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Ocular mucous membrane pemphigoid is an immu-
nobullous disease in which excessive conjunctival fi-
brosis causes blindness, and the pathogenesis of scar-
ring is incompletely understood. To establish whether
profibrotic fibroblasts with an altered phenotype exist
in ocular mucous membrane pemphigoid, we com-
pared the functional characteristics of pemphigoid con-
junctival fibroblasts to normal conjunctival fibroblasts
with respect to cell division; migration; collagen con-
traction; matrix metalloproteinase, secretion of colla-
gen and chemokines; and myofibroblast differentiation.
We found that pemphigoid fibroblasts showed in-
creased cell division (P � 0.01), increased migration in
serum-free medium (72 � 18 migrated cells versus 33 �
11, P � 0.04), increased collagen contraction in the
presence of 10 ng/ml tumor necrosis factor-�, increased
collagen type I secretion (P � 0.03), increased secretion
of matrix metalloproteinase-3 (P � 0.03), and increased
secretion of eotaxin in response to interleukin-13 (P �
0.04). Differences between pemphigoid and normal
conjunctival fibroblasts with respect to collagen con-
traction and MMP secretion in the presence of interleu-
kin-13 were also observed. Together, these findings in-
dicate that pemphigoid conjunctival fibroblasts have a
profibrotic phenotype that is maintained in vitro. No
differences between pemphigoid fibroblasts obtained
from acutely inflamed versus clinically uninflamed con-
junctiva were observed. Developing effective antifi-
brotic therapies will require understanding of the
mechanisms that both induce and maintain the profi-
brotic phenotype. (Am J Pathol 2011, 178:187–197; DOI:
10.1016/j.ajpath.2010.11.013)
Ocular mucous membrane pemphigoid (ocular MMP),
also known as ocular cicatricial pemphigoid, is a blinding
disease characterized by recurrent episodes of inflam-
mation and aggressive conjunctival fibrosis.1,2 It is part of
a spectrum of immunobullous disease associated with
linear deposition of IgG and IgA autoantibodies directed
against epithelial basement membrane zone (BMZ) pro-
teins, in which subepithelial bullae and scarring are the
clinical hallmarks.2 Although the mechanisms have not
been clearly demonstrated, the autoantibodies are thought
to cause subepithelial blisters by disrupting basement
membrane adherence via a process involving comple-
ment, neutrophils, and proinflammatory cytokines.3 The
resulting loss of BMZ adhesion, and inflammation sec-
ondary to the BMZ separation process, leads to fibrosis.
In the eye, blisters are rarely seen clinically, and the
disease usually manifests as a chronic, recurrent cicatri-
cial conjunctivitis. Fibrosis of subepithelial tissues ap-
pears as fine, white striae most easily seen surrounding
the superficial vessels of substantia propria. Contracture
of these striae ultimately leads to bands of abnormal
connective tissue which further contract to cause conjunc-
tival “shrinkage.” Extensive subepithelial bands of connec-
tive tissue result in symblepharon formation. The functional
consequences of scarring in the eye are severe, and pa-
tients with advanced conjunctival fibrosis become blind in
30% of cases.4 Developing effective antifibrotic agents is
challenging because the cellular and molecular mecha-
nisms of conjunctival scarring are incompletely understood.

Although there is clear evidence that acute inflamma-
tion following conjunctival injury in ocular MMP, either
iatrogenic due to surgery or due to the autoimmune pro-
cess, triggers rapid and progressive fibrosis,5,6 it has
also been observed that conjunctival fibrosis in ocular
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MMP can still progress despite apparent clinical control
of inflammation by treatment with immunosuppressive
therapy.7,8 Histological studies of chronic ocular MMP
have shown that even when the conjunctiva appears
clinically “white” and uninflamed, there is a significant
cellular infiltrate present (“white inflammation”).9,10 Pro-
gressive fibrosis, despite immunosuppressive treatment,
may be driven by this underlying chronic inflammation
and ongoing release of cytokines. Administering higher
doses of systemic immunosuppression might possibly
control this underlying residual inflammation; however,
the majority of mucous membrane pemphigoid patients
are elderly and susceptible to toxicity resulting from high-
dose immunosuppression.8 Another problem with the ad-
ministration of immunosuppressive therapy is that there
are currently no readily identifiable serological markers11

for disease activity that permit the recognition of an end-
point for the control of subclinical levels of inflammation in
clinically controlled disease.

Although inflammation typically precedes the develop-
ment of fibrosis in most fibrotic disorders, some experi-
mental models suggest that fibrosis is not always char-
acterized by persistent inflammation, and that to a
degree, the mechanisms regulating fibrosis are distinct
from those controlling inflammation.12 In line with this
viewpoint, an alternative theory for the observed progres-
sion of fibrosis in ocular MMP is that the fibroblasts have
been transformed into an abnormally activated pheno-
type. Profibrotic phenotypes are observed and main-
tained in vitro in fibroblasts from patients with sclero-
derma, pulmonary, renal, and colonic fibrosis.13–15 There
is some evidence of phenotypic changes in fibroblasts
isolated from mucous membrane pemphigoid pa-
tients,16 –18 but whether there are pathological alter-
ations in key aspects of fibroblast behavior, such as
motility, contractile function, matrix synthesis, and devel-
opment of myofibroblast characteristics, has not been
investigated. Moreover, whether there are differences in
fibroblasts isolated from actively inflamed tissue com-
pared with fibroblasts isolated from clinically uninflamed
tissue is unknown.

