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ackground & Aims: Infliximab induces immune cell
poptosis by outside-to-inside signaling through trans-
embrane tumor necrosis factor-� (mTNF). However,

n inflamed gut, myofibroblasts also produce TNF-�,
nd the affects of anti-TNF antibodies on these struc-
ural cells are unknown. We investigated the action of
nfliximab on apoptosis, the production of matrix

etalloproteinases (MMPs) and tissue inhibitor of met-
lloproteinases (TIMP)-1, and migration of Crohn’s
isease (CD) myofibroblasts. Methods: Colonic myofi-
roblasts were isolated from patients with active CD
nd controls. mTNF was evaluated by Western blotting
nd flow cytometry. Infliximab-treated myofibroblasts
ere analyzed for apoptosis by Annexin V staining and

aspase-3. TIMP-1 and MMPs were measured by West-
rn blotting, and fibroblast migration was assessed by
sing an in vitro wound-healing scratch assay. Results:
D myofibroblasts showed higher mTNF expression

han control myofibroblasts. Infliximab had no effect
n CD myofibroblast apoptosis, caspase-3 activation,
nd production of MMP-3 and MMP-12. However, in-
iximab induced a significant dose-dependent increase

n TIMP-1 production, which was inhibited by the p38
itogen-activated protein kinase inhibitor SB 203580.
he anti-TNF agents adalimumab, etanercept, and p55
NF-receptor–human IgG fusion protein also in-
reased TIMP-1 production. The migration of CD myo-
broblasts was enhanced significantly by infliximab
nd recombinant human TIMP-1, and infliximab-in-
uced migration was inhibited by anti–TIMP-1 neutral-

zing antibody. Infliximab also decreased CD myofibro-
last collagen production. Conclusions: Our findings
how a novel therapeutic pathway for anti-TNF thera-
ies in enhancing TIMP-1 production and myofibro-
last migration, which may reduce MMP activity and
acilitate the wound healing.

nfliximab promotes rapid closure of fistulas and sus-
tained mucosal healing in active Crohn’s disease (CD).1–3
he effectiveness of infliximab is linked not only to the
eutralization of soluble tumor necrosis factor (TNF)-� and
ransmembrane TNF-� (mTNF), but to the induction of
poptosis by reverse signaling through mTNF.4,5 Monocytes
nd T lymphocytes, which express high amounts of mTNF,
re particularly susceptible to infliximab-induced caspase-
ependent apoptosis.6–8

Myofibroblasts are key cells in the process of tissue
njury and wound healing in the gut.9 They cause gut
amage by secreting matrix metalloproteinases

MMPs),10 which are calcium ion– dependent and zinc
on– containing neutral endopeptidases involved in extra-
ellular matrix (ECM) degradation.11 MMP activity is
nder tight physiologic control by tissue inhibitors of
etalloproteinases (TIMPs).12 Tissue-degrading MMPs

ct as end-stage effectors of several disorders in which
here is an excess of TNF-�,11,13,14 and their increase in
he inflamed gut has been associated with mucosal deg-
adation, ulcerations, and fistulas.15–20 TNF-� blockade
revents ECM degradation concomitant with inhibition
f MMP production.21

Myofibroblast migration is an important component
f intestinal wound healing.22 Myofibroblasts become
ctivated and proliferate in the early stage of wounding.
hey respond to proinflammatory cytokines with elabo-

ation of ECM proteins and additional growth fac-
ors.9,11,22 Recently, persistent mucosal wounding and
lcerations have been associated with a reduced migra-
ory potential of intestinal myofibroblasts in CD, and
NF-� appears to have a role in inhibiting this migra-

ion.23

Although most attention in inflammatory bowel dis-
ase (IBD) has focused on TNF production by T cells and

Abbreviations used in this paper: ECM, extracellular matrix; FITC,
uorescein isothiocyanate; MAPK, mitogen-activated protein kinase;
MP, matrix metalloproteinase; mTNF, transmembrane tumor necro-

is factor-�; p55-TNFR-IgG, p55 tumor necrosis factor receptor–hu-
an IgG fusion protein; TIMP, tissue inhibitor of metalloproteinases;

NF, tumor necrosis factor; TGF, transforming growth factor.
© 2007 by the AGA Institute

0016-5085/07/$32.00

doi:10.1053/j.gastro.2007.04.069



m
c
t
i
b
a

t
fl
a
T
u
d
t
t
o
w
d
w
F
fi
s
m
s
h
i
c
d
m
a
c
s
c
c
d
t
u
p
s
t
a
w
g
t
c
a

d
m
d

E
l
h
m
s
U
�
A
s
s
p
c
b
i
2
w
C
i
m
f
a
D
C
f
d
t
(
a

m
m
p
(
c
�
S
i
t
2
C
(
w
r
(
m
r
T
a
C

C
w

B
A

SIC
–

A
LIM

EN
TA

R
Y

TR
A

C
T

138 DI SABATINO ET AL GASTROENTEROLOGY Vol. 133, No. 1
acrophages, TNF also is made by other cell types, in-
luding myofibroblasts.24 However, there is no informa-
ion on the effect of infliximab on myofibroblasts. Thus,
n this study we have determined whether CD myofibro-
lasts express mTNF, and whether infliximab and other
nti-TNF reagents alter myofibroblast function.

Materials and Methods
Patients
Endoscopic biopsies or surgical specimens were

aken from macroscopically and microscopically in-
amed and unaffected colonic mucosa of 15 patients
ffected by active CD (mean age, 35.6 y; range, 20 –59 y).
he diagnosis of CD was ascertained according to the
sual clinical criteria,25 and the site and extent of the
isease were confirmed by endoscopy, histology, and en-
eroclysis in all patients. Disease activity was assessed by
he Crohn’s Disease Activity Index. Patients with scores
f less than 150 were classified as being in remission,
hereas patients with scores higher than 450 had severe
isease.25 In 9 patients the primary site of involvement
as ileocolonic, and colonic in the remaining 6 patients.
our were untreated at the time of biopsy, being at the
rst disease presentation; 5 were treated with mesalazine,
teroids, or antibiotics, and 6 were treated with only

esalazine at the time of biopsy and had suspended the
teroid treatment at least 3 months earlier. None of them
ad ever been treated with cyclosporine, methotrexate, or

