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ABSTRACT

Purpose: To better understand the pathogenesis of thyroid-associated orbitopathy (TAO) through elucidating the role of thyrotropin
receptor (TSHR) and CD40 in the expression of interleukin-8 (IL-8) in peripheral blood fibrocytes. Fibrocytes infiltrate the orbit of
patients with TAO, where they differentiate into fibroblasts. Fibrocyte precursors occur with increased frequency in the peripheral
blood expressing TSHR and CD40 in TAO patients. We hypothesize that in vitro derived fibrocytes and peripheral blood fibrocyte
precursors express proinflammatory chemoattractant molecules including IL-8 initiated by TSHR and CD40 signaling. Since nearly all
TAO patients express activating antibodies to TSHR, this is particularly relevant for activation of peripheral blood fibrocytes.

Methods: TSHR and CD40 expression on peripheral blood fibrocytes was determined by flow cytometry. IL-8 RNA was quantitated
by real-time polymerase chain reaction. IL-8 protein production was measured by Luminex and flow cytometry. Thyroid-stimulating
hormone and CD40 ligand—stimulated phosphorylation of Akt in peripheral blood fibrocytes was studied by flow cytometry.

Results: Both TSHR- and CD40-mediated signaling lead to IL-8 expression in mature fibrocytes. Fibrocyte precursors assayed
directly from circulating peripheral blood demonstrate intracellular IL-8 expression with addition of thyroid-stimulating hormone or
CD40 ligand. TSHR- and CD40-induced IL-8 production is mediated by Akt phosphorylation.

Conclusions: Peripheral blood TSHR+ and CD40+ fibrocytes express IL-8 and may promote the recruitment of inflammatory cells,
mitogenesis, and tissue remodeling in TAO. TSHR- and CD40-mediated IL-8 signaling is mediated by Akt. Delineating the
molecular mechanisms of fibrocyte immune function may provide potential therapeutic targets for TAO.

Trans Am Ophthalmol Soc 2014;112:26-37. ©by the American Ophthalmological Society.

INTRODUCTION

Graves disease is an autoimmune disease where circulating autoantibodies cause hyperthyroidism and lead to thyrotoxicosis. These
antibodies, originally referred to as long-acting thyroid stimulators, are directed against the thyrotropin receptor (TSHR). They mimic
the agonist activity of thyroid-stimulating hormone (TSH) but are not subject to the normal feedback mechanisms in the anterior
pituitary.' Graves disease is approximately 7- to 10-fold more frequent in women and typically occurs between 20 and 50 years of
age.” Clinical manifestations of Graves disease encompass thyroid enlargement and thyrotoxicosis, inflammation and remodeling of
the orbit, and rarely transformation of the skin. Thyroid-associated orbitopathy (TAO) is a chronic inflammatory process of the orbit
tissues affecting 25% to 50% of Graves disease patients.”* In the United States, the annual incidence rate of TAO has been estimated
to be 16 cases per 100,000 population for women and 2.9 cases for men.” While TAO more commonly affects females, men typically
have more severe disease manifestations, including optic neuropathy.® Age at onset is most common between 30 and 50 years, but
severe cases occur more frequently in those older than 50 years.*” The prevalence of TAO is strongly associated with smoking,® which
also appears to increase the risk for developing severe ophthalmopathy.”'

Sight-threatening disease occurs in approximately 5% of TAO patients.”'® Conversely, 10% of those manifesting TAO fail to have
endocrinologic aberration. Regardless of whether thyroid dysfunction or TAO develops first, the other becomes apparent within 18
months in 85% of patients.'” Isbister and Rundle'' were the first to divide the course of TAO into active (dynamic) and inactive
(static) disease phases. Signs and symptoms of active TAO include progressive proptosis, conjunctival injection, chemosis, diplopia,
corneal ulceration, and rarely loss of sight from optic nerve compression. Initial manifestations include enlargement of the extraocular
muscles, expansion of orbital fat and connective tissue, and eventual progression to fibrosis and scarring of these tissues.'> The tissue
expansion occurs within the relatively fixed dimensions imposed by the bony orbit and results from inflammation, accumulation of
glycosaminoglycans, and increased fat volume. Inactive disease is characterized by resolution of inflammatory signs, typically
occurring within 18 to 24 months of its first appearance. Long-term disease manifestations are heterogeneous but can include stable
proptosis, eyelid retraction, or persistent restrictive strabismus.

Current treatment options for TAO include symptomatic treatment such as lubricating ointments and artificial tears for mild cases.
In more severe cases, corticosteroids are considered the main treatment option for patients with significant inflammatory changes."
Steroids can be administered orally or by intravenous route, but both options are associated with considerable side effects.'
Immunosuppressive agents such as cyclosporine have been investigated and may offer efficacy, particularly in combination with
steroids."® Other treatment options for severe disease include biologic agents or orbital decompression in cases associated with optic
neuropathy. Thyroid-associated ophthalmopathy is unique among autoimmune processes in that the acute inflammatory phase is self-
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limiting. Therefore patient selection and treatment risks must be adequately addressed, since available therapies for TAO are
associated with potentially serious side effects.'® This is an area where new therapies and new treatment approaches are greatly
needed.

In addition to the pain and discomfort associated with the condition, patients experience considerable distress even in mild cases,
due to altered appearance and a reduced quality of life.'” The long-term manifestations of TAO are considered to be inadequately
managed and treated."

