesis, five normal fibroblast lines
were pretreated with 5 pM of Akt inhibitor VIII with or
without IL-13 followed by stimulation with TNF-a (5 ng/
ml) for 24 h. Supernatants were analysed by ELISA for
MMP-1 protein synthesis. Three of the five normal fibro-
blasts lines are shown in Fig. 5. As revealed in Fig. 5, nor-
mal fibroblast lines treated with IL-13 (2-5 ng/ml) before
TNF-a stimulation exhibited significantly suppressed
MMP-1 protein levels compared to fibroblasts stimulated
with TNF-a alone. Treatment with both IL-13 and Akt
inhibitor VIII blocked the suppressive effect of IL-13 in the
response to TNF-a in fibroblasts and increased MMP-1
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Fig. 5. Effect of protein kinase B (Akt) inhibitor VIII on interleukin (IL)-13-induced alterations of matrix metalloproteinase-1 (MMP-1) protein
expression in the response to tumour necrosis factor (TNF)-a in dermal fibroblasts. Fibroblast lines from normal healthy skin (top row); and
involved scleroderma skin (bottom row) were pretreated with 5 uM of Akt inhibitor VIII before stimulation with TNF-a with or without IL-13
and analysed for MMP-1 by enzyme-linked immunosorbent assay (ELISA). Data are expressed as standard error of the mean (s.e.m.) and plotted
as a percentage of the value of the TNF-treated cells. P-values were determined by analysis of variance (anova). P < 0-05 compared with the

value in TNF-«a and IL-13-treated cells.

levels significantly (Fig. 5; top row) compared to their levels
when stimulated with TNF-a and IL-13 in the absence of
the Akt inhibitor. The amount of MMP-1 secreted when
incubated with TNF-a and IL-13 were restored when the
Akt inhibitor was included. The Akt inhibitor alone
showed little effect on the TNF-a response.

Next we evaluated the role of Akt in scleroderma. We
have shown previously that prolonged culturing of dermal
fibroblasts from involved dcSSc skin with rh IL-13 sup-
pressed protein expression of MMP-1 [9]. To ascertain if
the Akt inhibitor can block the effect of long-term culture
with IL-13 on the induction of MMP-1 in scleroderma
fibroblasts after stimulation with TNF-a we used five dif-
ferent scleroderma fibroblasts lines from SSc-involved
skin. Three of the five lines are shown in Fig. 5; bottom
row).

IL-13 suppressed MMP-1 production in all SSc lines
when compared to TNF-« alone. The suppressive effect of
IL-13 was lost when these fibroblasts were treated with Akt
inhibitor VIII, resulting in a significant increase in MMP-1
production in two of three lines (Fig. 5; bottom row). Akt
inhibitor VIII blocked the suppressive effect of IL-13 in
these fibroblast lines, with more than a twofold increase in
the amount of MMP-1 being observed after TNF-a stimu-
lation. These data suggest that there may be a subset popu-
lation in SSc for whom treatment with Akt-inhibitor may
be beneficial in targeting fibrosis.

Protein kinase B/Akt alters the expression of TIMP-1
in human dermal fibroblasts

We next examined the effect of IL-13 on fibroblast lines
with regard to their expression of TIMP-1 after stimulation
with TNF-a. IL-13 and Akt inh VIII alone have varying
individual effects on TIMP-1 protein expression in our
fibroblast lines with no significant trends (data not shown).
These data suggest that the ability of the Akt inhibitor VIII
to block the suppressive effect of IL-13 on MMP-1 after
TNF-a stimulation is not associated with an effect on
TIMP-1 in these fibroblast lines.

