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Abstract

Objective—To investigate the phenotypic and functional characteristics of peripheral and tissue-
infiltrating stem cells, called fibrocytes in patients with idiopathic orbital inflammation (10I).

Methods—Seven patients with 101 were studied. In the three patients requiring orbital biopsy,
fibrocytes were identified in orbital tissue from patients with IOl compared to healthy controls
using immunohistochemistry. Fibrocytes from the peripheral blood of all seven patients and
controls were quantified and phenotyped by flow cytometry and immunofluorescence for
expression of CD34, alpha smooth muscle actin, CD40 and Collagen 1. Quantitation of CD40-
mediated IL-6 production was measured using ELISA.

Results—Orbital biopsy specimens from patients with 101 demonstrate tissue infiltration by
fibrocytes (n=3). Fibrocytes are present in the peripheral blood of 101 patients (n= 7) but are
scarce in healthy donors (n=19). Fibrocytes from 101 patients express substantial levels of CD40
and ligation of CD40 increases IL-6 expression.

Conclusions—Fibrocytes are present in the peripheral blood and orbital tissues of patients with
101 and constitutively express CD40 and express I1L-6 in response to ligation. This site-specific
predilection of CD34* fibrocytes to sites of orbital inflammation and fibrosis may suggest a role in
I01. Moreover CD40-mediated activation cytokine production may contribute to the
proinflammatory and profibrotic features of 101 and may provide a mechanism for future targeted
therapy.

Introduction

Idiopathic orbital inflammation (101) is defined as extraocular inflammation without an
identifiable local or systemic cause.13 Histopathologically, 101 is characterized by
inflammatory infiltrates of polyclonal lymphocytes, neutrophils, plasma cells, macrophages,
and eosinophils with variable degrees of extracellular matrix deposition and fibrosis.*-8
While systemic corticosteroids are the primary treatment of 101,3 significant side-effects and
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a high recurrence rate limit their long-term efficacy.? Further delineation of the underlying
pathophysiologic mechanisms is needed to develop more targeted treatment options.

Fibrocytes are bone-marrow derived stem cells that are recruited from the peripheral blood
to sites of injury and inflammation, have features of both immune cells and fibroblasts, and
appear to play an important role in several inflammatory and fibrotic disease processes.? 10
Fibrocytes have been implicated in the normal healing response and in fibrotic processes
such as asthma, idiopathic pulmonary fibrosis, chronic renal fibrosis, and hepatic
fibrosis.10-21 Fibrocytes typically compose less than 0.5% of peripheral blood mononuclear
cells (PBMCs) but are dramatically elevated in some autoimmune disease states.22-25
Fibrocytes express CD34, CD45, and Collagen 1 (Col 1)1 20 and multiple cytokines and
chemoattractants such as CXCR4 and CXCL12 appear to regulate fibrocyte trafficking to
sites of injury.26-28 Following their initial recruitment, fibrocytes mediate the site-specific
immune response through secretion of proinflammatory cytokines including TNF-a, IL-6,
IL-8, and metalloproteinases.2®

Previously, the role of fibrocytes in orbital and ophthalmic disease has been limited to
thyroid eye disease (TED). Fibrocytes have been identified in large numbers in the orbital
and thyroid tissue, are increased in peripheral blood, and produce cytokines IL-6 and TNF-a
in response to thyroid stimulating hormone.30 Orbital fibroblasts isolated from TED patients
are phenotypically analogous to fibrocytes and express CD40. In vitro CD154 ligation of
CDA40 leads to increased production of 1L-6, IL-8, and macrophage chemoattractant protein
-1 (McCP-1).31

Given these prominent roles of fibrocytes in TED, we sought to determine in 101 patients if
fibrocytes could be identified in orbital tissue, if fibrocytes are elevated in the peripheral
blood, and whether CD40-mediated IL-6 production was greater than in controls.

Seven patients with idiopathic orbital inflammation as well as healthy controls were
recruited from the Oculoplastic and orbital surgery services at the W.K.Kellogg Eye Center
at the University of Michigan and Jules Stein Eye Institute at the University of California,
Los Angeles. 101 was diagnosed after exclusion of other systemic inflammatory or
malignant processes via clinical and laboratory testing. Orbital biopsy was performed for
three patients. 101 subjects ranged in age from 34-59 years with a mean of 46 and were 86%
female. 86% of patients were Caucasian and 14% Hispanic. All patients were treated with
steroid therapy. All patients had normal ANCA, FTA-abs, ACE and TSH results. Healthy
controls who presented for routine care without previous history of immunosuppresion,
autoimmune disease, asthma, chronic inflammation, HIV, recent trauma or active infection
were studied as well.