In the present study, we sought to establish whether
there are phenotypic differences in fibroblast functional
activity between mucous membrane pemphigoid con-
junctival fibroblasts and normal conjunctival fibroblasts,
and whether fibroblasts isolated from actively inflamed
tissue differ from those isolated from clinically uninflamed
tissue.

Materials and Methods

Conjunctival Tissues

Bulbar conjunctival biopsies were obtained from patients
with ocular MMP, who were classified according to ocular
disease activity as having active disease with acute in-
flammation (n � 10), or chronic disease without clinically
apparent inflammation after treatment with immunosup-
pressive therapy (n � 7). Healthy, normal bulbar conjunc-

tiva from 11 individuals of similar age (50 to 80 years)
undergoing routine cataract surgery was used as con-
trols. Details regarding the patients and normal controls
are shown in Table 1. Four-millimeter snip biopsies were
taken from the superior bulbar conjunctiva as previously
described.10

The diagnosis of MMP was based on clinical presen-
tation with progressive conjunctival cicatrization and pos-
itive direct immunofluorescence microscopy of the con-
junctiva or other tissues (oral mucosa, genital mucosa,
and skin) showing linear deposition of IgG and/or IgA
and/or C3 at the BMZ (Figure 1), and/or positive circulat-
ing anti-epithelial BMZ autoantibodies.19Serological test-
ing for anti-epithelial BMZ autoantibodies was carried out
by i) indirect immunofluorescence microscopy on human
salt-split skin (for IgG and IgA), ii) enzyme-linked immu-
nosorbent assay using the immunodominant NC16A do-
main of BP180 (type XVII collagen) as target antigen
(MBL, Nagoya, Japan), iii) immunoblotting with the linear
IgA dermatoses antigen 1 (LAD-1) representing the sol-
uble ectodomain of BP180 generated from the concen-
trated supernatant of cultured human keratinocytes,20 iv)
immunoblotting with the extracellular matrix of cultured
human keratinocytes for anti-laminin 332 reactivity,21 v)
immunblotting with extract from human dermis for anti-
bodies to the p200 antigens and type VII collagen,22 and
vi) immunoblotting with the recombinant NC1 domain of
type VII collagen, the immunodominant region in epider-
molysis bullosa acquisita. Compared with indirect immu-
nofluorescence microscopy, which detects circulating
autoantibodies in about half the MMP sera, the combined
testing for anti-NC16A and anti–LAD-1 autoantibodies
has been shown previously to increase sensitivity to more
than 80% in MMP sera.20

No patients with pseudopemphigoid (diagnosed by
the presence of conjunctival cicatrization, negative direct
immunofluorescence microscopy, negative circulating
anti-epithelial autoantibodies, and the presence of an
alternative cause for cicatrization, eg, drug-induced con-
junctival cicatrization, atopic conjunctivitis, rosacea, li-
chen planus)19 were included. Drug-induced conjuncti-
val cicatrization was diagnosed if there was a history of
use of topical agents previously reported to cause pseu-
dopemphigoid (eg, �-blockers, pilocarpine) and pro-
gressive cicatrization in the eye in which the topical agent
was used.23 Patients 7 and 9 initially presented with both
oral and ocular lesions that were biopsy positive for MMP;
they subsequently developed glaucoma, for which they
received topical medication. The possibility cannot be
excluded that, in these two patients, chronic, low-
grade conjunctival inflammation and/or direct tissue
damage following chronic administration of topical
agents may have added to the conjunctival cicatriza-
tion mediated by MMP.23

Indirect immunofluorescence microscopy using hu-
man salt-split skin showed the presence of circulating
anti-epithelial BMZ antibodies in 5/17 (29%) MMP pa-
tients (3/10 active MMP patients, 2/7 uninflamed MMP
patients). IgG and/or IgA to LAD-1 was detected in 2/17
(12%) MMP patients, and IgG to BP180 NC16A was

present in 1/17 (6%) MMP sera. No circulating autoanti-
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bodies against laminin 332 or type VII collagen were
detected in any MMP patient.

The immunosuppressive regimen used to control inflam-
mation was that which we have described previously.8 All
patients and controls were white. Institutional research and
ethics committee approval was granted, and informed
consent was obtained from all patients and normal con-
trols participating in the study.

Isolation of Conjunctival Fibroblasts

Fibroblasts were grown from the MMP and normal con-
junctival biopsies as previously described.24 The ex-
plants were placed into tissue culture wells under a cov-
erslip, and cultured with fibroblast culture medium (FCM)

Table 1. Details of Patients and Controls

Diagnosis Case
Age

(years) Sex DIF IIF

Disease
duration
(years)

Bulbar
inflamma

grade
(0 to 4

Active MMP 1 54 F IgG, IgA, C3
eye and
oral

IgG 1/10 0.5 3

2 80 M IgG, IgA eye IgG 1/100,
IgA
1/10

10 3

3 55 M IgG, IgA eye Negative 13 3

4 76 F IgG, IgA eye Negative 2 2.5

5 81 M IgG, IgA eye IgG 1/10 2 2.5

6 83 M IgG oral Negative 1 3
7 62 F IgG, IgA, C3

eye and
oral

Negative 18 2

8 64 F IgG, IgA
vulva and
mouth

ND 1 2

9 83 F IgG, IgA oral NC16A
ELISA
positive

7 3

10 51 F IgG, IgA eye IgG to
LAD1

0.1 3

Treated 1 59 F IgG, IgA eye Negative 10 1
uninflamed
MMP

2 86 F IgG, IgA skin IgG
positive,
IgG and
IgA to
LAD-1

15 1

3 78 F IgG, IgA oral ND 10 1
4 84 F IgG, IgA eye ND 2 0
5 66 F IgG, IgA eye ND 2 0
6 76 M IgG, IgA eye Negative 6 1.5