Quantitative differences in the expression of MMP-1
in human dermal fibroblasts

We were interested in determining whether there were
quantitative differences between normal and scleroderma
fibroblast in TNF-a-induced expression of MMP-1 in
fibroblast treated with and without Akt inhibitor. The over-
all expression of MMP-1 protein is significantly less in SSc-
involved fibroblasts cultured with IL-13 and TNF-a when
compared to normal fibroblasts (Table 1). In assessing the
effect of Akt inhibitor on MMP-1 protein expression, SSc-
involved fibroblast lines produced less MMP-1 protein
than normal (Table 1). These data suggest quantitative dif-
ferences in TNF-a-induced expression of MMP-1 between
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Table 1. Quantitative differences in the expression of matrix metalloproteinase-1 (MMP-1) in human dermal fibroblasts

Fibroblasts line Vehicle IL-13 2-5 ng + TNF-a 5 ng/ml Akt in 5 pM + IL-13 2-5 ng + TNF-a 5 ng/ml P-value
Normal 1 1506 * 56 6402 *+ 229 7222 * 367 < 0-03

Normal 2 17 275 £ 77 19 287 £ 2680 43 913 £ 1612 < 0-003
Normal 3 9248 *= 823 177 435 £ 12 368 246 564 * 5767 < 0-009
Normal 4 36 018 £ 4298 45 085 = 1604 118 215 * 4014 < 0-008
Normal 5 96 739 * 2394 533 011 = 176 212 1538 111 * 352 934 < 0-005
SSc-involved 1 51 = 13 138 + 10 144 *17 =03
SSc-involved 2 1818 = 550 692 = 76 1517 = 90 < 0-003
SSc-involved 3 19*3 33 £15 68 £ 7 < 0-004
SSc-involved 4 18 £ 35 104 = 10 118 £ 15 P=02
SSc-involved 5 4.8 = 0-8 523 30 =8 < 0-008

Dermal fibroblasts were cultured with either phosphate-buffered saline (PBS) (vehicle), interleukin (IL)-13 2-5 ng/ml + tumour necrosis factor
(TNF)-a 5 ng/ml alone or IL-13 2-5 ng/ml + TNF-a 5 ng/ml with the addition of protein kinase B (Akt) inh VIII 5 uM for 24 h. Supernatants
were collected and analysed for metalloproteinase (MMP)-1 production by enzyme-linked immunosorbent assay (ELISA). Values for MMP-1 are
expressed as pg/ml. P-values were determined by Student’s t-test by comparing IL-13 + TNF-a fibroblasts with fibroblasts treated with Akt

inh + IL-13 + TNF-a.

normal and SSc fibroblasts in their response to IL-13 and
Akt inhibitor.

In order to compare the magnitude of the quantitative
difference in TNF-a-induced MMP-1 expression between
normal and scleroderma fibroblasts we controlled for back-
ground stimulation by calculating the stimulation index by
dividing the quantity of MMP-1 in treated fibroblasts by

25+ HE Normal
E= SSc-involved

P<0-009
——

10+ "

1

IL-13 2-5 ng/ml + + + +
TNF-o 5:0 ng/ml  +

Akt inh VIl 5uM - - + +

Fig. 6. Quantitative effect of interleukin (IL)-13 and protein kinase
B (Akt) inhibitor on the expression of matrix metalloproteinase-1
(MMP-1) in normal and scleroderma-involved dermal fibroblasts in
the presence of tumour necrosis factor (TNF)-a. Three normal
fibroblast lines and three scleroderma fibroblasts lines from involved
skin were either treated alone with IL-13 or pretreated with Akt-inh
and IL-13 followed by stimulation with TNF-a. Supernatants were
analysed by enzyme-linked immunosorbent assay (ELISA) for MMP-
1 production. Data are expressed as stimulation index by dividing
MMP-1 of treated fibroblast by the MMP-1 of the vehicle treated
fibroblast. P-values were determined by analysis of variance (ANOVA)
where P < 0-05 is significant; *P < 0-05 when compared to normal
fibroblasts treated with IL-13 and TNF-a; **P < 0-05 when
compared to systemic sclerosis (SSc)-involved fibroblasts treated with
IL-13 and TNF-a.

the quantity of MMP-1 in unstimulated fibroblasts. Nor-
mal fibroblasts treated with IL-13 and TNF-a have a five-
fold increase in MMP-1 compared to IL-13/TNF-a treated
SSc-involved fibroblasts. The addition of Akt inhibitor
increased MMP-1 expression threefold in normal fibro-
blasts and twofold in SSc fibroblasts compared to IL-13/
TNF-a-treated fibroblasts (Fig. 6). These data suggest that
in both normal and SSc fibroblasts Akt inhibitor can block
the suppressive effect of TNF-a induced IL-13 inhibition of
MMP-1 effectively, although in SSc there may be a subset
population where Akt inhibitor is effective.