Informed consent was obtained according to policies of the Institutional Review Board of
the University of Michigan Health System and Center for Health Sciences at UCLA.
Research methods followed the tenets of the Declaration of Helsinki.
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Histopathology

Deparaffinized sections of orbital tissues were examined for expression of CD34, a—SMA,
and CD31 using immunoperoxidase staining.32 Briefly, deparaffinized tissue sections were
pre-incubated in 50% methanol containing 1.5% H,0, to block endogenous peroxidase
activity. The sections were treated with 10% rabbit serum and incubated sequentially with
mouse monoclonal antibodies to CD34 (QBENd10; Dako Corp, Carpinteria, CA), a-SMA
(1A4; Ventana Medical Systems, Tucson, AZ), or CD31 (JC70A; Dako) followed by
biotinylated rabbit anti-mouse antibody and streptavidin-biotinylated horseradish peroxidase
(Dako). Tissue-bound antibody complexes were visualized after development in a substrate
solution containing 3—-3' diamino-benzadine (Sigma Chemical Co, St Louis, MO) and 0.01%
H202 in 0.1 M acetate buffer, pH 5.2, to yield a granular, brown reaction product. Tissue
sections were counterstained with hematoxylin and mounted in Gel/Mount (Biomeda Corp,
Foster City, CA). Staining of sections with irrelevant monoclonal antibodies of the same
isotype were used as controls. All antibody incubations were performed in parallel for 30
minutes at 37°C.

Immunofluorescence

Fibrocytes were isolated from whole blood with Ficoll gradient, plated at 1.2 x 10 cells and
cultured for 14 days with 10% FBS +DMEM. The cells were then incubated overnight with
primary mouse antihuman monoclonal antibodies to CD34 (BD), monoclonal CD 40 (BD),
a—SMA (BD), and polyclonal anti-Col 1 (Millipore) or their isotype control antibody.
Secondary antibodies were incubated for 1 hour at room temperature in the dark after
washes in PBS containing 0.1% Tween 20. 4',6-diamidino-2-phenylindole (DAPI) was used
for nuclear counter staining. They were washed, mounted in Vectashield mounting medium,
and examined with a confocal microscope (Leica SP5 Microscope, Leica, Wetzlar,
Germany).

Flow cytometry of peripheral fibrocytes

PBMCs were obtained and prepared as described previously with modifications 11. Staining
for flow cytometry was performed within 24 h of blood collection. Staining buffer (SB) was
prepared in phosphate buffered saline (Invitrogen) containing 2% fetal bovine serum
(Invitrogen Life Technologies) with 0.1% sodium azide (Sigma Aldrich). 100 uL whole
blood was placed in 12x75 mm polypropylene tubes and 2 ml Pharm Lyse solution 1x
(Becton Dickinson Biosciences) was added for 10 min at room temperature. Cells were
centrifuged at 500x g for 5 min and resuspended in SB. After two additional washes, cell
pellets were resuspended in 100 uL SB and the following anti-human fluorochrome-
conjugated MoAbs were added: CD45-PERCP, CD34-PE, and CD40-PE (BD), and isotype
control MoAbs. Following 20 min incubation in the dark at 40 C, cells were resuspended
and washed three times in SB. They were permeabilized with CytoFix/CytoPerm (BD) for
20 min at 40C, washed twice and resuspended in Perm/Wash buffer (BD). Incubation with
biotinylated goat anti-human collagen type | polyclonal Ab (Millipore) and subsequent
incubation with Streptavidin conjugated FITC (BD) was performed. Cells were washed
twice and fixed with 1% paraformaldehyde. Acquisition and analysis was performed using a
FACSCalibur flowcytometer (BD). Percent positive expression was defined as the fraction
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of cells with increased fluorescent intensity compared with isotype control. Fibrocyte
quantification (fibrocyte index, F1) was taken as the percentage of CD14* monocytes co-
expressing CD45, Col-1, and CD34. Expression of surface CD40 molecule on fibrocytes is
presented as mean fluorescence intensity (MFI) and was calculated as a ratio of mean
fluorescence sample over mean fluorescence isotype control. MFI of one indicates same
fluorescent intensity as background or isotype.

CD40-mediated IL-6 production

Fibrocytes were isolated as above by Ficoll gradient. The PBMCs were resuspended at a
concentration of 10 x 106 cells per well in 10%FBS + DMEM. After 14 days of incubation,
fibrocytes were washed twice with PBS, and then shifted to 1%FBS + DMEM and incubated
for 24 hours. Then, cells were stimulated with CD154 (10ng/ml) and incubated for 24 hours.
The supernatant was harvested IL-6 production was measured with Luminex assay
according to manufacturer specifications (Luminex Corp, Austin, TX).