nfliximab. Mucosal samples also were collected from the
olon of 7 subjects who turned out to have functional
iarrhea at the end of their diagnostic work-up, from
acroscopically and microscopically unaffected colonic

reas of 7 patients undergoing colectomy for colon can-
er (mean age, 37.8 y; range, 22– 65 y), and from macro-
copically and microscopically inflamed and unaffected
olonic areas of 7 patients affected by active ulcerative
olitis (UC) (mean age, 31.4 y; range, 19 –53 y), used as
isease control group. Two UC patients had pancolitis,
he remaining 5 had left-sided colitis. Three of them were
ntreated at the time of biopsy, being at the first disease
resentation; 2 were treated with mesalazine and topical
teroids; and 2 were treated with only mesalazine at the
ime of biopsy, and had suspended the steroid treatment
t least 3 months earlier. Some of the mucosal samples
ere used to isolate myofibroblasts, some others for or-
an culture experiments. Each patient who took part in
he study was recruited after appropriate local ethics
ommittee approval (both in London and Southampton)
nd informed consent was obtained in all cases.

Cell Isolation and Culture
Mucosal myofibroblasts were isolated as previously

escribed.26 Briefly, the epithelial layer was removed by 1
mol/L ethylenediaminetetraacetic acid (EDTA; Sigma-Al-
rich, Poole, UK) for two 30-minute periods at 37°C. After D
DTA treatment, mucosal samples were denuded of epithe-
ial cells, and subsequently were cultured at 37°C in a
umidified CO2 incubator in Dulbecco’s modified Eagle
edium (Sigma-Aldrich) supplemented with 20% fetal calf

erum, 1% nonessential amino acids (Invitrogen, Paisley,
K), 100 U/mL penicillin, 100 �g/mL streptomycin, 50
g/mL gentamycin, and 1 �g/mL amphotericin (Sigma-
ldrich). During culture, numerous cells appeared both in

uspension and adherent to the culture dish. The cells in
uspension were removed after every 24- to 72-hour culture
eriod, and the denuded mucosal tissue was maintained in
ulture for up to 6 weeks. Established colonies of myofibro-
lasts were seeded into 25-cm2 culture flasks and cultured

n Dulbecco’s modified Eagle medium supplemented with
0% fetal calf serum and antibiotics. At confluence, the cells
ere passaged using trypsin-EDTA in a 1:2 to 1:3 split ratio.
ells were grown to at least passage 4 before they were used

n stimulation experiments, and were characterized by im-
unocytochemical staining as previously described.27 The

ollowing antibodies were used for the myofibroblast char-
cterization: anti–�-smooth muscle cell actin (clone 1A4;
AKO, High Wycombe, UK), antivimentin (clone V9; Santa
ruz Biotechnology, Wiltshire, UK), anti-PR2D3 (a kind gift

rom Dr P. Richman, Imperial Cancer Research Fund, Lon-
on, UK), antidesmin (clone D33; DAKO), anti–cytokera-
in-18 (clone CY-90; AbCam, Cambridge, UK), anti-CD3
clone UCHT1; DAKO), anti-CD68 (clone PG-M1; DAKO),
nd appropriate isotype-matched controls (Sigma-Aldrich).

Cell Stimulation
After 24-hour culture in serum-free Dulbecco’s

odified Eagle medium, subconfluent monolayers of
yofibroblasts seeded in 12-well plates at 3 � 105 cells

er well were incubated for 24 hours with infliximab
Remicade; Schering-Plough, Milan, Italy) added to the
ulture medium at different concentrations (10 and 100
g/mL) or its isotype-matched control (human IgG1,
igma-Aldrich). In parallel experiments, cells treated with

nfliximab or IgG1 were incubated with 10 �mol/L mi-
ogen-activated protein kinase (MAPK) p38 inhibitor SB
03580 (SB 203580 hydrochloride; Calbiochem, La Jolla,
A), or 1 ng/mL recombinant human interleukin-1�

R&D Systems, Abingdon, UK). Additional experiments
ere performed by incubating cells for 24 hours with

ecombinant human transforming growth factor
TGF)-�1 (10 ng/mL; R&D Systems), etanercept (10 �g/

L; Enbrel; Wyeth Europa, Maidenhead, UK), p55 TNF-
eceptor– human IgG fusion protein (10 �g/mL, p55-
NFR-IgG; Genentech, San Francisco, CA), and
dalimumab (10 �g/mL, Humira; Abbott Laboratories,
hicago, IL).
The human Jurkat T-cell line was stimulated in anti-

D3– coated 96-well plates (BD Biosciences, Oxford, UK)
ith anti-CD28 antibody (0.5 �g/mL; eBioscience, San

iego, CA), and then incubated for 24 hours with 10



�
i

t
B
d
2
m
s
a
m
w
t
g
m
m
w
L
t
d
m
H
I
m
T
b
m
n
D
o
t
H
w
t
I
a
2
z
s
t
a
r
i
s
i
a

b
b
t
l
s

t
e
c
l
a
a
C
p
c
m
A
C
1
w
F

g
d
C
h
w
e

m
t
m
m
p
t
n
B
H
c
w
g
t
(
b
U
m
t
b
c
L
p
g
g
s
w
C
a

B
A

SI
C
–

A
LI

M
EN

TA
R
Y

TR
A

C
T

July 2007 CD MYOFIBROBLASTS AND ANTI–TNF ANTIBODIES 139
g/mL infliximab or human IgG1. Cell lysates were used
n Western blotting as control for caspase-3 detection.

