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Dupuytren’s disease is a very common progressive fibrosis of the
palm leading to flexion deformities of the digits that impair hand
function. The cell responsible for development of the disease is the
myofibroblast. There is currently no treatment for early disease or for
preventing recurrence following surgical excision of affected tissue
in advanced disease. Therefore, we sought to unravel the signaling
pathways leading to the development of myofibroblasts in Dupuyt-
ren’s disease. We characterized the cells present in Dupuytren’s tis-
sue and found significant numbers of immune cells, including
classically activated macrophages. High levels of proinflammatory
cytokines were also detected in tissue from Dupuytren’s patients.
We compared the effects of these cytokines on contraction and
profibrotic signaling pathways in fibroblasts from the palmar and
nonpalmar dermis of Dupuytren’s patients and palmar fibroblasts
from non-Dupuytren’s patients. Exogenous addition of TNF, but not
other cytokines, including IL-6 and IL-1β, promoted differentiation
into specifically of palmar dermal fibroblasts from Dupuytren’s
patients in to myofibroblasts. We also demonstrated that TNF acts
via the Wnt signaling pathway to drive contraction and profibrotic
signaling in these cells. Finally, we examined the effects of targeted
cytokine inhibition. Neutralizing antibodies to TNF inhibited the
contractile activity of myofibroblasts derived from Dupuytren’s
patients, reduced their expression of α-smooth muscle actin, and
mediated disassembly of the contractile apparatus. Therefore, we
showed that localized inflammation inDupuytren’s disease contrib-
utes to the development and progression of this fibroproliferative
disorder and identified TNF as a therapeutic target to down-regu-
late myofibroblast differentiation and activity.

musculoskeletal | scarring

Dupuytren’s disease is a common fibroproliferative disorder
with a prevalence >7% in the United States (1). The classic

description of disease progression is the initial appearance of
palmar nodules characterized by high cellularity and cell pro-
liferation, followed by the development of cords. This phase is
followed by a final fibrotic stage that is associated with matura-
tion of the cords and digital contractures resulting in significant
impairment of hand function (2). Established flexion deformities
of the digits are most commonly treated by surgical excision
(fasciectomy) of the cord. The long recovery time following
surgery has led to description of alternative techniques of dis-
rupting the cord with a needle (percutaneous fasciotomy) (3) or
enzymatic digestion using collagenase injections (4). However,
even following surgery, patients often have significant residual
dysfunction due to irreversible fixed flexion deformities of the
joints. Currently, there is no specific treatment for early disease
or prevention of recurrence following fasciectomy or fasciotomy
of Dupuytren’s cords. Therefore, we sought to unravel the cel-
lular mechanisms leading to the development of this disease to
reveal novel potential therapeutic targets.
The cell responsible for matrix deposition and contraction

in Dupuytren’s disease is the myofibroblast (5). Myofibroblasts

characteristically express α-smooth muscle actin (α-SMA), which
is the actin isoform typical of vascular smooth muscle cells (6).
Fibroblast to myofibroblast differentiation is characterized by
α-SMA expression, and exposure of the cells to stress leads to the
incorporation of α-SMA protein into stress fibers (7). Unlike in
granulation tissue, where the expression of α-SMA is transient (8),
α-SMA expression is persistent in Dupuytren’s disease. The de-
velopment of myofibroblasts has been shown to be dependent on
a number of different environmental cues, including tension in the
matrix and exposure to a variety of different soluble mediators (7).
The best studied of these is TGF-β1. The expression of TGF-β1
and associated signaling molecules is elevated in Dupuytren’s
disease (9), and Dupuytren’s myofibroblasts or dermal fibroblasts
from the same patients proliferated in response to 1 or 5 ng/mL
TGF-β1 (10). Normal human dermal fibroblasts cultured in
stressed collagen lattices also showed increased α-SMA expres-
sion when treated with 1 ng/mL TGF-β1 (11). Fibroblasts derived
from the transverse carpal ligament of patients unaffected by
Dupuytren’s disease exposed to 2 ng/mL TGF-β1 showed no
increase in α-SMA staining (12). However, these fibroblasts, as
well as Dupuytren’s myofibroblasts, did exhibit increased iso-
metric contraction of collagen lattices when exposed to 12.5 ng/
mL of TGF-β1, with higher doses being inhibitory (13). There-
fore, TGF-β1 can promote cell proliferation and increase α-SMA
expression and matrix contraction in a manner dependent on
both the dose and the tissue of origin of the cells.
Inflammation is also known to play a crucial role in fibrosis, and

various proinflammatory cytokines have been implicated in driving
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the progression of fibrotic diseases (14). Histological studies have
identified the presence of immune cells in Dupuytren’s disease; in
particular, the number of macrophages was shown to correlate
with the quantity of myofibroblasts (15). Intralesional steroid
injections led to temporary softening and flattening of Dupuyt-
ren’s nodules (16) and reduced recurrence following percutaneous
needle fasciotomy (17). It has been suggested that this therapeutic
benefit of steroids in early Dupuytren’s disease may be due to
diminished leukocyte recruitment (18), as well as increased apo-
ptosis of macrophages and fibroblasts, with reduced proliferation
of the latter (19). However, the link between disease progression
and localized inflammation in Dupuytren’s tissue remains unclear,
and molecular mechanisms by which inflammatory cytokines di-
rectly drive myofibroblast differentiation remain unknown.
To explore these issues, we systematically studied the cytokines

produced by freshly disaggregated cells from Dupuytren’s nod-
ules. TNF was identified as a key regulator of the myofibroblast
phenotype, and TNF blockade in vitro led to down-regulation of
the myofibroblast phenotype. Our data indicate that progression
of early palmar nodules of Dupuytren’s disease to deposition of
extracellular matrix in cords and subsequent digital contractures
in vivo may be prevented by local administration of a TNF in-
hibitor. This approach may also be effective in preventing re-
currence following surgery, percutaneous needle fasciotomy, or
collagenase treatment.