Statistical analysis

Results

Data values are reported as the mean +/- SD. Statistical analysis was performed using a
two- tailed student t- test with a confidence interval greater than 95%.

The data in Figures 3 are not normally distributed (Shapiro—-Wilk goodness-of-fit test value:
P < 0.0001); therefore, group differences were tested with Kolmogorov—Smirnov test. A t-
test on arcsine square root transformed data, used to normalized percentage data, was also
performed.33 These tests resulted in statistically significant differences between 101 and
healthy groups, with all values of P < 0.001.

Fibrocytes infiltrate orbital tissue

Of the three patients who required orbital biopsy, the presence of fibrocytes in the orbital fat
(n=2) and the lacrimal gland (n=1) of patients with 10l was examined.
Immunohistochemistry demonstrated CD34™ cells in the fibrotic areas of intraconal fat and
lacrimal gland. These cells were spindle or stellate shaped consistent with previously
reported fibrocyte morphology and phenotype (Figure 1 A, D, G). CD31 identified vascular
endothelial cells and further distinguished fibrocytes (CD317). a—SMA staining identifies
myofibroblasts34 or cells with contractile properties. a—SMA immunoreactivity was sparse
with no visible spindle or stellate shaped cells and staining was limited to lacrimal gland
acini (1 H) and smooth muscles cells of blood vessels (1 B,E) which was in agreement with
CD31 immunoreactivity (1 C, F, 1).

Thus CD34" fibrocytes were present in orbital tissue of 101 patients but these cells were a—
SMA™ demonstrating lack of myofibroblast differentiation.

Peripheral fibrocyte identification

Given the histopathologic evidence for fibrocyte infiltration into orbital tissue of 10l
patients, fibrocytes in the peripheral blood were then identified. Fibrocytes were identified
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expressing high levels of CD34, Col 1, CD 40, and a—SMA as determined by
immunofluorescence and flow cytometry (Figure 2). Consistent with previous reports,
fibrocytes from these patients were oblong, spindle-shaped cells. Some had arborizing
processes and others have nuclear prominence and a round configuration.

Peripheral fibrocytes can be elevated in 10l

Peripheral fibrocyte quantification was determined as the percentage of monocytes co-
expressing CD45, Col1, and/or CD34 (Fibrocyte Index:Fl). Fibrocytes could be identified in
the peripheral blood of all seven patients examined at multiple time points during the disease
course. The proportion of fibrocytes from 101 patients was increased compared to healthy
control donors (Figure 3. 10l mean Fl= 22.6 +/- 12.2, n=7 vs Healthy mean FI= 2.5 +/-
3.6, n=19, p=0.001).

Fibrocyte response to CD40 ligation

The surface expression of CD40 is increased on orbital fibroblasts derived from TED
patients compared to those from healthy donors.3! Given the importance of CD40
expression for immune costimulation and the potential role of infiltrating orbital fibrocytes,
we sought to determine if fibrocytes from 101 patients express functional CDA40.

Fibrocytes were isolated from the PBMC of 101 patients and expression of CD40 was
assessed by flow cytometry. Surface expression of CD40 on fibrocytes from 101 patients, as
measured by MFI, was significantly greater than that seen in healthy controls (Figure 4. 10l
MFI=4.71 +/- 0.94, n=4 vs. healthy MFI1=2.33 +/- 0.45, n=5, p= 0.001).

As previously reported, ligation of CD40 with CD154 induces several cytokines depending
on the cell type. CD40-mediated IL- 6 production from fibrocytes of 101 patients was
measured next. While the magnitude of IL-6 expression in response to CD40 ligation was
heterogeneous, fibrocytes from all patients expressed IL-6 upon stimulation (Figure 5.
Range 28.86 to 886.7 pg/mL, n=4, p=0.013).

Discussion

Fibrocyte infiltration has been implicated in diverse diseases associated with tissue
destruction and fibrosis. TED patients demonstrate increased levels of both circulating and
orbital fibrocytes.30 CD40 is also overexpressed by orbital fibroblasts from TED patients
and these fibroblasts exhibit exaggerated cytokine production in response to CD40
ligation.3! This report is the first to demonstrate fibrocytes in the orbits and peripheral blood
of 101 patients.