7 60 F Negative Positive 3 1

Normal 1 50 F — 0
control 2 76 M — 0

3 65 M — 0
4 70 F — 0
5 65 M — 0
6 75 F — 0
7 73 F — 0
8 57 M — 0
9 65 M — 0

10 79 F — 0
11 62 M — 0

DIF, direct immunofluorescence; IIF, indirect immunofluorescence, im
membrane pemphigoid; F, female; M, male; IgG, immunoglobulin G; IgA
IgA Disease-1 protein, which is a cleavage product of bullous pemphigo

* Values in the IIF column include the results from immunoblotting an
composed of Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) heat-inactivated fetal calf se-
rum, 100 IU/ml penicillin, 100 �g/ml streptomycin, and
0.25 �g/ml amphotericin B (all from Gibco Invitrogen Ltd,
Paisley, Scotland, UK) at 37°C with 5% (v/v) CO2 in air.
The cells were passaged 1:3 with trypsin/EDTA. Cultures
were used between passages 3 and 7 for experiments,
and cultures were assessed for typical fibroblast mor-
phology by phase contrast microscopy before every ex-
periment. From passage 3 onwards, contaminating epi-
thelial cells had been eliminated in cultures that had been
fed only FCM, due to the fastidious nutritional require-
ments of epithelial cells.

Serum-free medium (SFM) composed of Dulbecco’s
modified Eagle’s medium supplemented with 0.1% bo-
vine serum albumin (Sigma-Aldrich, Gillingham, Dorset,

ber stage44

pper stage/
wer stage)

Topical
therapy

Systemic
therapy

Other
eye

pathology

d/IIcIIId Hypromellose, acetylcysteine,
yellow soft paraffin

None

c(2)/IIdIIId(2) Carmellose Mycophenolate �
dapsone

c(2)/IIdIIId(1) Dexamethasone, carmellose Mycophenolate �
dapsone �
deflazocort

bIIIa(2) Prednisolone, hypromellose,
carmellose

Mycophenolate �
dapsone

Sicca,
blepharitis

a(1)/IIbIIIb(2) Carmellose Mycophenolate �
dapsone

a(1)/IIcIIIc(2) Ofloxacin, chloramphenicol None
c(2)/IIdIIId(2) Timolol, carbomer 980 Mycophenolate Glaucoma

bIIIc(2) Prednisolone None

bIIIb(2) Brimonidine, latanoprost,
timolol, dorzolamide,
carmellose

Mycophenolate �
doxycycline

Glaucoma

(1) None None

b(2)/IIdIIId(2) Carbomer 980 Dapsone
cIIIb(2) None None

b(2)/IIdIIId(2) None None
cIIIc(2) None Mycophenolate
cIIIb(2) None Dapsone
d(2)/IIbIIIb(2) Chloramphenicol,

hypromellose, retinoic acid,
acetylcysteine

Cyclophosphamide

IIa(1) Carmellose Cyclophosphamide �
dapsone

None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract
None None Cataract

lotting, and enzyme-linked immunosorbent assay results; MMP, mucous
oglobulin A; ELISA, enzyme-linked immunosorbent assay; LAD-1, Linear
0 protein; ND, not done.
ISA.
tion

)

Tau
(u
lo

IIcIII

IIbIII

IIcIII

IIc/II

IIaIII

IIbIII
IIcIII

IIa/II

IIa/II

I/IIIa

IIbIII
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IIbIII
IIb/II
IIb/II
IIdIII
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—
—
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—
—
—
—
—
—
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the effect of the addition of a cytokine or growth factor
was being evaluated. Testing under serum-free condi-
tions eliminates the possibility that observed responses
could be due to the activity of unspecified cytokines and
growth factors present in serum-containing medium. 3T3
cells (a fibroblast cell line) were used for initial calibration
experiments that compared the negative-control SFM
with the positive-control FCM.

Proliferation

Fibroblast cell division was analyzed by flow cytometry
using the fluorescent probe CFSE (carboxyfluorescein
diacetate succinimidyl ester) (Vybrant CFDA SE Cell
Tracer Kit, Invitrogen). Fibroblasts deprived of serum for
24 hours were detached with trypsin, and the cell pellet
was incubated with 1 �mol/L CFSE in serum-free medium
at 37°C for 10 minutes, then ice-cold FCM was added to
stop the reaction. The cell pellet was resuspended in
ice-cold FCM for 30 minutes to allow free CFSE to come
out of the cells, then the cells were resuspended at 2 �
105 cells/ml in FCM. At time 0, one quarter of these cells
were immediately acquired for flow cytometry (10,000
events...etc) these cells (time 0) were immediately ac-
quired for flow cytometry (10,000 events; FACSCalibur;
BD Biosciences, Oxford, UK). The remaining cells were
seeded into six-well culture plates at a density of 4 � 105

cells per well in FCM for 72 hours (time 96 hours). After 96
hours, the cells were detached with trypsin and 10,000
events acquired for flow cytometry. Winlist software (Ver-
ity Software House, Topsham, ME) was used to analyze
the number of divided cells per 5000 undivided cells.