Results
Cells in Dupuytren’s Nodules and the Cytokines They Produce. To
quantify the presence of immune cells in Dupuytren’s tissue, flow
cytometric analysis was performed on cells directly disaggregated
from Dupuytren’s nodules. The majority (87 ± 6%) of cells were
myofibroblasts, together with a significant number of macro-
phages (6.5 ± 2.3%), with the classically activated (CD68+/
CD163−) M1 phenotype predominating (4.8± 2.2%; Fig. 1A and
B). Immunohistochemistry showed that the macrophages were
distributed throughout the Dupuytren’s nodules (Fig. 1C) and
clustered around the blood vessels. Serial histological sections
revealed no neutrophil elastase positive cells. Soluble cytokines
produced by freshly disaggregated Dupuytren’s nodule tissue in-
cluded variable amounts of TGF-β1 (mean ± SD: 236 ± 248 pg/
mL; range, 4–852 pg/mL), as well as TNF (mean ± SD: 78 ± 26 pg/
mL), IL-6 (mean ± SD: 5,591 ± 3,215 pg/mL), and consistent with
the presence of substantial numbers of classically activated M1
macrophages,GM-CSF (mean± SD: 64± 24 pg/mL). Low levels of
IL-1β (mean ± SD: 17 ± 10 pg/mL), IL-10 (mean ± SD: 11 ± 9 pg/
mL), and IFNγ (mean±SD: 7± 6 pg/mL)were observed (Fig. 1D).
Cells from the same patient samples were also maintained in
culture and examined for constituent cells and cytokine profiles
at passage 2. Macrophages were absent, and the passaged cells
produced greater amounts of TGF-β1 (mean ± SD: 654 ± 158

Fig. 1. Inflammatory cells are present in Dupuytren’s myofibroblast-rich nodules and resident cells in the nodules produce proinflammatory cytokines. (A) Flow
cytometric analysis of cells isolated from freshly disaggregated Dupuytren’s nodular tissue. Intracellular α-SMA–positive (myofibroblasts; mean± SD: 87± 6.1%),
cell surface CD68-positive CD163-negative (classically activated M1 macrophages; mean ± SD: 4.8 ± 2.2%), and CD68-positive CD163-positive (alternatively
activated M2 macrophages; mean ± SD: 1.8 ± 1.0%) cells were quantified. (B) Representative flow cytometry scatter plots showing the proportion of α-SMA–
positive cells and gating strategy for CD68+ and CD163+ cells in disaggregated Dupuytren’s nodular tissue. (C) Serial histological sections of Dupuytren’s nodular
tissue stained for α-SMA+ (myofibroblasts) and CD68+ (monocytes) cells. CD68+ cells localized around blood vessels. (Scale bar, 100 μm.) (D) Cytokines released
by freshly isolated nodular cells in monolayer culture using electrochemiluminescence. All data shown are from >10 patient samples.

Verjee et al. PNAS | Published online February 19, 2013 | E929

M
ED

IC
A
L
SC

IE
N
CE

S
PN

A
S
PL

U
S

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight

Darien
Highlight



pg/mL) but less TNF (mean± SD: 4± 4 pg/mL) and IL-6 (mean±
SD: 208 ± 312 pg/mL) than freshly isolated cells.

Dermal Fibroblasts Treated with TGF-β1 Acquire the Myofibroblast
Phenotype. Recent data suggest that the tissues overlying the
Dupuytren’s nodules, including the dermis, are likely to constitute
a source for myofibroblast precursors during disease progression
(20). Therefore, we studied the effect of TGF-β1 on dermal fi-
broblasts from palmar and nonpalmar skin from patients with
Dupuytren’s disease, as well as palmar dermal fibroblasts from
normal individuals unaffected by Dupuytren’s disease. Cells were
stimulated with 0.1, 1.0, and 10 ng/mL of TGF-β1. All cell types
showed increased contractility in 3D collagen matrices when
treated with 1.0 and 10 ng/mL TGF-β1 (Fig. 2A). These doses of
TGF- β1 also resulted in increased levels of α-SMA and COL1
mRNA (Fig. 2B), as well as augmented α-SMA protein (Fig. 2C).
Treatment of myofibroblasts from Dupuytren’s nodules with
SD208, a small molecule activin receptor-like kinase (ALK)5 in-
hibitor of the TGF-β1R1/Smad2/3 interaction (21), resulted in
a dose-dependent decrease in contractility (Fig. 2D), with con-
comitant decrease in α-SMA and COL1 gene expression and
α-SMA protein level (Fig. 2E). These data show that low doses
of TGF-β1 (0.1 ng/mL) have no effect on dermal fibroblasts and
that higher concentrations (1–10 ng/mL) stimulate myofibroblast
differentiation of dermal fibroblasts, regardless of the source of
origin. Furthermore, inhibition of TGF-β1 signaling inDupuytren’s
myofibroblasts can reduce contraction and fibrotic gene expression.

Effect of rhTNF on Dermal Fibroblasts of Different Origins and the
Effect of Inhibiting TNF on Myofibroblasts. We examined the ability
of other cytokines detected in Dupuytren’s tissue to promote
myofibroblast differentiation. Addition of recombinant human
TNF (rhTNF) to palmar dermal fibroblasts from patients with
Dupuytren’s disease in 3D collagen lattices led to increased
contraction. This effect peaked at 0.1 ng/mL TNF, a physiologi-
cal concentration, and decreased thereafter to become in-
hibitory at 10 ng/mL, which is a very high concentration (Fig. 3A;
Fig. S1A). In contrast, contraction of nonpalmar dermal fibro-

blasts from patients with Dupuytren’s disease and palmar cells
from normal individuals unaffected by Dupuytren’s disease was
dose-dependently inhibited by rhTNF (Fig. 3A). Interestingly,
the freshly disaggregated cells fromDupuytren’s nodules secreted
TNF at levels near optimal (mean ± SD: 78 ± 26 pg/mL; Fig. 1D)
for differentiation of palmar dermal fibroblasts into myofibro-
blasts. Expression of TNF receptors at message and protein levels
were higher in palmar dermal fibroblasts fromDupuytren’s patients
and also in Dupuytren’s myofibroblasts, where TNFR2 was espe-
cially raised (Fig. 3B). Addition of 0.1 ng/mL rhTNF led to en-
hanced expression of COL1 and α-SMA mRNA and also α-SMA
protein only in palmar dermal fibroblasts from patients with
Dupuytren’s disease (Fig. 3C). Addition of rhIL-6 (Fig. S2A) or
rhIL-1β (Fig. S2B) had no effect on contractility of palmar
dermal fibroblasts from patients with Dupuytren’s disease.
To determine whether inhibiting TNF activity would reduce

contraction and fibrotic gene expression in Dupuytren’s myofibro-
blasts, we used a number of means of TNF blockade. Addition of
neutralizing antibody to TNF reduced isometric contraction of
Dupuytren’s myofibroblasts in a dose-dependent fashion (Fig. 3D),
sustained for 72 h (Fig. S1B), which is the maximum time the cells
could be maintained in culture in the culture force monitor (CFM).
This downregulation of contractility was accompanied by reduced
expression of COL1 and α-SMA at the message level, as well as
α-SMA protein (Fig. 3E). Conversely, addition of neutralizing
antibodies to IL-6 (Fig. S2C) or IL-1β (Fig. S2D) had no effect on
myofibroblast contractility and neither did rhIL-10 (Fig. S2E).
Inhibiting TNF did not affect myofibroblast viability (Fig. S1C).
However, there was disassembly of the intracellular α-SMA con-
tractile apparatus (Fig. 3F). There are four U.S. Food and Drug
Administration (FDA)-approved anti-TNF agents suitable for sub-
cutaneous administration. Although all were effective, adalimumab
and golimumab were significantly more efficacious in inhibiting
isometric myofibroblast contraction (Fig. 3G), and the latter was
effective in a dose-dependent manner (Fig. 3H). Together, these
data show that TNF blockade is equally effective in down-regulating
the Dupuytren’s myofibroblast phenotype as TGF-β1 inhibition.