Discussion

In a previous study, we showed that type 1 collagen-
stimulated PBMC from patients with diffuse cutaneous sys-
temic sclerosis produced increased IL-13, and that pro-
longed cultures of scleroderma dermal fibroblasts with
recombinant IL-13 inhibit significantly their ability to pro-
duce MMP-1 protein after TNF-a stimulation [9]. We
hypothesized that IL-13 might decrease the expression of
MMP-1 induced by an inflammatory cytokine, TNF-a, in
normal and scleroderma fibroblasts, and that a possible
mechanism for this inhibition might involve the PI3
kinase/Akt pathway. The inhibition of the expression of
collagenase (MMP-1) could contribute to the accumulation
of collagen and may be relevant to this phenomenon for
this disease.

In this study, we show that recombinant IL-13 reduces
TNF-a-induced MMP-1 protein and mRNA in short- and
long-term cultures of fibroblasts. This inhibition is seen
with higher doses of IL-13. Moreover, Akt inhibitor VIII
reverses IL-13 inhibition of TNF-a-induced MMP-1 in IL-
13-treated dermal fibroblasts and could inhibit the TNF
response by itself. Additionally, we show that there are
quantitative differences in fibroblasts™ ability to synthesize
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MMP-1 in response to TNF-a after co-culturing with IL-13
and that the addition of Akt inhibitor under these condi-
tions can normalize the response and increase the overall
production of MMP-1. Although TIMP-1 is very important
in regulating homeostasis between wound-healing and deg-
radation, we show that Akt inhibitor had varying effects on
TIMP-1 protein expression in normal and SSc fibroblasts
cultured with IL-13 and TNF-a. Taken together, these data
suggest IL-13 may contribute to fibrosis by affecting resist-
ance to MMP-1 up-regulation by inflammatory cytokines
such as TNF-a and possibly to other conditions where
MMP-1 plays a role in normal remodelling of the extracel-
lular matrix of the skin.

IL-13 plays a pivotal role in both physiological and path-
ological conditions. High-affinity IL-13 receptors are
reportedly expressed in normal skin fibroblasts [16,17],
and addition of IL-13 to cultured fibroblasts stimulates
transcription of collagen and collagen deposition [18]. IL-
13 is known to inhibit the function or production of many
proinflammatory cytokines, including TNF-qa, IL-1B, IL-6
and IL-8 in monocytes, macrophages, B cells, natural killer
cells and endothelial cells [19-22]. IL-13 decreases produc-
tion of proinflammatory cytokines such as TNF-a and
down-regulates the inflammatory response to IL-1 through
up-regulation of the level of the IL-1 receptor antagonist
[19,23]. Addition of exogenous IL-13 to synovial fibro-
blasts and mononuclear leucocyte cell cultures has been
shown to reduce the production of IL-1B and TNF-« sig-
nificantly [24]. Inflammatory pathways mediated by these
cytokines up-regulate expression of MMP-1 [3]. In the
present study, we observed that IL-13 diminishes the ability
of dermal fibroblasts to produce MMP-1 upon TNF-a
stimulation. Our data relate these findings to studies of the
increased collagen deposition in scleroderma patients and
highlight the role of IL-13 as a potent anti-inflammatory
cytokine with respect to MMP-1 production.