Migration

Cell culture inserts incorporating polyethylene tereph-
thalate membranes with a pore size of 8 �m (BD Fal-
con; VWR International, Lutterworth, Leicestershire, UK),
which fit into wells in a tissue culture plate, were used to
assess fibroblast migration. Cells were seeded into the
inserts at a density of 8000 per insert in 200 �l of SFM and

Figure 1. Positive direct immunofluorescence (DIF) microscopy showing
linear IgG deposition at the basement membrane zone (BMZ) in a bulbar
conjunctival biopsy from patient 2 with active mucous membrane pem-
phigoid.
allowed to attach to the upper surface of the membrane
for 4 hours. A volume of 700 �l of test medium, consisting
of either i) SFM or ii) 10% serum-containing FCM, was
added to the well in the tissue culture plate, so that the
test medium was in contact with the undersurface of the
membrane in the culture insert. The cells were incubated
for 16 hours to permit migration, through the pores, to the
undersurface of the membrane. The culture inserts were
then washed with PBS to remove excess protein, fixed in
70% (v/v) methanol for 5 minutes, stained with Mayer’s
hematoxylin (Dako, Ely, Cambridgeshire, UK) for 30 min-
utes, and then rinsed in tap water. Settled cells on the
upper surface of the membrane in the culture inserts
were removed using cotton swabs. The number of mi-
grated cells on the membrane per 10� objective field
(average of five fields) was counted using an inverted
phase contrast microscope and cell counting software
(Image J public domain Java image processing program;
http://rsb.info.nih.gov/ij/, last accessed July 22, 2006).

Collagen Contraction

To assess matrix contraction, free-floating, relaxed colla-
gen gel lattice models were used. Three-dimensional,
fibroblast-populated, type I rat tail collagen (5 mg/ml;
Sigma-Aldrich) lattices were prepared with 16.7 � 105

cells/ml of lattice mixture as previously described.25 The
collagen lattices were incubated for 2 hours at 37°C to
set, in the culture wells, then the lattices were detached
immediately after feeding with either i) SFM, ii) SFM con-
taining 10 ng/ml interleukin-13 (recombinant human IL-
13; R&D Systems, Abingdon, UK), iii) SFM containing 10
ng/ml tumor necrosis factor-� (recombinant human
TNF�; R&D Systems), or iv) FCM containing 10% gelati-
nase-free fetal calf serum (Gibco, Invitrogen, Paisley,
UK). The optimal concentration of IL-13 and TNF� used
was determined from previous results.26,27 Gelatin
Sepharose beads (Gelatin Sepharose 4B; Amersham
Biosciences, Little Chalfont, UK) were incubated in
serum at a concentration of 10% with gentle rocking for
2 hours to produce gelatinase-free serum. Reduction in
lattice area at days 1, 3, and 7 due to contraction was
digitally photographed, and the gel areas calculated
using image analysis software (Image J).

Matrix Metalloproteinase Protein Levels

Conditioned medium collected from contracting lattices
was analyzed for matrix metalloproteinase-1 (MMP-1),
MMP-2, MMP-3, MMP-8, MMP-10, MMP-13, tissue inhib-
itor of matrix metalloproteinase-1 (TIMP-1), TIMP-2, and
TIMP-4 protein levels by using an antibody-coated mem-
brane array (Raybiotech Inc, Norcross, GA) in accor-
dance with the manufacturer’s instructions. MMP and
TIMP levels in baseline SFM and FCM were subtracted
from the conditioned medium results.

Collagen Type I Secretion

Conditioned medium collected from contracting lattices
was also analyzed for secretion of the C-terminal propep-

tide of type I collagen using an enzyme-linked immu-

http://rsb.info.nih.gov/ij/
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nosorbent assay (Quidel Corp, San Diego, CA) carried
out according to the manufacturer’s instructions.

Chemokine Secretion

Confluent fibroblasts in six-well culture plates were serum
starved for 24 hours, then stimulated for 72 hours with a
panel of cytokines in 10% heat-inactivated serum-con-
taining FCM. The cytokines selected were those previ-
ously reported to be present in ocular MMP, including
transforming growth factor-� (TGF�) 50 ng/ml,16 IL-4 20
ng/ml,28 interferon-� (IFN�) 200 ng/ml,28 TNF� 10 ng/
ml,27 and IL-13 100 ng/ml.26 The cell-free culture super-
natants were analyzed for presence of the chemokines
IL-6, CXCL-8 (IL-8), CXCL-10 [IP-10 (human interferon-
inducible protein 10)], CCL-11 (eotaxin-1), and CXCL-9
[MIG (monokine induced by IFN�)] using a cytometric
bead array and FCAP Array Software (BD Biosciences)
and flow cytometer (FACSCalibur; BD Biosciences).

Immunohistochemistry for �-Smooth Muscle
Actin

Immunohistochemistry was carried out on glycol methacry-
late resin–embedded sections of active pemphigoid con-
junctiva, treated pemphigoid and normal conjunctiva, pre-
pared as described in a previous publication.9 Endogenous
peroxidase was inhibited using 0.3% hydrogen peroxide in
0.1% sodium azide, followed by incubation with 10% fetal
calf serum to block nonspecific binding. The sections were
incubated overnight at room temperature with monoclonal
mouse antibody against human �-smooth muscle actin (�-
SMA; M0851 Dako; Dako), 1:10 dilution. After washing with
PBS, biotinylated rabbit anti-mouse immunoglobulin (Dako)
was applied to the sections, followed by incubation with
streptavidin-peroxidase (Dako), and finally amino-ethyl car-
bazole (AEC; Dako), forming a red AEC reaction product.
The specimens were counterstained with Mayer’s hematox-
ylin (Dako) and mounted with Glycergel Mounting Medium
(Dako). Vascular smooth muscle in the sections was used
as a positive control; and absence of the primary anti-
body and an isotype-matched, irrelevant monoclonal
antibody (mouse IgG2a; Dako) were used as two neg-
ative controls. The number of stromal cells stained with
�-smooth muscle actin were counted in a masked fash-
ion in five representative high-power fields per patient,
using an Olympus (Southend-on-Sea, Essex, UK) BX51
microscope with image analysis software.