Fig. 2. TGF-β1 induces themyofibroblast phenotype indiscriminately in all types of dermalfibroblasts, aneffect reversedwith the TGF-β1R1/Smad2/3 inhibitor SD208.
(A) TGF-β1 led to increased contractility of palmar (PF-D) andnonpalmar (NPF-D) dermalfibroblasts frompatientswithDupuytren’s disease, aswell as in palmar dermal
fibroblasts from normal individuals unaffected by Dupuytren’s disease (PF-N). (B) All three cell types showed an increase in expression of α-SMA and COL1 assessed by
quantitative RT-PCR (markers of myofibroblast contractility andmatrix deposition, respectively) on exposure to TGF-β1 in a dose-dependent manner. Data are shown
as relative expression comparedwith each cell type untreated. (C) RepresentativeWestern blots showing α-SMA protein expression increased in all dermal fibroblasts
cultured with TGF-β1. Vimentin is shown as loading control and remained constant. (D) Dose-dependent reduction in contractility of Dupuytren’s myofibroblasts on
addition of SD208. (E) SD208 (1 μM) resulted in decreased α-SMA and COL1 expression in myofibroblasts from Dupuytren’s nodules (MF-D) relative to untreated
myofibroblasts. Representative Western blots showing α-SMA protein expression was reduced in Dupuytren’s myofibroblasts treated with SD208 (1 μM). Vimentin is
shown as loading control. All data are shown as the mean ± SEM from n ≥ 3 patients (each assay was performed in triplicate). *P < 0.05, **P < 0.01, ***P < 0.001.
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TNF Acts via the Wnt Signaling Pathway in Dupuytren’s Disease. TNF
derived from activated macrophages can promote Wnt/β-catenin
activity in gastric cancer cells (22). Moreover, TNF activation of
Wnt/β-catenin signaling pathways has been shown to control

adipocyte differentiation (23). Ligation by Wnt of the receptor
complex comprising Frizzled and LRP5/6 leads to accumulation
of cytoplasmic β-catenin, which translocates to the nucleus,
binding the transcription factors TCF/Lef, and promotes tran-

Fig. 3. TNF selectively induces the myofibroblast phenotype in Dupuytren’s palmar fibroblasts; anti-TNF reverses Dupuytren’s myofibroblast phenotype. (A)
Contraction of palmar fibroblasts from patients with Dupuytren’s disease (PF-D) peaked on addition of 0.1 ng/mL TNF. In contrast, TNF treatment of PF-N and
NPF-D led to a dose-dependent decrease in contractility. (B) Baseline gene expression of TNFR1 and TNFR2 was significantly higher in myofibroblasts and PF-D
compared with both PF-N and NPF-D. In Dupuytren’s myofibroblasts (MF-D), TNFR2 expression was significantly greater than TNFR1. Fold change was nor-
malized to the baseline expression of NPF-D. (C) α-SMA and COL1 mRNA expression only increased in Dupuytren’s palmar fibroblasts and not in other dermal
fibroblasts (PF-N and NPF-D) when cultured with TNF (0.1 ng/mL) and compared with respective untreated fibroblasts. There was a corresponding increase in
α-SMA protein expression in PF-D treated with TNF (0.1 ng/mL) but no difference in other dermal fibroblasts demonstrated by Western blotting. Vimentin is
shown as loading control and remained constant. (D) Dose-dependent reduction in contractility of Dupuytren’s myofibroblasts in response to neutralizing
antibody to TNF. IgG isotype (10 μg/mL) antibody was used as a control. (E) Anti-TNF (10 μg/mL) led to a corresponding reduction in mRNA expression of
α-SMA and COL1 in Dupuytren’s myofibroblasts compared with the respective untreated cells. A concomitant reduction in α-SMA protein expression in
Dupuytren’s myofibroblasts was seen when treated with anti-TNF (10 μg/mL) demonstrated by Western blotting. Isotype IgG (0.1 ng/mL) control was used for
anti-TNF, and vimentin is shown as loading control and remained constant. (F) Immunofluoresence staining of Dupuytren’s myofibroblasts seeded in 3D
collagen matrices. Cell morphology and actin cytoskeleton were visualized with phalloidin (green) or α-SMA (red) and nuclei stained with DAPI (blue).
Neutralizing antibody to TNF (10 μg/mL) led to disassembly of the cytoskeleton. Isotype IgG control also used at 10 μg/mL (Scale bar, 30 μm.) (G) Comparison of
current anti-TNF preparations approved by FDA for subcutaneous administration on the contractility of Dupuytren’s myofibroblasts. Doses calculated based
on 25% of recommended dose in rheumatoid arthritis (certolizumab 200 mg in 1 mL every 2 wk, etanercept 50 mg in 1 mL every week, adalimumab 40 mg in
0.8 mL every 2 wk, golimumab 50 mg in 0.5 mL every 4 wk). (H) Dose–response of Dupuytren’s myofibroblasts to golimumab. All data shown are from n ≥ 3
patients (each in triplicate). Data expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. (not significant).

Verjee et al. PNAS | Published online February 19, 2013 | E931

M
ED

IC
A
L
SC

IE
N
CE

S
PN

A
S
PL

U
S



scription of genes typically associated with myofibroblasts, in-
cluding COL1 and α-SMA. Because a recent genomewide asso-
ciation study demonstrated that Wnt signaling may be involved
in Dupuytren’s disease (5), we explored the hypothesis that TNF
may directly control myofibroblast differentiation via Wnt sig-
naling. Addition of exogenous Dkk-1, an inhibititor of Wnt li-
gand binding to the Frizzled receptor complex, did not affect
myofibroblast contractility (Fig. S2F), indicating that the myofi-
broblast phenotype is not dependent on binding ofWnt ligands to
their receptor LRP5/6-Frizzled. Using the TOPflash TCF/Lef
luciferase reporter assay, we found that stimulation of palmar
dermal fibroblasts from Dupuytren’s patients with TNF led to
increased Wnt signaling. In contrast, this did not occur on TNF
treatment of nonpalmar dermal fibroblasts from patients with
Dupuytren’s disease nor of palmar cells from normal individuals
unaffected by Dupuytren’s disease (Fig. 4A). These data are
consistent with the cell type–specific effect of TNF on cell con-
tractility and gene expression that we observed in Fig. 3A.
Following ligation of Frizzled and LRP5/6 by Wnt, glycogen