Recently, TNF receptors I and II were found to be up-
regulated on dermal T lymphocytes from patients with dif-
fuse cutaneous systemic sclerosis and supernatants from
TNF stimulated lymphocytes produced higher type 1 colla-
gen expression from healthy donors [25]. We have shown
that stimulation with TNF-a from healthy dermal fibro-
blast donors increased the inherent ability of the dermal
fibroblast to produce MMP-1, consistent with our previous
findings [26]. The effects of IL-13 are mediated by its abil-
ity to regulate a number of downstream genes through
multiple signalling pathways such as extracellular-regulated
kinase (ERK1/2), mitogen-activated protein kinase
(MAPK), p38 MAPK and signal transducer and activator
of transcription (STAT)-6 in inflammation and fibrosis
[27-30]. Fibroblasts are known to express the IL-13 R1, IL-
13 R2 and IL-4 R a-receptors necessary for signalling
[31-33]. We show that IL-4 can inhibit the MMP-1
response similarly, probably by engaging the shared recep-
tor, IL-13Ra1/IL-4ro. IL-4 has other fibrogenic effects on

human dermal fibroblasts, including stimulating fibroblast
chemotaxis and induction of type I and III collagen and
fibronectin synthesis [34,35]. One signalling pathway that
has been studied in relation to IL-13 is the PI3-kinase path-
way. Akt is a serine/threonine kinase that has been found
to be involved in signal transduction pathways of fibrosis
and hypertrophic scarring [36,37]. Akt is activated follow-
ing its phosphorylation by 3-phosphoinositide-dependent
(PI3) kinase 1 and mammalian target of rapamycin com-
plex (mTORc2) [12,38,39]. Akt is activated via phospho-
rylation of both Thr308 and Ser 473 [40,41].

In the present study, we show that the level of pAkt
increases maximally at 20 min, with a steady decrease in
pAkt over 24 h in the dermal fibroblast stimulated with IL-
13. Using an Akt inhibitor specific for Akt 1 and 2, we
could reverse the IL-13 inhibition of MMP-1 in these fibro-
blasts, supporting the concept that protein kinase B is one
pathway involved in IL-13-mediated signalling. Other stud-
ies have shown the involvement of PI3-kinase in IL-13-
mediated expression in dermal fibroblasts. Jinnin et al. [10]
showed that tenascin-C was up-regulated by IL-13 in der-
mal fibroblasts using the PI3 kinase pathway. Ricupero
et al. [42] showed that PI3 kinase activation results in
increased stabilization of a1 collagen mRNA in fibroblasts.
In addition, Lim et al. [43] reported that keloid fibroblasts
produced excessive amounts of type I collagen through
synchronous activation of both ERK and PI3 kinase/Akt
pathways. Relevant to disease, skin fibroblasts from patients
with systemic sclerosis show increased activation of the Akt
pathway [44]. In the present study, we show that activation
of Akt by IL-13 appears to suppress MMP-1 expression.
These results suggest that activation of the PI3 kinase/Akt
pathway by TNF-a may be an endogenous feedback regula-
tor of MMP-1 expression in skin fibroblasts stimulated by
TNF-a.. We saw an increase in MMP-1 in response to TNF-
a in the presence of the Akt 1/2 inhibitor. This finding may
prove helpful in restoration of the normal balance of syn-
thesis and degradation in scleroderma.

Others have also shown the up-regulation of MMP-1 by
blocking Akt in dermal fibroblasts [41]. Using Akt inhibi-
tor, small interfering RNA and dominant-negative Akt
mutant, these authors were able to inhibit basal collagen
type 1 expression and up-regulate Akt [41]. Blocking Akt
signalling in periostin (—/—) mice dermal fibroblasts inhib-
ited Collal expression [45]. In these studies, however,
blocking Akt with an inhibitor inhibited collagen and
MMP-1 expression induced by TGF-pB.

Activated Akt may phosphorylate target proteins such as
glycogen synthase kinase 3 beta (GSK3 ), cAMP response
element binding protein (CREB) and procaspase 9 [46—48].
GSK3 has been shown to play a role in regulating various
transcription factors, including nuclear factor kappa light-
chain enhancer of activated B cells (NF-kB), activator
protein-1 (AP1) and CREB, that are critical in regulating
pro- and anti-inflammatory cytokine production [49,50],
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as well as MMP-1 induction. Martin et al. [40] showed that
inhibition of GSK3 allows CREB to sequester CBP from
NF-kB, thereby decreasing NF-kB-dependent inflamma-
tory cytokine responses. Based on these reports, we
hypothesize a possible link between the Akt pathway and
GSK 3 activity in regulating MMP-1 gene expression in
both normal skin fibroblasts and scleroderma fibroblasts.