Wound-Healing Scratch Assay
Myofibroblast migration was assessed according

o the method of Rodriguez et al28 and modified by us.
riefly, cells (2 � 105) were seeded into Nunc cell culture
ishes (Nalge Nunc International, Rochester, NY) with
-mm grids, size 35 � 10 mm, in 2 mL of Dulbecco’s
odified Eagle medium supplemented with 20% fetal calf

erum and antibiotics. The cells were maintained at 37°C
nd 5% CO2 until confluent. Once confluent, each dish of
onolayer cells was given a mechanical wound by scoring
ith a 200-�L pipette tip, parallel to the grid bars along

he central grid line. This permits easy viewing of the cells
rowing back together, and ensures that the 2-mm grid
ay be used as a reference so that the wound areas can be
easured and compared. Wound placement was checked
ith an Olympus inverted CK2 microscope (Olympus UK
td., London, UK). The medium then was removed, and
he cells were washed 5 times with HL-1 serum-free me-
ium (Cambrex Bio Science, Nottingham, UK) supple-
ented with antibiotics, and then replaced with 1.5 mL
L-1 medium with the following treatments: human

gG1 (100 �g/mL), infliximab (10 and 100 �g/mL), adali-
umab (100 �g/mL), etanercept (100 �g/mL), p55-
NFR-IgG (100 �g/mL), neutralizing anti–TIMP-1 anti-
ody (5 �g/mL, Calbiochem, Nottingham, UK), control
ouse IgG (100 �g/mL, Sigma-Aldrich), and recombi-

ant human TIMP-1 (10-8 mol/L; a kind gift from Dr A.
ocherty, Celltech Pharmaceuticals, Slough, UK). Some

f the wells were pretreated with TNF-� (5 ng/mL, Na-
ional Institute for Biological Standards and Controls,
ertfordshire, UK) for 24 hours, then washed 5 times
ith HL-1 serum-free medium to remove TNF-�. Cells

hen were treated with infliximab (100 �g/mL) or human
gG1 (100 �g/mL). Photographs of the cells in each grid
long the induced wound were taken at 0, 2, 4, 8, 16, and
4 hours using a digital camera (Olympus Camedia 34-40
oom, 20� magnification) attached to a light micro-
cope. The computer program Image J (National Insti-
utes of Health, Bethesda, MD) was used to measure the
rea of initial damage (images taken at time 0) and of the
emaining damage at subsequent time points. Each grid
mage was observed separately; 2 points per grid at the
ame position at every time point were measured using
maging software at the same magnification. The percent-
ge of wound repair then was calculated.

Flow Cytometry
Myofibroblasts were washed twice in phosphate-

uffered saline containing 2% fetal calf serum and incu-
ated at 4°C for 30 minutes with infliximab at a concen-
ration of 1 �g/mL. A fluorescein isothiocyanate (FITC)-
abeled anti-human IgG1 antibody (DAKO) was used as

econdary antibody. Appropriate isotype-matched con- a
rol antibodies (BD Biosciences) were included in all
xperiments. After washing twice with 250 �L fluores-
ence-activated cell sorter buffer (phosphate-buffered sa-
ine containing 1 mmol/L EDTA and 0.02% sodium
zide), cells were fixed with 2% paraformaldehyde, and
nalyzed by flow cytometry using a FACSCalibur Flow
ytometer (BD Biosciences). The level of mTNF on cell
opulations was determined by geometric mean fluores-
ence intensity with subtraction of values for isotype-
atched controls. Apoptosis was quantified using FITC–
nnexin V (Zymed Laboratories, San Francisco, CA).
ells were stained with 5 �L of FITC–Annexin V diluted
:10 in buffer. After incubation for 15 minutes, the cells
ere analyzed by flow cytometry using a FACSCalibur
low Cytometer (BD Biosciences).

Organ Culture
Colonic biopsy specimens were placed on iron

rids in the central well of an organ culture dish and the
ishes were placed in a tight chamber with 95% O2/5%
O2 at 37°C, at 1 bar. Infliximab (10 and 100 �g/mL) or
uman IgG1 were added and, after 24 hours, proteins
ere extracted from the tissue and determined by West-

rn blotting.

Western Blotting
Western blotting was performed according to a

odified method described previously.27 In brief, cells or
issue samples were lysed in ice-cold lysate buffer (10

mol/L EDTA, 50 mmol/L pH 7.4 Tris-HCl, 150
mol/L sodium chloride, 1% Triton X-100, 2 mmol/L

henylmethylsulfonyl fluoride, 2 mmol/L sodium or-
hovanadate, 10 mg/mL leupeptin, and 2 mg/mL aproti-
in) and the amount of protein was determined by the
io-Rad Protein assay (Bio-Rad Laboratories, Hemel
empstead, UK). A total of 10 �g of protein or 15 �L of

ell culture supernatants were loaded in each lane and
ere run on 10% sodium dodecyl sulfate–polyacrylamide
el electrophoresis under reducing conditions. After elec-
rophoresis, protein was transferred to nitrocellulose
Bio-Rad); a sheep anti-human MMP-3 polyclonal anti-
ody (1:500 dilution; The Binding Site, Birmingham,
K), a mouse anti-human MMP-12 monoclonal he-
opexin-like domain antibody (1:200 dilution; R&D Sys-

ems), a mouse anti-human TIMP-1 monoclonal anti-
ody (1 �g/mL; Calbiochem), a rabbit anti-human
aspase-3 monoclonal antibody (1:200 dilution; Upstate,
ake Placid, NY), and infliximab (1 �g/mL) were used as
rimary antibodies. Rabbit anti-sheep, rabbit anti-mouse,
oat anti-rabbit, or rabbit anti-human antibodies conju-
ated to horseradish peroxidase (DAKO) were used as
econdary antibodies, and the reaction was developed
ith the ECL plus kit (Amersham Biosciences, Little
halfont, UK). When required, blots were stripped and
nalyzed for �-actin, as an internal loading control, using

polyclonal rabbit anti-human �-actin (1:5000 dilution,
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bCam). Bands were quantified by scanning densitome-
ry using an LKB Ultrascan XL Laser Densitometer
Kodak Ltd., Hemel Hempstead, UK).

Reverse Gelatin Zymography
Reverse gelatin zymography was performed to de-

ect TIMPs in the myofibroblast culture supernatants.
wenty-five microliters of each sample was separated by

odium dodecyl sulfate–polyacrylamide gel electrophore-
is using 12% gels containing 1 mg/mL gelatin and 0.2
g/mL recombinant human Pro-MMP-2 (R&D Systems).
amples were electrophoresed at 120 V for 70 minutes.
he gels were washed in a washing buffer (50 mmol/L
ris, 0.2 mol/L NaCl, and 2.5% Triton X-100) for 15
inutes 2 times, and then incubated in a digestion buffer

50 mmol/L Tris, 0.2 mol/L NaCl, 10 mmol/L CaCl2,
.02% Brij-35) at 37°C for 20 hours. The gels were stained
ith 0.5% Coomassie blue R-250 in 50% methanol and
0% acetic acid solution for 10 minutes, and destained in
0% methanol and 10% acetic acid solution until the
ackground of the gel became clear. Recombinant hu-
an TIMP-1 (Celltech Pharmaceuticals) was used as con-

rol protein for reverse zymography at 3 different con-
entrations (0.025 mol/L, 0.05 mol/L, and 0.01 mol/L).