synthase kinase (GSK-3β) is inactivated by phosphorylation,
which prevents the degradation of β-catenin, preserving it within
the cell. SB-216736 is a potent selective ATP-competitive GSK-3β
inhibitor (24) and induces Wnt signaling pathways in the absence
of Wnt ligands. Thus, SB-216736 drove TOPflash TCF/Lef lu-
ciferase indiscriminately in all three cells types, indicating that
TCF/Lef can be activated in these cells and confirming the specific

effect of TNF only in palmar fibroblasts from patients with
Dupuytren’s disease (Fig. 3A). Interestingly SB-216736 had no
effect on α-SMA, COL1 mRNA or α-SMA protein expression in
any cell type, whereas TNF led to increased α-SMA and COL1
mRNA and α-SMA protein only in palmar dermal fibroblasts
from patients with Dupuytren’s disease (Fig. 4B). These data in-
dicate that inactivation of GSK-3β alone is insufficient to drive
gene transcription downstream of TCF/Lef activation in contrast
to cell stimulation with TNF, which promotes the expression of
profibrotic genes. These data indicate that TNF induces addi-
tional signaling events required for effective gene expression.
We evaluated the effect of TNF on Wnt signaling events up-

stream of TOPflash TCF/Lef luciferase activation. Stimulation of
palmar dermal fibroblasts from patients with Dupuytren’s dis-
ease with TNF resulted in increased phosphorylation of GSK-3β
(Fig. 4C), demonstrating that TNF drives inactivation of this key
molecule in the Wnt signaling pathway. Again, treatment of cells
with SB-216736 as a positive control induced phosphorylation of
GSK-3β indiscriminately in both palmar and nonpalmar dermal
fibroblasts from patients with Dupuytren’s disease (Fig. 4C).
Lithium ions are well-established but nonselective modulators

of GSK-3β activity; in themajority of cell types, LiCl inhibits GSK-
3β and hence enhances Wnt signaling. However, in adipocytes,
lithium ions stimulate the activity of GSK-3β by inhibiting phos-
phorylation of the enzyme (25). We found that in nonpalmar
dermal fibroblasts from Dupuytren’s patients and palmar fibro-

Fig. 4. TNF acts via Wnt signaling pathway in Dupuytren’s disease. (A) TNF (0.1 ng/mL) stimulated the activity of a TCF/Lef reporter assay, a downstream
indicator of activation of the Wnt signaling pathway, in palmar fibroblasts from Dupuytren’s patients (PF-D). This effect was reversed on addition of Li ions (10
mM), whereas LiCl alone had no effect on PF-D. In contrast, palmar fibroblasts from individuals unaffected by Dupuytren’s disease (PF-N) or nonpalmar
fibroblasts from Dupuytren’s patients (NPF-D) treated with TNF (0.1 ng/mL) did not promote the activity of TCF/Lef reporter construct. LiCl led to increased
TCF/Lef reported activity in nonpalmar dermal fibroblasts from Dupuytren’s patients (NPF-D) and palmar fibroblasts from individuals unaffected by
Dupuytren’s disease (PF-N);. SB-216763 (10 μM), a selective inhibitor of GSK-3β (24), was used as a positive control and activated TCF/Lef in all cell types. (B)
Only PF-D cultured with TNF (0.1 ng/mL) demonstrated an increase in α-SMA, COL1, and GSK-3β mRNA expression compared with respective untreated cells.
The increase in GSK-3β expression by PF-D on exposure to TNF was reversed by LiCl (10 mM). SB-216763 (10 μM) was used as a positive control. (C) Palmar
fibroblasts from patients with Dupuytren’s disease (PF-D) treated with TNF (0.1 ng/mL) showed increased α-SMA protein expression and increased phos-
phorylated GSK-3β that was reversed by LiCl (10 mM), demonstrated by Western blotting. β-actin is shown as a loading control and remained constant. (D)
Isometric contraction of PF-D was increased with TNF treatment (0.1 ng/mL) and reversed in a dose-dependent manner by LiCL (0.1–10 mM). KCl (10 mM) was
used as a control for LiCl. All data shown for n ≥ 3 patients (each performed in triplicate). Data expressed as mean ± SEM. **P < 0.01, ***P < 0.001.
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blasts from individuals unaffected by Dupuytren’s disease, LiCI
indeed stimulated TCF/Lef activation (Fig. 4A). In contrast, in
palmar dermal fibroblasts from patients withDupuytren’s disease,
LiCl had no effect on TCF/Lef activation (Fig. 4A). Moreover, in
the latter cell type, we found that TNF-mediated TCF/Lef acti-
vation was reversed by LiCI. LiCl also inhibited TNF-mediated
α-SMA and COL1 gene expression, α-SMA protein expression,
and phosphorylation of GSK-3β (Fig. 4B andC), and these effects
translated to the functional outcome of collagen lattice contrac-
tion (Fig. 4D). Together, these data indicate that in palmar der-
mal fibroblasts from Dupuytren’s patients LiCl activates GSK-3β
activity and are consistent with the findings that, as previously
demonstrated in adipocytes, TNF acts via the Wnt signaling
pathway (23).

Discussion
Currently themanagement of establishedDupuytren’s disease once
digital contractures have developed is predominantly surgical ex-
cision of the affected tissue or, less often, disruption of the cord with
a needle or collagenase. Lack of understanding of the signaling
pathways driving disease pathogenesis has meant that there is no
specific therapeutic for treating early disease or for preventing re-
currence following excision or division of the cord. The absence of
valid targets has led to empirical treatment with modalities such as
local steroid injection (16, 17) or radiotherapy (26, 27).
To identify the signaling mechanisms responsible for the de-

velopment and persistence of the myofibroblasts in vivo, we
studied freshly isolated cells, obtained from surgically excised
Dupuytren’s tissue. Using flow cytometry and immunohistology,
we found that, although the majority of the cells in these speci-
mens were myofibroblasts, ∼7% were macrophages, and the
classical M1 proinflammatory phenotype predominated. Classical
macrophages have previously been shown to be associated with
fibrosis, whereas the role of alternatively activated M2 macro-
phages is more controversial (28). Inflammation is known to play
a crucial role in fibrosis, and a variety of proinflammatory cyto-
kines have been implicated, including TNF, IL-1β, and IL-6 (28).
We found that cells freshly disaggregated fromDupuytren’s tissue
released appreciable amounts of TNF, IL-6, GM-CSF, and vari-
able amounts of TGF-β1 (Fig. 1).
We documented the effect of these proinflammatory cytokines