Immunodetection of Myofibroblast
Differentiation in Mechanically Stressed,
Fibroblast-Seeded Collagen Lattices

Mechanically stressed, fibroblast-seeded collagen lat-
tices were prepared to assess for myofibroblast differen-
tiation.29 To generate mechanical stress in the collagen
matrix, after polymerization of the lattice mixture, the lat-
tices remained attached to the culture well and were
cultured in FCM for 24 hours to allow the development of

mechanical tension. At 24 hours, the lattice was fixed with
4% paraformaldehyde, then completely detached with a
pipette tip. Triplicate samples per donor were tested, and
at least six donors were tested in each of the groups:
active pemphigoid fibroblasts, treated pemphigoid fibro-
blasts, and normal conjunctival fibroblasts. The fixed col-
lagen lattices were permeabilized for 15 minutes with 1%
Triton X-100 (Sigma-Aldrich) at room temperature. For
immunostaining of �-SMA, monoclonal anti–�-SMA anti-
body conjugated with Cy3 (Clone 1A4; Sigma-Aldrich)
was added to the lattices (1:200 in blocking buffer) for 3
hours at room temperature. After the lattices were rinsed
with PBS and exposed for 1 minute to 4=,6-diaminidino-
2-phenylindole (DAPI) dye (1:5000 in PBS; Sigma-Al-
drich), they were rinsed and mounted on a 35-mm Mat-
Tek glass-bottomed dish (MatTek Corporation, Ashland,
MA) with a fluorescent mountant and covered with a
coverslip. Cells were viewed with a laser scanning con-
focal microscope (Leica TCS SP2; Leica, Milton Keynes,
UK). The proportion of myofibroblasts and fibroblasts
was determined by counting the number of cells contain-
ing assembled �-SMA stress fibers as a proportion of the
total number of cells visualized by DAPI-stained nuclei.
Five random fields of view at �40 final magnification were
analyzed with Leica image analysis software.

Statistical Analysis

Differences between two groups were examined for sta-
tistical significance using the Mann-Whitney U-test, and
one-way analysis of variance was used to compare the
means of three or more unmatched groups. When used,
box-whisker plots show median, upper and lower quar-
tiles, and maximum and minimum. P � 0.05 was consid-
ered significant.

Results

Pemphigoid and Normal Conjunctival
Fibroblasts Appear to Have Similar Morphology

No gross differences in the morphology of pemphigoid
fibroblasts compared with normal conjunctival fibroblasts
were detected (Figure 2), nor between pemphigoid fibro-
blasts obtained from acutely inflamed tissue and chronic
uninflamed tissue.

Figure 2. Morphology of normal and pemphigoid fibroblasts in vitro. In-
verted phase contrast microscopy of (A) normal conjunctival fibroblasts 6
days after the fourth subpassage and (B) pemphigoid conjunctival fibroblasts
from acutely inflamed tissue 5 days after the fourth subpassage. Pemphigoid

fibroblasts were similar in appearance to normal conjunctival fibroblasts.
Magnification �100, bar � 1 mm.
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Comparison of Early Passage versus Late
Passage Pemphigoid Fibroblasts

Comparison of early versus late passage normal control
conjunctival fibroblasts and pemphigoid conjunctival fi-
broblasts showed no significant differences in all assays,
including collagen contraction (Figure 3), proliferation
(not shown), and migration (not shown).

Comparison of Actively Inflamed versus
Uninflamed Pemphigoid Biopsy Fibroblasts

Comparison of actively inflamed versus uninflamed pem-
phigoid conjunctival fibroblasts in all assays did not show
any clinically or statistically significant differences, even at
early passage. Figure 4 shows the similarity between ac-
tively inflamed and uninflamed pemphigoid conjunctival fi-
broblasts in cell division and collagen contraction experi-
ments. Migration assays were also similar (not shown).

Pemphigoid Fibroblasts Have a Greater Number
of Cell Divisions Than Normal Conjunctival
Fibroblasts

Pemphigoid conjunctival fibroblasts showed significantly
increased numbers of divided cells compared with nor-
mal conjunctival fibroblasts after 96 hours in culture (av-
erage 7026 � 2020 vs. 1216 � 558 divided cells per
5000 events, P � 0.01) (Figure 5).

Increased Migration by Pemphigoid Conjunctival
Fibroblasts under Serum-Free Conditions

The number of pemphigoid fibroblasts that migrated
through the porous membranes toward the SFM was
significantly higher than the number of normal control
fibroblasts that migrated toward SFM (72 � 18 vs. 33 �
11, P � 0.04) (Figure 6). No significant difference be-
tween pemphigoid and normal fibroblasts in the number
of cells migrating toward 10% serum-containing FCM
was detected (data not shown).