Collagen Assay
Total soluble forms of collagen were measured in

yofibroblast supernatants using the Sircol Collagen As-
ay kit (Biocolor Ltd, Belfast, UK) according to the man-
facturer’s instructions. The Sircol dye reagent has been

ormulated to bind specifically to the [Gly-X-Y]n helical
tructure found in collagen types I–XIV. The cell super-
atant (200 �L) was mixed with 1 mL of Sircol dye
eagent, and the tubes were shaken for 30 minutes at
oom temperature to allow collagen-dye binding to com-
lete. After centrifugation, the supernatant of unbound
ye was removed, and the collagen-bound dye pellet was
issolved in the alkali reagent. The recovered dye concen-
ration was measured by a spectrometer with the absor-
ance of 540 nm. The calibration curve for the spectrom-
ter had been drawn previously using the supplied
ollagen standard. The collagen content in each sample
f cell supernatant was obtained as an average of 3
eadings.

Statistical Analysis
Data were analyzed in the GraphPad Prism statis-

able 1. Immunocytochemical Characterization of Colonic My

Percenta

Anti-�-SMA Vimentin PR2D3

D 86.0 � 3.2 94.9 � 1.2 24.2 � 8.
ontrols 85.7 � 2.2 95.5 � 1.8 28.8 � 9.

nti–�-SMA, �-smooth muscle actin marker; antivimentin, cytoplasmi
arker; antidesmin, smooth muscle cell marker; anti-cytokeratin, cytok
ical PC program (GraphPad Software, San Diego, CA) a
sing the paired t test and the Mann–Whitney U test. A P
alue of less than .05 was considered statistically signif-
cant.

Results
mTNF Expression by Myofibroblasts
First, phenotypic characterization of CD and con-

rol myofibroblasts was performed by immunocytochem-
stry (Table 1).

Second, to determine if intestinal myofibroblasts
ight be a target of infliximab, mTNF expression was

nalyzed by Western blotting and flow cytometry using
yofibroblasts isolated from both inflamed and unin-

olved areas of CD and UC patients, and from control
ubjects. mTNF expression detected by Western blotting
n myofibroblasts was increased significantly (P � .0001)

n both CD and UC inflamed areas in comparison with
ninvolved areas and controls. No significant difference
as found between myofibroblasts from IBD uninvolved
reas and normal myofibroblasts (Figure 1A). These re-
ults were confirmed by flow cytometric analysis showing

significantly (P � .0001) higher mean fluorescence
ntensity of mTNF expression in myofibroblasts from
oth CD and UC lesions in comparison with myofibro-
lasts from uninvolved areas or control myofibroblasts.
oreover, a significantly (P � .001) higher number of
TNF-positive myofibroblasts was found in CD lesions

mean, 24.4% � 4.8%) and UC lesions (mean, 20.1% �
.3%) in comparison with both uninvolved CD areas
mean, 5.9% � 1.8%) and UC areas (mean, 4.2% � 1.4%),
nd controls (mean, 2.8% � 0.4%) (Figure 1B). No signif-
cant difference was observed in the expression of mTNF
etween UC and CD myofibroblasts, both in involved
nd uninvolved sites.

In Vitro Effect of Infliximab on Apoptosis of
Myofibroblasts
To investigate the influence of infliximab on ap-

ptosis, myofibroblasts were cultured with increasing
oncentrations of infliximab (10 and 100 �g/mL) or
gG1, and apoptosis was analyzed by flow cytometry with
ITC–Annexin V staining. Representative results of CD
atients show no effect of both concentrations of inflix-

mab on myofibroblast apoptosis (Figure 2A). No signif-
cant difference was found in CD in the percentage of

oblasts Isolated From 8 CD Patients and 8 Control Subjects

sitive cells (mean � SD)

Desmin Cytokeratin CD3 CD68

34.6 � 10.7 7.0 � 2.2 0 0
38.7 � 6.1 6.1 � 2.3 0 0

rmediate filament marker; anti-PR2D3, pericryptal mesenchymal cell
n-18 marker; anti-CD3, T-cell marker; anti-CD68, macrophage marker.
ofibr

ge po

4
9

c inte
poptotic myofibroblasts when cultured with IgG1
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mean, 5.2% � 1.2%) or with infliximab at 10 �g/mL
mean, 4.7% � 1.7%) or 100 �g/mL (mean, 5.5% � 1.5%).
he same trend was observed in control myofibroblasts

mean, 5.4% � 1.6%, 5.9% � 1.9%, and 4.8% � 1.4%,
espectively). Western blotting showed that infliximab
id not activate caspase-3 in CD myofibroblasts, as indi-
ated by the absence of the active forms of caspase-3, the
12 and p17 subunits that instead were evident in anti–
D3/CD28-stimulated Jurkat T cells treated with inflix-

mab (Figure 2B).

In Vitro Effects of Infliximab on
Myofibroblast Production of MMP-3, MMP-
12, and TIMP-1
As expected, interleukin-1� increased MMP-3

roduction by CD myofibroblasts. Infliximab did not
hange MMP-3 levels in the supernatants of both un-
timulated and interleukin-1�–stimulated CD myofi-
roblasts (Figure 3A). However, MMP-3 production
as decreased significantly (P � .05) by TGF-�1 (Fig-
re 3B). Infliximab also did not decrease MMP-12

igure 1. mTNF expression by myofibroblasts. (A) Expression of mTN
C2), from inflamed and uninflamed areas of a CD patient, and from in
he example is representative of experiments performed in 7 subjects
esults are mean (�SD). (*P � .0001 vs unaffected areas and control s

solated from a control subject (HC), from inflamed and uninflamed area
olid histograms represent staining with infliximab used as the prima
umbers within the dot plots represent the percentage of mTNF-positiv
ntibody. The example is representative of experiments performed in 7 s
yofibroblasts and the mean fluorescence intensity of mTNF express

ubjects).
roduction, although a dramatic effect was seen with i
GF-�1 (Figure 3B).29 In marked contrast, there was a
ignificant dose-dependent increase of TIMP-1 in the
upernatants of CD myofibroblasts stimulated with
ncreasing concentrations of infliximab (Figure 4A; P

.005 and � .0001 at 10 and 100 �g/mL, respec-
ively). p38 MAPK inhibition by SB 203580 signifi-
antly (P � .01) decreased infliximab-induced TIMP-1
roduction by CD myofibroblasts (Figure 4A; P � .01
nd �.0001 at 10 and 100 �g/mL, respectively). Inflix-
mab did not show any effect on normal myofibro-
lasts, both in terms of MMP and TIMP-1 production
data not shown).