on dermal fibroblasts from different tissue sources. Our studies
were restricted to using cells up to passage 2. Several factors in-
formed our choice of experimental approach. Mature Dupuytren’s
disease is restricted to certain fibers of the palmar fascia. Many
previous studies have compared cells fromDupuytren’s nodules or
cords with cells from the fascia in the region of the carpal tunnel or
the transverse carpal ligament from affected or normal individuals
or uninvolved transverse palmar fibers from patients with Du-
puytren’s disease. However, this approach has limitations. The pal-
mar fascia over the carpal tunnel is rarely affected by Dupuytren’s
disease in susceptible individuals, and the transverse carpal liga-
ment is always unaffected; hence, it is possible that the constituent
cells are inherently different (29). Furthermore, with the exception
of nodules in Dupuytren’s disease, fascia is sparsely populated by
cells and hence to obtain adequate numbers, most authors use cells
to passage 5 (12). However, we and others have shown that at
passage 5 the phenotypes of myofibroblasts and normal human
dermal fibroblasts tend to merge (30, 31). In addition, whereas the
cell of origin forDupuytren’s myofibroblasts remains controversial,
there is accumulating evidence that the adjacent tissues, including
the overlying dermis, make a significant contribution and that these
cells are more akin to Dupuytren’s myofibroblasts than fibroblasts
from carpal tunnel fascia (20). Moreover, Dupuytren’s disease is
restricted to the palm of the hands in patients with a genetic pre-
disposition. Therefore, it is important to avoid variations due to
genetic and environmental factors. For these reasons, we com-
pared dermal fibroblasts from palmar and nonpalmar sites from

the same group of patients, using palmar dermal fibroblasts from
individuals without Dupuytren’s disease as controls.
It is well established that TGF-β1 induces the myofibroblast

phenotype (7). Human dermal fibroblasts demonstrate enhanced
α-SMA expression at low (1 ng/mL) concentrations of TGF-β1 (11,
32), whereas fibroblasts from the transverse carpal ligament only
responded to higher doses (12, 13). We found that TGF-β1 in-
creased the contractility in a dose-dependent manner of dermal
fibroblasts from all three sources at concentrations of 1–10 ng/mL,
which is in excess of the range we found released by freshly dis-
aggregated cells from Dupuytren’s nodular tissue. We also found
that SD208, a small molecule inhibitor of TGF-β1R1/Smad2/3
interactions, led to a dose-dependent reduction in the myofibro-
blast phenotype. However, global inhibition of TGF-β1 is un-
desirable due to the important role of TGF-β1 in a wide range of
physiological processes (21) and the increased inflammation, tu-
mor promotion, and cardiac toxicity seen in animal studies (33).
Although no adverse events specifically relating to inhibition of the
TGF-β1 pathway have been reported in the limited clinical trials
for fibrotic disorders to date, no late-phase studies to date have
demonstrated efficacy (21, 34).
Fibrosis is a common pathological end point of many in-

flammatory disorders affecting critical visceral organs. In a mu-
rine model, TNF production was found to be essential for the
development of bleomycin-induced pulmonary fibrosis, in part
through up-regulation of TGF-β1 expression (35), and systemic
administration of soluble TNF receptor led to reduction in fibrosis
(36). The utility of these models may, however, be limited because
not all strains of mice develop pulmonary fibrosis in response to
bleomycin (35), emphasizing the importance of studying primary
human tissues. There is no animal model for Dupuytren’s disease,
and in vivo conditions are most closely emulated in vitro by
populating 3D collagen lattices with fibroblasts and maintaining
the construct under tension under isometric conditions using
a CFM (30, 37). Myofibroblasts only maintain their phenotype
under stress, and loss of tension is associated with disassembly of
α-SMA stress fibers within minutes (38). Using the CFM, we
found that rhTNF led to a dose-dependent increase in contraction
of palmar fibroblasts from patients with Dupuytren’s disease. This
effect peaked at 100 pg/mL, a concentration similar to that ob-
served in Dupuytren’s patient tissue. This effect was comparable
to 1 ng/mL of TGF-β1, whereas rhIL-6 and rhIL-1β had no dis-
cernible effect. This increased contractility mediated by rhTNF
was associated with increased expression of α-SMA and COL1
message and α-SMA protein. In contrast, contraction of palmar
fibroblasts from individuals unaffected by Dupuytren’s disease
was inhibited by rhTNF, as were nonpalmar fibroblasts from
patients with Dupuytren’s disease, consistent with a previous re-
port (11). The specific action of TNF is in contrast to the non-
selective effect of TG-Fβ1, which induced the myofibroblast
phenotype indiscriminately in all types of dermal fibroblasts. The
response to TNF of dermal fibroblasts from different anatomical
sites reflects the localization of Dupuytren’s disease to the palm in
susceptible patients, whereas TGF-β1 increases fibroblast con-
tractility irrespective of the origin of the fibroblasts. It is possible
that the dermal fibroblasts derived from palmar skin obtained
from patient’s with Dupuytren’s contracture undergoing dermo-
fasciectomy may have included an appreciable number of myofi-
broblasts, and this might explain the differing response to TNF.
However, this is unlikely because we have previously shown that
palmar dermal fibroblasts behave like nonpalmar cells from the
same patients in that they reach tensional homeostasis in the CFM,
whereas nodule-derived myofibroblasts continue to contract (30).
Fibrosis induced byTGF-β1 has been shown to involve canonical

Wnt signaling (39), and there is evidence of cross-talk between
Wnt/β-catenin and TGF-β1 signaling pathways, including combi-
natorial transcriptional regulation of α-SMA for myofibroblast
differentiation (40). Although it is possible that the induction of
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themyofibroblast phenotype inDupuytren’s palmar fibroblasts was
due to downstream activation by TNF of TGF-β1 (41), the pathway
would be specific for this cell type because TNF reduced the
contractility of nonpalmar dermal fibroblasts from Dupuytren’s
patients and palmar dermal fibroblasts from normal individuals.
This is in contrast to the similar effects of TGF-β1 on all three cell
types. It is difficult to draw overall conclusions from the literature
about interactions between signaling pathways because the source
of cells varies widely between studies. The activation of TGF-β1
pathways was shown in 3T3 and murine pulmonary fibroblasts
(41), whereas in human dermal fibroblasts from neonatal foreskins,
TNF inhibited TGF-β/Smad signaling, again via activator protein
1 (AP-1) activation (42).
Wnt/β-catenin signaling has been shown to be intimately in-

volved with fibrosis (43), and a recent genomewide association
study showed that this pathway is likely involved in Dupuytren’s

disease (5). However, we found that exogenous addition of excess
Dkk-1, a negative regulator of Wnt signaling, had no effect on
myofibroblast contractility, suggesting that in the CFM model,
contraction is not dependent on a Wnt ligand acting through the
canonical pathway (44). We hypothesized that TNF may be acting
via the Wnt/β-catenin signaling pathway, as previously demon-
strated in adipocytes (23, 45, 46). In the unstimulated cell,
β-catenin is phosphorylated by GSK-3β and undergoes ubiquiti-
nation and proteosomal degradation. Ligation by Wnt of the
receptor complex comprising Frizzled and LRP5/6 leads to
phosphorylation and inhibition of GSK-3β, preserving β-catenin
from degradation and in turn promoting profibrotic gene ex-
pression via its binding to the transcription factors TCF/Lef
(Fig. 5). We found that only palmar fibroblasts from patients
with Dupuytren’s disease exposed to TNF showed an increase in
phosphorylated GSK-3β and TCF/Lef activation that was re-