TIMP-1 plays a significant role tissue homeostasis and in
the fibrotic diseases balancing collagen formation and deg-
radation. Dermal biopsies from affected SSc skin reveal a
significant up-regulation of TIMP-1 and decreased MMP-1
expression when compared to biopsies taken from unaf-
fected skin [8]. Monocytes from human control patients
incubated with serum from patients with SSc-activated
TIMP-1 production suggest that TIMP-1 up-regulated
expression was secreted by the monocytes in SSc patients
[51]. TIMP-1 acts to inhibit MMP-1 function. Fusing a gly-
cosylphosphatidylinositol (GPI) anchor to TIMP-1 and fol-
lowed by adding recombinant TIMP-1 exogenously to
fibroblasts reduced the protein excretion of MMP-1 and
reduced the expression of fibrosis-related genes [52].
Exposing human dermal fibroblasts to TNF-a increased
expression of both MMP-1 and TIMP-1 [53,54], while IL-4
and IL-13 decreased MMP-1 and increased TIMP-1 in con-
junctival fibroblasts [55]. TIMP-1 over-expression studies
using NIH3T3 cells showed that the p-Akt pathway is
involved in TIMP-1 expression and blocks the Akt pathway
with an inhibitor-reversed TIMP-1 over-expression [56].
Our data suggest that IL-13 suppresses MMP-1 in human
dermal fibroblasts, and this suppressive effect of IL-13 is
regulated through the PI3 kinase/Akt pathway. In the pres-
ence of Akt-inhibitor VIII, the inhibitory effect of IL-13 on
MMP-1 after TNF-a stimulation is blocked. We show quan-
titative differences in MMP-1 protein synthesis in IL-13 and
TNF-a co-cultured fibroblasts between normal and SSc-
involved fibroblasts. The addition of Akt inhibitor in the
presence of both IL-13 and TNF-« increased MMP-1 signifi-
cantly in our fibroblasts. TIMP-1 protein synthesis varied in
our fibroblasts pretreated with Akt inhibitor VIII followed by
co-culturing with IL-13 and TNF-a, suggesting that Akt
inhibitor’s ability to block the suppressive effect of IL-13 on
MMP-1 is not associated with TIMP regulation. Other regu-
latory pathways and mechanisms may be recruited in
response to IL-13 suppressive effect of MMP-1 that may not
be related directly to the PKB/Akt pathway. Further studies
are needed to understand downstream targets of phospho-
Akt and its effect on MMP-1 gene regulation and the involve-
ment of downstream-negative regulators.

Limitations of this study

Our study highlights the potential role of IL-13 in fibrotic
diseases such as scleroderma. A larger number of dermal
fibroblasts are needed to differentiate clearly between
healthy and scleroderma fibroblast and the role of IL-13 in

IL-13 inhibits MMP-1 via Akt pathway

fibrotic disorders. Larger patient studies are also needed to
determine if resistance to MMP-1 induced by TNF-a and
IL-13 modulation are involved in a specific disease subset
and are also needed to help differentiate between involved
and uninvolved skin from limited cutaneous compared to
diffuse cutaneous dcSSc. Although this paper focused on
the Akt pathway, other pathways such as GSK-3, p38
MAPK and ERK1/2 may also play a role in MMP-1
resistance.

Conclusions

We show that IL-13 suppresses MMP-1 in TNF-a-
stimulated dermal fibroblasts, and quantitative differences
are seen in MMP-1 expression in IL-13/TNF-a treated
fibroblasts. We show that Akt inhibitor VIII is able to block
the suppressive effect of IL-13 on MMP-1 expression in
fibroblasts and that Akt inhibitor increases MMP-1 protein
synthesis. This inhibition is mediated by the PI3 kinase/Akt
pathway, suggestive that this pathway may play a role in IL-
13-mediated fibrotic diseases such as scleroderma, and may
be a target for treatment of fibrotic diseases.
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