To confirm the infliximab-induced up-regulation of
IMP-1 production, we performed reverse gelatin zy-
ography to assess TIMP activity in the culture super-

atants of CD myofibroblasts treated with increasing
oncentrations of infliximab. As shown in Figure 4B,
nfliximab induced a dose-dependent increase of
IMP-1 activity in the supernatants of CD myofibro-
lasts. We next investigated if other anti-TNF reagents

d �-actin in myofibroblasts isolated from 2 healthy controls (HC1 and
d and uninflamed areas of a UC patient, detected by Western blotting.
ach group. The right panel shows the densitometry of Western blots.
ts). (B) Flow cytometric analysis of mTNF expression on myofibroblasts

CD patient, and from inflamed and uninflamed areas of a UC patient.
tibody and open histograms show staining with the isotype control.
determined with subtraction of values for the isotype-matched control

ts for each group. Lower panels show the percentage of mTNF-positive
esults are mean (�SD). (*P � .001 vs uninflamed areas and control
F an
flame
for e

ubjec
s of a
ry an
e cells
ubjec
ion. R
ncreased CD myofibroblast production of TIMP-1. As
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ositive control we used TGF-�1.30 Adalimumab, etan-
rcept, and p55-TNFR-IgG all significantly (P � .001)
ncreased TIMP-1 production by CD myofibroblasts
Figure 4C).

Effect of Infliximab on MMP-3, MMP-12,
and TIMP-1 Protein Expression in Mucosal
Biopsy Specimens Grown Ex Vivo
Mucosal biopsy specimens taken from active le-

ions of CD patients were cultured with infliximab or
gG1, and MMP-3, MMP-12, and TIMP-1 were deter-

ined by Western blotting both in the culture superna-
ant and tissue (Figure 5). Infliximab showed no effect on

MP-3 and MMP-12 protein expression in both the
upernatant and tissue. However, TIMP-1 was increased

y infliximab in a dose-dependent manner. c
Myofibroblast Wound Healing Response to
Anti-TNF Antibodies and Recombinant
Human TIMP-1
To evaluate the role of anti-TNF agents on myo-

broblast migration, a wound-healing assay was per-
ormed using subconfluent monolayers of CD myofibro-
lasts. Cell migration was measured as the percentage of
ound repair (see Materials and Methods section). First,
e found that 10 and 100 �g/mL infliximab increased in
dose-dependent manner the migration of CD myofi-

roblasts in comparison with control IgG1 after 24 hours
f culture. However, the statistical significance (P � .05)
as reached only at the highest concentration of 100
g/mL (Figure 6A). As expected, TNF-� significantly re-
uced (P � .05) CD myofibroblast migration (mean per-

Figure 2. Effect of infliximab on
myofibroblast apoptosis. (A) CD
myofibroblasts were cultured with in-
fliximab added to the culture medium
at different concentrations (10 and
100 �g/mL) or its isotype-matched
control (human IgG1). The percent-
age of apoptotic cells was deter-
mined by flow cytometric analysis of
FITC–Annexin V staining. Numbers
within the dot plots represent the
percentage of apoptotic cells. The
example is representative of experi-
ments performed in 7 subjects for
each group. Lower panel shows the
percentage of apoptotic myofibro-
blasts cultured with increasing con-
centrations of infliximab (10 and 100
�g/mL) or IgG1. Results are mean
(�SD). (B) Myofibroblasts isolated
from 2 CD patients (CD1 and CD2)
were treated with infliximab at differ-
ent concentrations (10 and 100 �g/
mL) or IgG1. Caspase-3 and �-actin
were determined by Western blot-
ting. The upper blot shows a band of
32 kilodaltons corresponding to the
proform of caspase-3 in infliximab- or
IgG1-stimulated CD myofibroblasts.
However, no band was evident at the
molecular weight of 12 and 17 kilo-
daltons corresponding to caspase-3
active forms, which instead are evi-
dent in anti-CD3/anti-CD28–stimu-
lated Jurkat T cells treated with inflix-
imab. Data are representative of
experiments performed in 7 patients
with CD.
entage of wound repair, 15.5% in TNF-treated cells vs
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9.3% in untreated cells), and when infliximab was added
o TNF-�–pretreated CD myofibroblasts, it partially re-
tored cell migration (mean, 20.6% in infliximab-cultured
ells vs 15.5% in IgG1-cultured cells).

Second, we compared the effect of infliximab with
hat of other anti-TNF agents (etanercept, adali-

umab, and p55-TNFR-IgG) on myofibroblast migra-
ion in CD (Figure 6B). At 24 hours of culture, both
nfliximab and etanercept significantly (P � .05) in-
reased the wound repair of CD myofibroblasts in
omparison with control IgG1. p55-TNFR-IgG en-
anced migration, but not significantly, whereas adali-
umab slightly induced cells to move faster. All the

nti-TNF agents had no effect on migration of normal
yofibroblasts (data not shown).
To verify whether TIMP-1 influenced myofibroblast
igration in CD, myofibroblast monolayers also were

ultured in the absence or presence of recombinant hu-
an TIMP-1. TIMP-1 significantly (P � .05) increased

he wound repair of CD myofibroblasts in comparison
ith unstimulated conditions at 24 hours of culture

Figure 6B). To further support the involvement of
IMP-1 in infliximab-induced myofibroblast migration,
n anti–TIMP-1 neutralizing antibody was added to CD
yofibroblasts cultured with infliximab. As shown in
able 2, the promigratory action of both infliximab and
tanercept was inhibited significantly by the addition of

igure 3. Effect of infliximab on MMP-3 and MMP-12 production by
upernatants of interleukin-1�–stimulated myofibroblasts isolated from

nfliximab (inflix) or its isotype matched control (human IgG1). The exa
hows the densitometry of Western blots. Results are mean (�SD). (B
yofibroblasts isolated from 2 CD patients (CD1 and CD2) and incuba

ecombinant human TGF-�1. The example is representative of experime
lots. Results are mean (�SD). (§P � .05 vs cells stimulated with IgG1
nti–TIMP-1 antibody to the cell cultures. b
Effect of Infliximab on Collagen Production
by Myofibroblasts
Infliximab significantly (P � .05) reduced the pro-

uction of collagen by myofibroblasts isolated from ac-
ive lesions of CD patients (Figure 7). No change was seen
n collagen production when infliximab-treated myofi-
roblasts were incubated with SB 203580.