Fig. 5. Schematic illustrating howTNF acts via theWnt pathway leading to the development of themyofibroblast phenotype. [1] In the resting state, cytoplasmic
β-catenin is phosphorylated by GSK-3β. This modification targets β-catenin for ubiquitination and proteosomal degradation. [2] Ligation by Wnt of the receptor
complex comprising Frizzled and LRP5/6 leads to phosphorylation and inhibition of GSK-3β. Thus, β-catenin escapes modification and subsequent degradation,
leading to accumulation of cytoplasmic β-catenin, which participates in cell–cell adherens junctions and also translocates to the nucleus. Here it binds to the
transcription factors TCF/Lef and promotes theexpression of genes typically associatedwithmyofibroblasts: COL1 and α-SMA. Subsequent cytoskeletal assembly of
α-SMA protein produces the contractile apparatus of the cell, with attachments to neighboring cells via cadherins and the matrix via integrins. Wnt ligand–
receptor binding is competitively inhibited by Dkk-1, leading to resumption of β-catenin degradation. SB-216736 is a small molecule that increases the
phosphorylation and thus specifically inhibits the activity of GSK-3β. [3] In palmar dermal fibroblasts from patients with Dupuytren’s disease, TNF binding to
TNFR leads to GSK-3β phosphorylation and inhibition, thereby releasing β-catenin from degradation and enabling the transcription of COL1 and α-SMA genes
and assembly of an α-SMA–rich cytoskeleton. Li ions restore GSK-3β activity in these fibroblasts, thus enhancing β-catenin degradation and reversing the effect
of TNF activation. [4] Binding of TGF-β1 to TGF-β1R1/2 leads to Smad2/3 phosphorylation and activation. The latter recruits Smad4 and, on entering the
nucleus, leads to transcription of the same genes as the β-catenin TCF/Lef complex, namely COL1 and α-SMA. The interaction of TGF-β1R1/2 with Smad2/3 is
selectively inhibited by SD-208.
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versed by LiCl. Whereas lithium ions inhibit GSK-3β in the
majority of cells, they selectively activate GSK-3β in specific cell
types such as adipocytes (25) by inhibiting its phosphorylation
(47). LiCl is an ATP noncompetitive inhibitor of GSK-3β and also
acts indirectly by activating PKB, which in turn phosphorylates
GSK-3β can also inhibit other protein kinases, including casein
kinase-2, p38 kinase, and MAPK-activated protein kinase-2 (24).
Therefore, it is possible that the apparent reversal of the effects of
TNF by LiCl in palmar dermal fibroblasts from Dupuytren’s
patients may have been due to an activation of a pathway other
than that mediated by GSK-3β. However, this is unlikely to account
for the entire effect of LiCl in this system because it reduced total
GSK-3β at both message and protein level and the level of phos-
phorylated GSK-3β induced by TNF. The downregulation of GSK-
3β by LiCl was accompanied by reversal to baseline of the in-
creased levels of mRNA for α-SMA and COL-1, as well as α-SMA
protein. The latter translated to reduced contractility in the cul-
ture force monitor. These findings confirm that the TNF-induced
development of the myofibroblast phenotype of palmar dermal
fibroblasts from patients with Dupuytren’s disease is mediated at
least in part via the Wnt/β-catenin signaling pathway (Fig. 5).
Conversely, LiCl led to increased TOPFlash activity in non-
palmar fibroblasts from Dupuytren’s patients and palmar dermal
fibroblasts from individuals unaffected with Dupuytren’s disease.
It has previously been shown that fibroblasts from different
sources may show divergent responses to the same stimuli (43),
and more recently (29), it was reported that Dupuytren’s myo-
fibroblasts and fibroblasts from uninvolved palmar fascia from
the same patients both expressed genes related to Wnt/β-catenin
pathway, unlike fascial-derived fibroblasts from individuals with-
out Dupuytren’s disease.
The reason for the differential effects of TNF on the three types

of dermal fibroblasts is of interest. It may have been due to the
increased expression of TNF receptors by dermal fibroblasts from
the palm of patients with Dupuytren’s disease. TNF receptor
(TNFR)1 is constitutively expressed by most cells, whereas en-
dogenous expression of TNFR2 is restricted to a few cell types,
including those of the hemopoietic lineage and mesenchymal
stromal cells. TNFR2 can be induced by cytokines such as TNF
(48). The levels of TNFR1 and especially TNFR2 were elevated
compared with the other dermal fibroblasts. TNFR2 appears to be
crucial in signaling a profibrotic response as intestinal myofibro-
blasts from WT or TNFR1-deficient mice showed increased pro-
liferation and collagen production on treatment with TNF whereas
myofibroblasts fromTNFR2−/− or combined TNFR1−/−/TNFR2−/−

were unresponsive (49). These findings would be consistent with
our data that only palmar dermal fibroblasts from patients with
Dupuytren’s disease or Dupuytren’s myofibroblasts showed in-
creased expression of TNFR2 at both the message and protein
level and may explain the selective effect of TNF on the former
compared with nonpalmar Dupuytren’s fibroblasts and non-
Dupuytren’s palmar fibroblasts. Myofibroblasts up to passage 2 in
3D collagen lattices exhibited a dose-dependent inhibition of
contraction in the CFM on addition of neutralizing antibody to
TNF. Inflammatory cells, in particular classically activated M1
macrophages, are likely to represent the major source of TNF
in vivo. However, these cells were not present in the second
passage myofibroblasts used in the CFM.We found that, at these
early passages, myofibroblasts produced low levels of TNF that
may continue to act in an autocrine or paracrine manner on cells
expressing high levels of TNF receptors. Furthermore, TNF can
up-regulate the expression of TNFR2, and in a murine model of
pulmonary fibrosis, exposure to silica or bleomycin led to in-
creased expression of TNFR2 but not TNFR1 (50). Neutralizing
antibodies can bind transmembrane TNF and lead to reverse
signaling (51). The latter can result in apoptosis or modulation of
the response to external stimuli (52). We did not find any evi-
dence of impaired cell viability over 24 h when myofibroblasts