Figure 3. Comparison of collagen contraction by early passage versus late
passage fibroblasts. A: No difference in collagen contraction over 7 days in
FCM between passage 3 versus passage 5 normal conjunctival fibroblasts. B:
No difference in collagen contraction over 7 days in FCM between passage 3

and passage 6 actively inflamed pemphigoid conjunctival fibroblasts. n �
number of individual experiments.
Pemphigoid Fibroblasts Show Increased
Collagen Contraction in Response to TNF-�,
and Reduced Contraction in Response to IL-13,
Compared with Normal Conjunctival Fibroblasts

We next assessed collagen contraction by the fibro-
blasts. Although there was no detectable difference in the
contraction of relaxed collagen gel lattices by pemphi-
goid and normal conjunctival fibroblasts in either SFM
(Figure 7A) or 10% serum-containing FCM (Figure 7B),
the pemphigoid fibroblasts did contract collagen in
response to TNF� (Figure 7C). We have previously
observed that normal conjunctival fibroblasts do not
contract collagen in response to TNF�.22 In contrast,
the addition of IL-13 to the collagen lattice conditioned
medium resulted in less contraction by pemphigoid
fibroblasts compared with normal fibroblasts, relative
to the amount of contraction in the SFM negative con-
trol (Figure 7D).

Pemphigoid Fibroblasts Secrete More Matrix
Metalloproteinase-3 and Less Matrix
Metalloproteinase-13 in the Presence of Serum

During days 0 to 3 of collagen lattice contraction in 10%
serum-containing medium, pemphigoid fibroblasts se-
crete more MMP-3 (P � 0.04) and less MMP-13 (P �
0.02) compared with normal conjunctival fibroblasts (Fig-
ure 8A). During days 3 to 7 of collagen lattice contraction
in 10% serum-containing medium, there was no differ-
ence in MMP and TIMP secretion between pemphigoid
and normal fibroblasts (data not shown). An increase in
MMP-3 secretion by pemphigoid fibroblasts compared
with normal fibroblasts was also observed during colla-
gen contraction in serum-free medium from day 0 to 7
(data not shown).

In the presence of IL-13 over days 0 to 7, both normal
and pemphigoid fibroblasts secrete less MMP-3 (Figure
8, B and C), and when pemphigoid fibroblasts and nor-

Figure 4. Comparison of actively inflamed versus uninflamed pemphigoid
conjunctival fibroblasts. A: No difference in proliferation between actively
inflamed versus uninflamed pemphigoid fibroblasts (passage 3 cells in both
groups) after 96 hours’ culture in FCM. n � number of individual donors. B:
No clinically significant difference in collagen contraction over 7 days in
FCM, between actively inflamed versus uninflamed pemphigoid fibro-
blasts. Although there appears to be a difference in the gel areas at day 3,
the magnitude of this difference is small (34% � 23% � 11%) and not
considered clinically significant. P � pemphigoid, n � number of indi-
vidual experiments.
mal fibroblasts are compared directly, pemphigoid fibro-
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blasts secrete less MMP-8 than normal fibroblasts in the
presence of IL-13 (Figure 8D).

Pemphigoid Fibroblasts Secrete More Type I
Collagen

During days 3 to 7 of collagen lattice contraction in 10%
serum-containing medium, pemphigoid fibroblasts se-
crete more C-terminal propeptide of type I collagen com-
pared with normal conjunctival fibroblasts (median 62.2
vs. 31.4 ng/ml, P � 0.03) (Figure 9). During collagen
lattice contraction in the presence of IL-13 in serum-
containing medium, there was no significant difference in
type I collagen secretion by pemphigoid versus normal
conjunctival fibroblasts (data not shown).

Pemphigoid Fibroblasts Secrete More Eotaxin in
Response to IL-13

To investigate whether pemphigoid fibroblasts are more
secretory than normal fibroblasts, and have the potential

Figure 5. Fibroblast cell division assessed by flow cytometric measurement of
A: After a 96-hour culture period in 10% serum-containing medium, pemphigoid
control conjunctival fibroblasts (*P � 0.01). Results are the mean and SE from fi
(y axis) versus CFSE fluorescence (x axis) in a normal fibroblast line. Cell division
is the fluorescence of CFSE in the cells at time 0. Black line is the fluorescence at
fibroblast line. Light gray shaded peak is the fluorescence of CFSE in the cells a

Figure 6. Comparison of conjunctival fibroblast migration toward 0.1% bovine
serum albumin (BSA) serum-free medium (SFM). Pemphigoid fibroblasts mi-

grated more than normal control fibroblasts under serum-free conditions. Results
are the mean and SE of eight individual experiments. *P � 0.04.
to draw in high numbers of inflammatory cells and thus
cause a greater degree of conjunctival inflammation by
secreting chemoattractant molecules called chemokines,
we evaluated secretion of chemokines following 72 hours’
stimulation with key ocular MMP cytokines, and found
that pemphigoid fibroblasts secreted more CCL-11
(eotaxin-1) in response to IL-13 (Figure 10). No significant
differences between pemphigoid and normal fibroblasts

of the fluorescent label CFSE (carboxyfluorescein diacetate succinimidyl ester).
asts had significantly increased numbers of divided cells compared with normal
re individuals in each group. B: Representative histogram of number of events

ated by decreased fluorescence to the left of the time 0 peak. Gray shaded peak
s. C: Histogram of number of events versus CFSE fluorescence in a pemphigoid
. Gray line is the fluorescence at 96 hours.