Discussion
In the present study we have shown a novel ther-

peutic pathway for anti–TNF-� therapies: first, CD myo-
broblasts show high expression of mTNF that is re-
uired for the outside-to-inside signal transduction of

nfliximab; second, although infliximab has no effect on
D myofibroblast production of MMP-3 and MMP-12, it
ay reduce the activity of these potent tissue-degrading

nzymes by increasing TIMP-1 production through a p38
APK-dependent pathway; third, the resistance of CD
yofibroblasts to infliximab-induced apoptosis may en-

ure the presence of a substantial number of TIMP-1–
roducing cells in the inflamed gut; fourth, infliximab
everts the T-helper cell type 1 cytokine-induced migra-
ion of CD myofibroblasts and reduces collagen produc-
ion, thus facilitating the wound-healing process.

TNF-� is considered to be centrally involved in the
athogenesis of CD and to play a pivotal role in the

nflammatory cascade.31 It is synthesized as a transmem-

yofibroblasts. (A) Western blotting detection of MMP-3 protein in the
patients (CD1 and CD2) and incubated for 24 hours with 10 �g/mL

is representative of experiments performed in 8 patients. Right panel
tern blotting detection of MMP-3 and MMP-12 in the supernatants of
r 24 hours with 10 �g/mL infliximab (INFLIX) or IgG1, or with 10 ng/mL
erformed in 8 patients. Right panel shows the densitometry of Western
infliximab; *P � .0001 vs cells stimulated with IgG1 and infliximab).
CD m
2 CD

mple
) Wes
ted fo
nts p
rane protein (mTNF), which is processed to release the
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oluble form.32 Because many biological effects exerted
y infliximab, including apoptosis and cell-cycle arrest,
re mediated by outside-to-inside signaling through
TNF,4,5 we first examined the presence of mTNF on CD
yofibroblasts. Our data clearly showed that mTNF is

xpressed constitutively in intestinal myofibroblasts, and
hat such expression is significantly higher in CD myo-
broblasts in comparison with control myofibroblasts,
hus suggesting that these cells may be a potential target
f infliximab. These results are consistent with a previous
tudy that showed TNF in intestinal myofibroblasts in
itu in CD.24 The lower mTNF expression in CD myofi-
roblasts from unaffected intestinal areas supports the
oncept that mTNF expression is influenced by local
nflammation rather than being intrinsic to disease.

oreover, the significantly higher expression of mTNF
n myofibroblasts from UC lesions provides a further
athophysiologic explanation for the efficacy of anti–
NF-� therapy in UC patients.33

In unstimulated conditions CD myofibroblasts
howed the same apoptotic rate of control myofibro-
lasts. This is somewhat different in other immune-

igure 4. Effect of (A) infliximab and other (B) anti-TNF reagents on T
IMP-1 protein in the supernatants of CD myofibroblasts treated with 10
resence or absence of the p38 mitogen-activated protein kinase inhib
patients. Right panel shows the densitometry of Western blots. Resul
f SB 203580, and vs 100 �g/mL infliximab-treated cells stimulated wi
03580, and vs 10 �g/mL infliximab-treated cells stimulated with SB 20
f myofibroblasts isolated from a CD patient and treated with recomb
dalimumab. The example is representative of experiments performed
re mean (�SD). (*P � .001 vs cells treated with IgG1). (C) Reverse
ethods section) in the culture supernatants of myofibroblasts isolate

nfliximab, or control IgG1. Recombinant human TIMP-1 (rhTIMP-1) was
0.025, 0.05, and 0.01 mol/L). The example is representative of experim
ediated disorders, including rheumatoid arthritis,34 fi
diopathic pulmonary fibrosis,35 and systemic sclero-
is,36 where resident mesenchymal cells show resistance
o apoptosis. Apoptosis of cultured fibroblasts can be
nduced by growth factor deprivation, inhibition of
rotein kinases, or alteration of ECM-fibroblast inter-
ctions.36,37 A role for cytokines as modulators of fi-
roblast susceptibility to apoptosis also has been pro-
osed. In rheumatoid arthritis, TNF-�–induced
ynoviolin expression inhibits fibroblast-like synovio-
yte apoptosis. Hence, it has been suggested that the
herapeutic effect of infliximab may include a reversal
f the anti-apoptotic effects of synoviolin in connec-
ive tissue diseases.34

Our study shows that intestinal myofibroblasts from
D patients do not undergo infliximab-induced apopto-

is. Because the proapoptotic action of infliximab strictly
epends on the proteolitic activation of caspases,6 – 8 we
lso investigated the expression of the effector caspase-3.
aspase-3 activation was absent when CD myofibroblasts
ere cultured with increasing concentrations of inflix-

mab. This further strengthens the notion that infliximab
oes not influence myofibroblast apoptosis in CD. This

1 production by CD myofibroblasts. (A) Western blotting detection of
00 �g/mL infliximab or its isotype-matched control (human IgG1) in the
B 203580. The example is representative of experiments performed in
mean (�SD). (*P � .001 vs IgG1-treated cells cultured in the absence
203580; §P � .01 vs IgG1-treated cells cultured in the absence of SB
). (B) Western blotting detection of TIMP-1 protein in the supernatants
human TGF-�1, human IgG1, infliximab, etanercept, p55-TNFR, and
atients. Right panel shows the densitometry of Western blots. Results
in zymography performed to assess TIMP activity (see Materials and

2 CD patients (CD1 and CD2) and treated with 10 and 100 �g/mL
as control protein for reverse zymography at 3 different concentrations
performed in 6 patients.
IMP-
or 1

itor S
ts are
th SB
3580

inant
in 7 p
gelat
d from
used
nding is in keeping with other evidence that the action
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f infliximab on apoptosis of mTNF-expressing cells var-
es according to the type of target cell.6 – 8,38,39