While no evidence of fibrocytes has been previously found in normal orbital tissue,3°
fibrocytes in our 101 subjects were localized in the septal and perivascular regions
surrounded by an admixture of mild chronic inflammation and early fibrosis (Figure 1).
Prior studies have shown spindle-shaped CD34™ fibrocytes migrating to wounds in response
to various cytokines and chemoattractants.2”: 28 In contrast, areas of advanced scarring in
our orbital specimens showed a—SMA positive myofibroblasts but demonstrated minimal
CD34 positive fibrocytes. These findings are consistent with previous reports describing
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decreased CD34 expression in mature wounds.3® Fibrocyte infiltration and cytokine
production early in the wound healing process is associated with elevated local levels of
IL-1.2° As IL-1 levels decrease during wound remodeling, fibrocytes express a—SMA and
produce more collagen.36

Furthermore our studies implicate fibrocytes CD40 expression and activation in this
inflammatory process. CD40, initially described as a B cell surface receptor, is
costimulatory molecule mediating a variety of proinflammatory signaling cascades when
activation occurs with its ligand (CD154). Expression of CD40 has been identified on many
immune cells, including platelets, mast cells, and basophils, monocytes and T cells 37:38 |n
animal models, blockade of CD40:CD154 signaling cascade inhibits induction of thyroiditis,
uveitis, and inflammatory bowel disease.#%-43 In addition to blocking induction of
autoimmune disease, CD40:CD154 blockade can treat ongoing disease by interrupting
macrophage and monocyte interactions with T cells.*4 CD40 ligation in the localized site of
inflammation reciprocally affects T cell function 4° and has been shown to be present in
orbital fibroblasts in TED.31. 46

IL-6 was initially discovered as a B lymphocyte stimulator of immunoglobulin production*’
but also plays a crucial role in the pathogenesis of many chronic inflammatory and
autoimmune diseases including rheumatoid arthritis, multiple sclerosis, uveitis, asthma and
inflammatory bowel disease through its effects on T lymphocytes. IL-6 also stimulates acute
phase protein production and promotes a proinflammatory local environment. 48-50 |n
humans, IL-6 receptor blockade has been shown to suppress inflammation in rheumatoid
arthritis, juvenile idiopathic arthritis, and Castleman's disease.>! IL-6 has been shown to be
increased in the serum of Graves' patients compared to healthy donors.>2-54

Long-term sequelae of refractory 101 can include, pain, diplopia, and loss of vision. Given
the poor side-effect profile of corticosteroids currently used as mainstay therapy for 101,
more specific therapies are needed. Indeed, successful treatment with biologic agents
targeting B and T cells, as well as monoclonal antibody agents directed against
proinflammatory cytokines, have recently been described.>6-61 Further characterization of
the role of these orbital fibrocytes may provide insight into the pathophysiology of 10l
leading to more targeted therapeutic treatments.
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Figure 1.
Immunohistochemistry of orbital fat from three 101 patients stained with CD34 alpha SMA

and CD31. Spindle-shaped CD34* cells (A, D,and G), are present in a perivascular
distribution with early fibrosis and mild chronic inflammation. a—SMA+ cells (B, E, and H)
showed staining of only smooth muscle of blood vessels and myoepithelial cells in
sequential tissue sections. CD31+ cell staining was limited to blood vessel endothelial
cells(C, F, and I). All 400X of the same region.
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Figure 2.
Cultured fibrocytes from an 101 patient express CD34 (A), Col-1 (B), a—SMA (C), and

CD40 (D) shown by immunofluorescence staining (left panel) and by flow cytometry (right
panel). Spindle or stellate-shaped cellular morphology is consistently seen (insets). ISO
(isotope) serves as a positive control.
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Figure 3.
Increased frequency of CD45+/ Coll +/ CD34+ fibrocytes in peripheral blood from patients

with 101 compared to healthy donors (IOl mean FI= 22.6 +/- 12.2, n= 7 vs Healthy mean
Fl=2.5 +/- 3.6, n=19, p=0.001). Data presented as fraction of monocytes (fibrocyte index,
FI) co-expressing CD45, Coll and CD34 calculated and analyzed by flow cytometry
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Figure4.
Increased CD40 surface expression on blood derived fibrocytes from 101 patients compared

to healthy controls. Left panel (101 MFI= 4.71 +/- 0.94, n=4 vs. healthy MFI1=2.33 +/- 0.45,
n=5, p=0.001). Mean fluorescence intensity (MFI) analyses and calculated by flow
cytometry. Representative flow cytometry histogram from an 101 patient showing CD40
expression, left panel. Isotype antibody control (1SO).
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Figureb.
CD154 treatment of cultured fibrocytes from 101 patients increases the secretion of 1L-6

protein. Concentration of protein (pg/ml) measured in media of cell cultures by Luminex
assay.
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