Figure 7. Fibroblast-populated, collagen gel lattice contraction over 7 days
by pemphigoid versus normal conjunctival fibroblasts showing (A) no dif-
ference in contraction in 0.1% bovine serum albumin (BSA) serum-free
medium and (B) no difference in contraction in 10% fetal calf serum (FCS)-
containing medium. C: In the presence of 10 ng/ml tumor necrosis factor-�
(TNF�), pemphigoid fibroblasts contract collagen more than normal fibro-
blasts by day 7 (P � 0.02). D: On the other hand, in the presence of
interleukin-13 (IL-13) at day 3, pemphigoid fibroblasts contract collagen less
vigorously than normal fibroblasts do at day 3 (P � 0.02), but by day 7, there
is no significant difference. The reduction in gel area in response to IL-13 at
day 3 is less in pemphigoid fibroblasts than normal fibroblasts (relative to the
dilution
fibrobl

ve or mo
is indic
serum-free medium negative control). Results of all graphs are the mean and
SE from six or more donors per group.



secrete less MMP-8 (P � 0.02) compared with normal fibroblasts. Results are the
mean and SE from six individual donors per graph. *P � 0.05; **P � 0.01.
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with respect to secretion of IL-6, CXCL-8 (IL-8), CXCL-10
(IP-10), or CXCL-9 (MIG) were detected, either in the
absence of cytokines or in response to stimulation by
IL-4, IFN�, or TGF�.

Myofibroblast Differentiation

There was very little stromal �-SMA staining in both pem-
phigoid and normal bulbar conjunctiva, and no differ-
ences were detected between pemphigoid and normal
conjunctiva. We also found no significant differences be-
tween pemphigoid fibroblasts and normals in the expres-
sion of assembled �-SMA filaments in collagen lattices
after 24 hours of mechanical stress (data not shown).

Discussion

In this study, we have shown that conjunctival fibroblasts
from ocular MMP patients display a distinct fibrotic phe-
notype characterized by increased cell division, chemo-
taxis, collagen, and matrix metalloproteinase synthesis
that is maintained over multiple passages in vitro. BMZ
separation in MMP, and inflammation secondary to the
BMZ separation process, induces fibrosis in subepithelial
tissues and may be responsible for these observed

Figure 9. Comparison of C-terminal propeptide of type I collagen (CICP)
secretion by pemphigoid fibroblasts versus normal conjunctival fibroblasts
during days 3 to 7 of collagen lattice contraction in 10% serum-containing
medium. Pemphigoid fibroblasts secrete more type I collagen than normal
fibroblasts (*P � 0.03). Results are from four individual donors in box-
whisker plots.

Figure 10. Comparison of eotaxin secretion by pemphigoid fibroblasts ver-
sus normal fibroblasts in response to IL-4 and IL-13. Pemphigoid fibroblasts
Figure 8. Matrix metalloproteinase (MMP) and tissue inhibitor of matrix met-
alloproteinase (TIMP) levels in conditioned medium of conjunctival fibroblast-
populated collagen gels. Data are relative values compared with the membrane
array negative control. A: During days 0 to 3 of collagen lattice contraction in
10% fetal calf serum (FCS)-containing medium, pemphigoid fibroblasts secreted
higher levels of MMP-3 (P � 0.04) and lower levels of MMP-13 (P � 0.02)
compared with normal fibroblasts. B: During days 0 to 7 of collagen lattice
contraction in the presence of IL-13 10 ng/ml in SFM, normal conjunctival
fibroblasts secrete lower levels of MMP-3 (P � 0.04) and MMP-10 (P � 0.01), and
(C) pemphigoid fibroblasts similarly secrete lower levels of MMP-3 (P � 0.004).
D: When compared directly in the presence of IL-13, pemphigoid fibroblasts
secrete more eotaxin in response to IL-13 than normal fibroblasts. (*P �
0.04). Results are the mean and SE from at least six individual donors.
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changes in fibroblast function. It is probable that these
changes reflect alterations in gene expression pathways,
deregulation of transcription factors such as SP1 and
SMAD3, altered surface receptor expression, and/or al-
tered protein kinase (ERK, FAK) signaling pathways.30

New therapies targeting the fibrotic process in MMP
would need to address the factors that induce and main-
tain these alterations. In the presence of the profibrotic
type 2 helper T-cell mediator IL-13, which we have pre-
viously shown to be expressed by conjunctival stromal
cells in ocular MMP,26 pemphigoid fibroblasts appear to
respond with less contraction and reduced matrix metal-
loproteinase production, but with increased secretion of
the chemokine CCL-11 (eotaxin-1). The reduced contrac-
tion activity by pemphigoid fibroblasts in response to
IL-13 could be a consequence of the cell’s increased
protein synthetic activity (increased secretion of chemo-
kine CCL-11) diverting cellular activity away from con-
traction. It is also possible that IL-13 receptor expression
on pemphigoid fibroblasts has been down-regulated as a
consequence of previous chronic IL-13 exposure in vivo,
thus decreasing the contraction response because fewer
receptors are available for stimulation. In contrast, we found
that pemphigoid fibroblasts showed a late contraction re-
sponse to TNF� whereas normal conjunctival fibroblasts did
not. This could perhaps be due to TNF� stimulating expres-
sion of TGF�31 by the pemphigoid fibroblasts. This requires
further investigation.

We did not detect any differences between pemphigoid
fibroblasts isolated from acutely inflamed versus uninflamed
tissue. This may be because the phenotypic/genetic trans-
formation into profibrotic fibroblasts has been induced by
the acute inflammatory insult, and this transformation per-
sists even after the inflammation has subsided.