In the intestine, ECM-degrading MMPs play a crucial
ole both in tissue injury and wound repair after the
esolution of inflammation.11,27 In explants of human
etal gut, where resident T cells have been activated along
he T-helper cell type 1 pathway, MMPs have been re-
orted to destroy the mucosa rapidly.21 In celiac disease,

n which a T-helper cell type 1 response to gluten drives
issue remodeling, MMP-3 (stromelysin-1) is overex-
ressed in subepithelial myofibroblasts,40 and both tran-
cripts and activity of MMP-12 (macrophage metallo-
lastase) are increased in the mucosa.41,42 In IBD, the
igher production by activated macrophages of MMP-12
ogether with the increased release of MMP-3 by T-helper
ell type 1-cytokine-activated myofibroblasts is involved
n degradation of mucosa, ulceration, and fistulas.15–20

nterestingly, experimental evidence suggests that TNF-�
lockade inhibits MMP production.21 Because myofibro-
lasts are a major source of MMPs in the gut,9 –11 we
ypothesized that infliximab might influence MMP myo-
broblast production. However, we found that infliximab
ad no effect in down-regulating MMP-3 and MMP-12
roduction in CD myofibroblasts, and did not reduce
MP-3 and MMP-12 production in CD biopsy speci-
ens cultured with infliximab.
The proteolytic activity of MMPs is controlled tightly

y TIMPs via noncovalent binding of the active forms of
MPs at molar equivalence.43 Because it is the imbalance

etween MMPs and their inhibitors, rather than MMPs

igure 5. Ex vivo effect of infliximab
INFLIX) on MMP-3, MMP-12, and
IMP-1 expression on CD biopsy
pecimens. Western blotting detec-
ion of (A) MMP-3, (B) MMP-12, and
C) TIMP-1 protein in the supernatant
nd in the tissue of biopsy specimens
aken from CD patients and incu-
ated for 24 hours with 10 and/or
00 �g/mL infliximab (inflix) or its iso-
ype-matched control (human IgG1).
lots of mucosal homogenates were
tripped and analyzed for �-actin as
n internal loading control. The ex-
mple is representative of experi-
ents performed in 7 patients. Right
anel shows the densitometry of
estern blots. Results are mean

�SD). (*P � .001 vs cells stimulated
ith IgG1; §P � .01 vs cells stimu-

ated with IgG1 and vs cells stimu-
ated with 100 �g/mL infliximab).
n their own, that play the crucial role in tissue injury in o
he gut,11,15,19 we focused our attention on TIMP-1. It is
nown that TNF-� decreases TIMP-1 production.44 In-
iximab induced a dose-dependent increase in TIMP-1
rotein production by CD myofibroblasts, and these re-
ults were strengthened further by reverse gelatin zymog-
aphy showing accordingly an infliximab-induced dose-
ependent increase of TIMP-1 activity. Together with
nchanged MMP-3 and MMP-12 levels, increased
IMP-1 would be expected to inhibit ECM degradation,

hus allowing the healing process. Moreover, infliximab-
nduced up-regulation of TIMP-1 may compensate for
he lack of TIMP-1 increase seen in the inflamed gut of
atients with IBD.20 The resistance of CD myofibroblasts
o infliximab-induced apoptosis also assumes another
mportant role because it may ensure the presence in the
nflamed gut of TIMP-1–producing cells sufficient to
ounteract the activity of tissue-degrading MMP-3 and

MP-12.
Organ culture experiments performed with CD biopsy

pecimens showed the same dose-dependent effect of
nfliximab on TIMP-1 expression, both in the superna-
ants and tissue.

We also explored the role of other anti–TNF-� anti-
odies and fusion proteins that have shown varying de-
rees of clinical efficacy (or not) in CD.45 Etanercept
recombinant TNF-RII/IgG1 Fc domain fusion protein),
dalimumab (fully human recombinant IgG1), and re-
ombinant human soluble p55-TNFR-IgG also increased
IMP-1 production by CD myofibroblasts, suggesting a
lass-action effect. We would be hesitant at this stage to

verinterpret these data because etanercept clearly in-
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uced TIMP-1, but was ineffective in CD patients.46 The
ffects of anti-TNF agents are complex and of the various
athways shown (apoptosis, neutralization of soluble
NF), it still is not clear which is critical. We would only

ay in the context of this study that increasing TIMP-1 in
isease mucosa is probably a good thing, but how this
elates to remission as measured by the Crohn’s Disease
ctivity Index is unclear.
It has been very well established that TNF binding to

he TNF receptor activates both nuclear factor �B, and
APK cascades, which cooperate in the orchestration of

nflammatory responses. These molecules include extra-
ellular signal–regulated kinase, c-Jun amino-terminal,
nd p38 kinases.47,48 In the context of this article, how-
ver, it also is important to stress that p38 MAPK recently
as been recognized as one of the signaling pathways
hat is activated by infliximab binding to mTNF. Indeed,
igation of mTNF by infliximab has been shown to acti-
ate p38 MAPK in monocytes and in lamina propria T
ells from CD patients.49 –51 To determine if MAPK sig-
aling was required to transduce the infliximab-induced
p-regulation of TIMP-1 in mTNF-expressing CD myo-
broblasts, we cultured infliximab-treated cells with the
38 inhibitor pyridinyl imidazole derivative SB 203580.
ur results showed that SB 203580 inhibits the inflix-

mab-induced dose-dependent increase of TIMP-1 secre-
ion. This finding provides further evidence of the critical
ole of p38 MAPK cascade in transducing infliximab
ignaling in mTNF-expressing cells, and suggests a trans-
riptional control of TIMP-1 production in myofibro-
lasts.