were exposed to neutralizing antibody to TNF. Instead, in-
hibition of myofibroblast contractility by blocking antibodies to
TNF was associated with reduced expression of COL1 and
α-SMA genes and α-SMA protein, together with disassembly of
the α-SMA stress fibers. Therefore, anti-TNF effectively reverses
the myofibroblast phenotype.
A deeper understanding of the signaling pathways that drive the

development of the myofibroblast phenotype should lead to
strategies for the treatment of early disease and prevention of
further progression. Taken together, our data show that TNF is a
rational therapeutic target for the treatment of early-stage
Dupuytren’s disease or for preventing recurrence. We found that
nodules from patients with Dupuytren’s disease contain significant
numbers of classically activated macrophages, and the cells pres-
ent in the nodules secrete biologically active amounts of TNF.
Unlike TGF-β1, TNF acts specifically on palmar dermal fibro-
blasts from patients with the appropriate genetic background to
induce a myofibroblast phenotype via the Wnt/β-catenin pathway,
and these cells show higher expression of TNF receptors, especially
TNFR2. The contractility of myofibroblasts was inhibited by anti-
TNF and was associated with disassembly of the contractile appa-
ratus. Therefore, we characterized Dupuytren’s disease as a local-
ized inflammatory fibroproliferative disorder and proposed TNF as
a therapeutic target. It is possible that a similar mechanism pertains
to other musculoskeletal fibrotic disorders such as frozen shoulder
(adhesive capsulitis), which affects up to 2% of the population (53).
In terms of translating these findings to clinical trials, the ideal anti-
TNF agent would be injected locally into the nodules and ideally
would remain there to minimize unwanted systemic effects while
maximizing efficacy. Systemic inhibition of TNF is now recognized
for the treatment of rheumatoid arthritis (54) and inflammatory
bowel disease (55, 56). Unlike TGF-β1 inhibition, the safety profile
of TNF inhibition is well established. Of the anti-TNF agents ap-
proved by the FDA for subcutanoeus administration, the two fully
human complete IgG molecules, adalimumab and golimumab,
were the most efficacious in our CFM model in term of inhibiting
myofibroblast contractility, and golimumab may be preferred be-
cause of a longer half-life, necessitating less frequent injection.
Unlike etanercept, both these agents are able to ligate both mo-
nomeric and trimeric TNF. Based on our findings, local injection of
an anti-TNF to prevent the progression of early stages of
Dupuytren’s disease or avoid recurrence following surgery, needle
fasciotomy, or collagenase digestion is an exciting possibility and is
ready to test. If the proof of concept works, second-generation
drugs that remain preferentially at the site of disease could
be developed.

Materials and Methods
Patient Samples.After approval by the local ethical review committee (REC 07/
H0706/81), tissue samples were obtained with informed consent from
patients with Dupuytren’s disease. Dupuytren’s nodular tissue, palmar skin
(uninvolved skin overlying Dupuytren’s tissue), and nonpalmar skin (full-
thickness skin harvested from the groin or medial aspect of arm) were
obtained from individuals with Dupuytren’s disease undergoing dermo-
fasciectomy. Tissue was also obtained from palmar skin of patients un-
affected by Dupuytren’s disease.

Cell Culture. Fibroblasts from the palmar (PF-D) and nonpalmar dermis (NPF-D)
of patients with Dupuytren’s disease and palmar fibroblasts (PF-N) from indi-
viduals unaffected by Dupuytren’s disease were isolated from full-thickness
skin samples. Dupuytren’s myofibroblasts (MF-D) were isolated from α-SMA–
rich nodules (57). Tissue samples were dissected into small pieces and digested
in DMEM (Lonza) with 1% penicillin–streptomycin (PAA), 5% (vol/vol) FBS
(Gibco), and type I collagenase (Worthington Biochemical Corporation) +DNase
I (Roche Diagnostics) for up to 2 h at 37 °C. Cells were cultured in DMEM with
10% (vol/vol) FBS and 1% penicillin–streptomycin at 37 °C in a humidified in-
cubatorwith 5% (vol/vol) CO2. Cells up to passage 2were used for experiments.

CFM.Measurement of the isometric contractile forces generated by cells within
3D collagenmatrices was performed as previously described (30). Briefly, 1.5 ×
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106 cells were seeded in 2.5 mL of type I collagen gel (FirstLink), and 3D
matrices were tethered between two flotation bars and held stationary at
one end while the other attached to a force transducer. Fibroblast-populated
collagen matrix–generated tensional forces were continuously measured and
data logged every minute (dynes: 1 × 10−5 N). Cell-populated matrices were
cultured in DMEM with 10% (vol/vol) FBS and 1% penicillin–streptomycin at
37 °C in a humidified incubator for 24 h with 5% CO2 and treated with TGF-
β1, TNF (Peprotech), rhIL-1β, rhIL-6, rhIL-10, anti–IL-1β, anti–IL-6, anti-TNF,
anti-TNF (R&D Systems), LiCl (Invitrogen), TNF in combination with LiCl, SD208
(TOCRIS Bioscience), Dkk-1 (R&D Systems), adalimumab (Abbott), certolizu-
mab (UCB), etanercept (Pfizer), or golimumab (Merck). Experiments using
each patient sample were performed in triplicate.

Quantitative RT-PCR. Cells were cultured inmonolayer and treatedwith TGFβ1,
SD208, TNF, anti-TNF, LiCl, SB216763, or TNF in combination with LiCl for 24 h,
and total RNAwas extracted from each sample using the QIAamp RNeasyMini
Kit (Qiagen) according to manufacturer’s instructions. Isolated RNA was
quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies). For real-time RT-PCR, Inventoried TaqMan Gene expression Assays
were used for α-SMA (Hs00426835-g1), COL1a1 (Hs00164004-m1), GSK
(Hs01047719-m1), TNFR1 (Hs01042313-m1), and TNFR2 (Hs00961749-m1;
Applied Biosystems) with Reverse Transcriptase qPCR Mastermix No ROX
(Eurogentec). Sampleswere run on the ABI 7900HT Fast Real-Time PCR System
(Applied Biosystems). Expression was normalized to GAPDH (Hs02758991-g1;
Applied Biosystems) and compared with the level of gene expression in either
baseline respective cell types or with the level of gene expression in NPF-D,
which was assigned the value of 1 using ΔΔCT analysis performed with SDS
software (Applied Biosystems).