Increased proliferation of ocular MMP conjunctival fi-
broblasts has previously been observed,18 as has in-
creased expression of macrophage migration inhibitory
factor, macrophage-colony stimulating factor, connective
tissue growth factor, and heat shock protein 47 by ocular
MMP fibroblasts.16,17 Preliminary studies have also sug-
gested that ocular MMP fibroblasts express the proto-
oncogene c-myc (Hunt LE et al IOVS 1991;32:ARVO Ab-
stract 938) and show ultrastructural changes indicating
increased protein synthesis that persist in culture (Bies-
man BS et al IOVS 1994;Suppl 35(4):ARVO Abstract
170). Our findings of increased proliferative, secretory,
and matrix synthetic activity by pemphigoid fibroblasts
are in agreement with these previous reports.

We were not able to detect myofibroblast characteris-
tics in pemphigoid fibroblasts. Simple cytoplasmic ex-
pression of unassembled actin is not an indicator of myo-
fibroblasts; morphological detection of �-SMA filaments
assembled as stress fibers by confocal microscopy is
necessary.32 It is possible that 24 hours of mechanical
stress was too short to enable differences between pem-
phigoid and normal fibroblasts to emerge, and perhaps
48 hours might have allowed differences to have been
observed. Adding TGF�, which promotes myofibroblast
differentiation, particularly in the presence of mechanical
tension,33 may also have been helpful. Furthermore, use

of an alternative �-SMA antibody might have produced
different findings. Finally, it is also possible that cell types
other than the resident tissue fibroblasts are the source of
myofibroblasts in ocular MMP. There is emerging evi-
dence from studies of pulmonary fibrosis and other dis-
orders that epithelial cells could be an important source
of myofibroblasts, via the process of epithelial–mesen-
chymal transdifferentiation.34

We observed increased MMP-3 and decreased MMP-13
secretion by pemphigoid conjunctival fibroblasts during
collagen lattice contraction. MMP-3, also known as strome-
lysin-1, degrades pro-MMPs-1, -7, -8, -9, -13, proteogly-
cans, laminin, and fibronectin. It has been observed to
play a role in skin and corneal wound healing and ptery-
gia,35–37 and is produced during collagen lattice contrac-
tion by human Tenon’s capsule fibroblasts.35 Broad-
spectrum inhibition of MMP activity has reduced matrix
contraction and collagen production in vitro35 and in an
animal model of glaucoma surgery.38 On the other hand,
the profibrotic mediator IL-13, which is present in the stro-
mal tissues of ocular MMP,26 causes a reduction in MMP-3
synthesis by both normal and pemphigoid conjunctival fi-
broblasts, so whether the effect of IL-13 overrides the inher-
ent behavior of pemphigoid fibroblasts with regard to
MMP-3 synthesis in vivo is yet to be determined. MMP-13
(collagenase-3) digests collagens I, II, III, IV, gelatin, fi-
bronectin, and proteoglycans. Reduced MMP-13 could ei-
ther result in a net increase in matrix due to reduced
matrix degradation, or could be associated with reduced
fibroblast locomotion through extracellular matrix and sub-
sequent matrix contraction, which has been observed to
involve MMPs.35 Which of these two alternatives is the dom-
inant process in vivo warrants investigation.

Characteristics of fibrotic fibroblasts are probably
unique to each disease, given that, for example, mi-
gration can be increased or decreased, depending on
the disease from which the fibroblasts have been iso-
lated.39 There is also evidence that the phenotype of
fibrotic fibroblasts varies according to disease duration
and severity.40

Developing effective antifibrotic therapies will require
understanding of both the cellular sources of the profi-
brotic fibroblasts, and the mechanisms that activate and
recruit these cells to sites of scarring. To elucidate what
happens in ocular MMP, knowledge of what happens in
a disease such as scleroderma provides framework
from which to work, with the understanding that al-
though the processes occurring in the two diseases
are clearly not identical, there are some similarities. In
scleroderma, there appears to be a process of selection
leading to the propagation of certain apoptosis-resistant
profibrotic subpopulations of fibroblasts, which are pref-
erentially expanded or selectively activated within le-
sional tissue.30 Moreover, it appears that both resident
and circulating cell types can contribute to fibroblast
differentiation, thus in part accounting for the observed
heterogeneity of fibroblasts both derived from within
and between tissues. Potential sources of profibrotic
fibroblasts include resident mesenchymal cells, bone
marrow– derived mesenchymal precursors,41 circulat-

ing fibroblast progenitors including peripheral blood



196 Saw et al
AJP January 2011, Vol. 178, No. 1
mononuclear cells,30 epithelial-mesenchymal transition,
and pericytes.

Apart from selective amplification of subpopulations of
activated phenotype fibroblasts derived from various
sources, induction of the profibrotic fibroblast phenotype
is also thought to be influenced by profibrotic mediators
in the inflammatory milieu,30,42 and sometimes cell–cell
contact between immune cells and fibroblasts.15 The
phenotypic changes have been shown, in pulmonary fi-
brosis fibroblasts, to reflect genome-wide derangements
of the gene expression pathway.43

In ocular MMP, there is significant inflammation in-
duced by the autoimmune process that could selectively
amplify resident, bone marrow–derived or circulating
mesenchymal cells influenced by the inflammatory mi-
lieu.9 TGF�-driven epithelial-mesenchymal transition
could also play a role, given that when conjunctival epi-
thelial injury is incurred in the absence of treatment with
systemic immunosuppression, rapid worsening of ocular
MMP is observed.5 Developing effective antifibrotic ther-
apies will require understanding of the mechanisms that
both induce and maintain the profibrotic phenotype.
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