This study explored the action of infliximab on the
igration of intestinal myofibroblasts in CD. It is known

hat the myofibroblast migration is an important mech-
nism of intestinal wound healing.22 In IBD, persistent
ucosal ulceration has been associated with insufficient
ound repair owing to a reduced migration of intestinal
yofibroblasts.23 Because TNF-� exerts inhibitory effects

n the migratory potential of intestinal myofibroblasts,23

nd our data confirmed these findings, we hypothesized
possible role for infliximab in facilitating myofibroblast
igration in CD. Migration of myofibroblasts was inves-

igated by using an in vitro wound-healing scratch assay.
his assay, which mimics cell migration during wound
ealing in vivo, is a classic and commonly used method

or studying the ability of fibroblasts to recover the
ound.28 We showed that the migratory response of CD
yofibroblasts to infliximab was increased dose-depen-

ently. Interestingly, when infliximab was added to TNF-
–pretreated CD myofibroblasts, it partially counteracted
NF-� inhibitory effects by restoring to some extent cell
igration.
In addition, to verify whether the stimulatory effects of

nfliximab on myofibroblast migration was associated
ith the concomitant increased production of TIMP-1,
igure 6. Effect of (A) infliximab, other (B) anti-TNF reagents, and (C) recom-
inant human TIMP-1 on the migration of CD myofibroblasts assessed by an

n vitro wound-healing scratch assay. Cells were cultured with (A) increasing
oncentrationsof infliximab (10and100�g/mL)or its isotype-matchedcontrol
human IgG1; 100 �g/mL); or (B) with adalimumab, etanercept, p55-TNFR, all
t the same concentration of infliximab and human IgG1 (100 �g/mL); or (C) in
he absence or presence of recombinant human TIMP-1 (rhTIMP-1, 10-8 mol/
). Results obtained by culturing 8 different cell lines of CD myofibroblasts are
ean (�SD). (*P � .05, 100 �g/mL infliximab vs IgG1 at 24 h; †P � .05, 100
ecombinant human TIMP-1 was used as stimulus in the
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ound-healing scratch assay, and in parallel experiments
n anti–TIMP-1 neutralizing antibody was added to CD
yofibroblasts cultured with infliximab. TIMP-1 mark-

dly enhanced the migratory potential of CD myofibro-
lasts, while neutralization of TIMP-1 significantly abol-

shed the promigratory action of infliximab. The same
ignificant inhibitory action of the anti–TIMP-1 antibody
as evident on cells treated with etanercept. This latter

howed a significant promigratory action of CD myofi-
roblasts, comparable with that of infliximab and higher

n comparison with p55-TNFR-IgG and adalimumab,
hose positive influence on migration was limited. This
nding is quite surprising if we take into consideration
he well-known ineffectiveness of etanercept in clinical
rials in CD,46 and, conversely, the proved efficacy of
dalimumab in this condition.52 However, our in vitro
tudy, focused on a single cell population, does not
ntirely reflect the in vivo mucosal environment where
he actions of anti-TNF agents on survival, cytokine pro-
uction, activation, proliferation, and migration are ex-
rted on a complex network of a number of immune and
onimmune cells. In ongoing studies, we are investigat-

ng whether infliximab-induced myofibroblast migration
s associated with an increase in the tyrosine phosphor-

igure 7. In vitro effect of infliximab on collagen production by CD
yofibroblasts. Colonic myofibroblasts isolated from 9 CD patients
ere incubated with 10 �g/mL infliximab or its isotype-matched control

human IgG1) in the presence or absence of the p38 MAPK inhibitor SB
03580 (10 �mol/L). After 24 hours of culture, soluble collagen was
etermined in cell supernatants. Results are mean (�SD). (*P � .05 vs
ells cultured with IgG1 and vs infliximab-stimulated cells cultured with

able 2. Effect of TIMP-1 Neutralization on Wound Healing R

Culture conditions % Wound repair

uman IgG1 � mouse IgG 27.3
uman IgG1 � anti–TIMP-1 Ab 23.2

nfliximab � mouse IgG 41.8
nfliximab � anti–TIMP-1 Ab 21.1
tanercept � mouse IgG 49.5
tanercept � anti–TIMP-1 Ab 21.7

OTE. The percentage of wound repair is shown as the mean, and w
ulture (see Materials and Methods section). Human IgG1 was used a
s control for the mouse anti-human TIMP-1 neutralizing antibody (an
EM, standard error of the mean.
pB 203580).
lation of p125 focal adhesion kinase that is a central
egulator of cell migration in health and disease.23,53

A number of studies have indicated that changes in the
igratory potential of mesenchymal cells often are asso-

iated with the development of fibrosis in different dis-
ases.54,55 Intestinal fibrosis and stricture formation are
ommon features of the natural course of CD, which
ften require surgical resection.56 Impaired wound con-
raction and increased deposition of ECM components as
result of the local increase in the number of CD myo-
broblasts with reduced dispersing potential seem to
lay a role in favoring intestinal fibrogenesis.23 Hence, it

s conceivable that infliximab might prevent the fibro-
enic process in CD by restoring myofibroblast migra-
ion. Concerns have been raised that rapid healing of
arrowed segments induced by infliximab may further
arrow the lumen and possibly could provoke obstruc-
ion.57 It therefore has been suggested that patients with
ossible or documented strictures should not be treated
ith this agent.57 We thus measured collagen in the

upernatants of CD myofibroblasts treated with inflix-
mab. Our data showed that infliximab down-regulates
ollagen production. These findings are strengthened
urther by previous studies showing a role of infliximab
n down-regulating the profibrogenic basic fibroblast
rowth factor in the serum of CD patients.58,59 The
ction of infliximab in restoring migration and in reduc-
ng collagen production of CD myofibroblasts supports
he concept of an antifibrogenic role for this agent. In
ccordance with this, clinical studies have shown that
nfliximab treatment does not result in an increased risk
f intestinal obstruction, and is effective in preventing
ostoperative recurrence in CD patients.60,61 In addition,
e found that the action of infliximab on collagen pro-
uction by CD myofibroblasts is abolished by SB 203580.
his result provides further evidence for the role of p38
APK in transducing infliximab signaling in CD myofi-

roblasts.
In conclusion, our study shows a novel therapeutic

athway for anti-TNF therapies in enhancing TIMP-1

nse to Infliximab and Etanercept by CD Myofibroblasts

SEM P value (t-test, 2-tailed)

0.7924 .0150 (vs infliximab � mouse IgG)
0.3478
0.6858
2.4398 .0399 (vs infliximab � mouse IgG)
2.9520 .0485 (vs human IgG1 � mouse IgG)
0.0460 .0306 (vs etanercept � mouse IgG)

sessed by using the wound-healing scratch assay after 24 hours of
trol for both infliximab and etanercept, whereas mouse IgG was used
P-1 Ab).
espo

as as
s con
ti–TIM
roduction, thereby reducing MMP activity and facilitat-
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ng the wound-healing potential of intestinal myofibro-
lasts.
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