Western Blots. Cellswere cultured inmonolayerandtreatedwithTGF-β1,SD208,
TNF, anti-TNF, LiCl, SB216763, or TNF in combinationwith LiCl for 30min or 24 h
before protein extraction. Cell lysates were prepared in lysis buffer [25 mM
Hepes (pH 7.0), 150 mM NaCl, and 1% Nonidet P-40], containing protease in-
hibitor mixture (Roche Biochemicals) and phosphatase inhibitor mixture (Invi-
trogen), and then electrophoresed on 10% (wt/vol) SDS polyacrylamide gels,
followed by electrotransfer of proteins onto PVDF transfer membranes (Perkin-
Elmer). Membranes were blocked in 5% (wt/vol) BSA/TBS + 0.05% Tween and
incubated overnight at 4 °C with primary antibodies against α-SMA primary an-
tibody (Sigma), TNFR1, TNFR2, phosphorylated GSK-3β, total GSK-3β, β-actin (all
from Cell Signaling), and vimentin (Abcam). HRP-conjugated anti-mouse IgG or
anti-rabbit IgG (AmershamBiosciences) was used as secondary antibodies. Bound
antibody was detected using the enhanced chemiluminescence kit (Amersham
Biosciences) and visualized using Hyperfilm MP (Amersham Biosciences).

Flow Cytometry. For detection of α-SMA, cells were permeabilized overnight
at 4 °C with PBS containing 1% FCS, 0.01% sodium azide, and 0.05% saponin
and then stained with anti–α-SMA (Abcam) and subsequently with phyco-
erythrin-conjugated goat anti-mouse IgG (Southern Biotechnology) for 10
min at 4 °C. For detection of macrophages, cells were stained for 30 min at
4 °C with Pacific blue–conjugated anti-CD1a (e-Bioscience) and phycoery-
thrin-conjugated anti-CD163 (R&D Systems), fixed in Cytofix (BD Bioscience),
permeabilized overnight, and stained with fluorescein isothiocyanate–con-
jugated anti-CD68 (DAKO). For intracellular cytokine staining, cells were
stimulated with brefeldin A (Sigma-Aldrich), permeabilized, and stained
with allophycocyanin-conjugated anti-TNF (e-Bioscience). Samples were an-
alyzed on a FACSCanto II (BD Bioscience), and data were analyzed using
FlowJo software (TreeStar).

Immunohistochemistry. All Dupuytren’s tissue samples were fixed in formalin,
longitudinally bisected, and embedded in paraffin wax, and 7-μm sections
from the cut surface were processed for immunohistochemistry (57). Se-

quential sections were stained with mouse monoclonal anti–α-SMA antibody
(Sigma), anti-CD68 antibody (DAKO), and mouse monoclonal anti-desmin
(DAKO) antibody. Antibodies were detected using a two-staged polymer
enhancer system (Sigma). Mouse serum at the same protein concentration as
the monoclonal antibody solution was used as a control.

Mesoscale ELISA. Freshly disaggregated cells from whole tissue samples were
isolated as described previously (58). Dupuytren’s nodular tissue samples
were dissected into small pieces and digested in DMEM with 5% (vol/vol)
FBS, 1% penicillin–streptomycin, and type I collagenase + DNase I for up to
2 h at 37 °C. Freshly disaggregated cells (5 × 105) were immediately plated in
a six-well plate in 4 mL DMEM [5% (vol/vol) FBS and 1% penicillin–strepto-
mycin]. Cells were incubated at 37 °C, 5% CO2, for 24 h, and then super-
natants were harvested (passage 0). The remaining freshly disaggregated
cells were cultured, and 5 × 105 cells at passage 1 or passage 2 from the same
donor plated in a six-well plate with 4 mL DMEM [5% (vol/vol) FBS and 1%
penicillin–streptomycin] and supernatants were harvested after 24 h. Super-
natants were analyzed for IL-1β, IL-6, IL-8, IL-10, GM-CSF, IFN-γ, and TNF cyto-
kines using a Human Pro-Inflammatory 9-Plex Ultra-sensitive kit (N05007A-1;
Meso Scale Discovery) and for TGFβ1 using a MSD Human TGFβ1 kit (L451UA-1;
Meso Scale Discovery).

Immunofluoresence. Cells were cultured in 3D collagen matrices with DMEM,
10% (vol/vol) FBS, and 1% penicillin–streptomycin, treated with or without
anti-TNF (10 μg/mL) for 24 h, and then fixed for 10 min with 3% (wt/vol)
paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100 (Sigma)
for 30 min. Cells were stained with a mouse monoclonal α-SMA (Sigma)
followed by Alexa Fluor 568–conjugated rabbit anti-mouse antibody (Invi-
trogen) and DNA with DAPI (Sigma). Secondary antibody alone was used as
an immunolabeling control. Matrices were compressed to enhance visualiza-
tion of cell morphology and intracellular α-SMA filaments. Images were ac-
quired using confocal microscopy oil immersion objectives (60×), and the signal
was analyzed by Ultraview confocal microscopy (PerkinElmer). Cell viability
was assessed using a Live/Dead Viability/Cytotoxicity Kit (Invitrogen).

TOPflash. Cells were transfected using the Amaxa Human Dermal Fibroblast
Nucleofector Kit (Lonza) with the Wnt reporter plasmid TOPflash (Addgene
Plasmid 12456) or the Wnt mutant reporter plasmid FOPflash (Addgene
Plasmid 12457), both kindly donated by Randall Moon (Howard Hughes
Medical Institute, University of Washington, Seattle) (59). Each Wnt vector
was cotransfected with PRL-CMV Renilla Luciferase expression plasmid
(Promega). After 24-h transfection in Opti-MEM reduced serum media (Life
Technologies), cells were stimulated for a further 16 h with TNF (Peprotech),
LiCl (Sigma), TNF with LiCl, or SB-2167613 (Sigma). The cells were then lysed,
and Firefly and Renilla luciferase activities were analyzed with Dual-Lucif-
erase Assay System (Promega) using a Micro-Beta Jet Luminescence Counter
(Perkin-Elmer). Values of the Firefly luciferase reporter gene activity were
normalized to Renilla luciferase activity.

Statistics. The rate offibroblast populated collagen lattice contraction (dynes/
h) was calculated by measuring the average gradient of the curve between 6
and 24 h. A paired t test was used for comparison of TNFR1/2 expression in
MF-D and to compare TOP and FOP TCF/Lef promoter gene activity in NPF-D,
PF-N, and PF-D. Analysis of single variance was used for comparisons all
other conditions. All statistical analyses were performed using software
(GraphPad Software version 5.0c). Significance was achieved if P < 0.05.
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