IMMUNOLOGY OF GRAVES DISEASE

Adults normally exhibit tolerance to “self” antigens in a process of immune selection during fetal life known as central tolerance.
However, under certain circumstances tolerance to self is lost, leading to autoimmunity. The molecular mechanisms for autoimmunity
are likely multifactorial but include molecular mimicry, abnormal protein modification, release of sequestered antigens, and epitope
spreading.

While Graves disease is a systemic disease, its manifestations exhibit an anatomic site-selective predilection. Thyroid dysfunction
is the principal hallmark of Graves disease and occurs in greater than 90% of patients during the course of their disease.
Hyperthyroidism results from activating antibodies that bind to TSHR on thyroid epithelial cells and mimic the actions of TSH. Thus
TSHR appears to be at least one autoantigen important in this process. Analogous to other autoimmune diseases, several additional
autoantigens and immune modifications are required to fully express disease manifestations. Genome-wide screening analyses have
implicated (138D40, TSHR, and major histocompatibility complex class II molecules in the process, but the mechanisms of participation
are unclear.

IMMUNOLOGY OF THYROID-ASSOCIATED ORBITOPATHY

The active phase of TAO is characterized by orbital and periorbital inflammation targeting connective tissue and fat, most likely
orbital fibroblasts.'**” Although the exact mechanisms are not yet understood, the pathophysiology of TAO appears to arise from the
interactions of orbital fibroblasts, immune cells, and cytokines, creating a proinflammatory milieu for orbital tissue remodeling.”'
Electron and light microscopy suggest that the muscle cells remain intact early in the disease. However, intense infiltration of T
lymphocytes, mast cells, and occasional B cells often intercalate between extraocular muscle fibers and can be found in orbital fat.
Among the chemokines examined, the proinflammatory and chemoattractant cytokines interleukin-6">* and interleukin-8** have been
demonstrated to be present in higher concentrations in the tears of Graves disease patients with TAO compared to Graves disease
patients without TAO. IL-8 expression was increased in the orbital adipose tissue of 5 of 6 patients with Graves disease and TAO
compared to control patients with Graves disease but without TAO.” These findings suggest that interleukins 6 and 8 may be
mediators of disease activity in TAO. These cytokines may be produced by infiltrating mononuclear cells and resident fibroblasts,
since they are also detected in areas devoid of mononuclear infiltration.

ROLE OF ORBITAL FIBROBLASTS AND FIBROCYTES IN THE PATHOGENESIS OF THYROID-ASSOCIATED
ORBITOPATHY

Several studies have demonstrated that orbital fibroblasts, especially those from patients with Graves disease, are unique with respect
to how they respond to several proinflammatory cytokines. The divergent phenotype of these cells may underlie the anatomic site-
selective manifestations of Graves disease. Orbital fibroblasts from Graves disease patients also exhibit enhanced production of
extracellular matrix components such as hyaluronan in response to these cytokines.”® Thus, these fibroblasts produce proinflammatory
molecules and components of connective tissue that promote site-specific tissue remodeling occurring in TAO.

Orbital fibroblasts in patients with TAO express elevated levels of the signaling and activation receptor CD40 compared to orbital
fibroblasts in patients without inflammatory orbital disease. Furthermore, ligation of CD40 caused up-regulation of IL-6 and IL-8 in
orbital fibroblasts of TAO patients compared to controls.”* Similarly, other studies have shown that orbital fibroblasts express low
basal levels of IL-6 and IL-8 with increased expression of both in response to CD40 ligation.”” Exposure to lipopolysaccharide, which
induces CD40 expression, also triggers an increase in the expression of IL-8 by orbital fibroblasts.”® The activation of CD40 and
consequent cytokine expression represent a potential mechanism contributing to development of TAO.***’

T cells may also play an important role in orbital fibroblast activation mediated by CD40 interactions. Orbital fibroblasts from
TAO patients display increased CD40 expression, which provides T-cell costimulation and enhanced proinflammatory cytokine
production, including interleukin-1 (IL-1), IL-6, and IL-8.*** These cytokines are potent inducers of prostaglandin H synthase-2,
hyaluronan synthase, and uridine diphosphate glucose dehydrogenase genes, leading to inflammation and hyaluronan production.***
Thus, disruption of fibroblast—T cell interactions mediated by CD40 could represent an important therapeutic target in TAO.
Administration of therapeutic blocking antibodies against CD40 ligand has already proven effective in preclinical mouse models of
diabetes and inflammatory bowel disease.**>°

Fibrocytes mediate pathologic, site-specific inflammatory processes. They arise from a small subset of leukocytes (circulating
fibrocytes); infiltrate sites of injury or inflammation; and mediate immune response, fibrosis, and tissue remodeling.*”** Cultured
fibrocytes are functionally and phenotypically distinct from monocytes, dendritic cells, and other antigen-presenting cells.”” Both
circulating and cultured fibrocytes express fibroblast products such as collagen 1 (Coll) but also hematopoietic antigens, including
CD45 and the stem cell antigen CD34. It is unclear whether peripheral blood fibrocytes share analogous functional features to those
derived in culture. The investigation of TSH-mediated cytokine expression by circulating fibrocytes as described herein may be
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critical for therapeutic development.

We have identified CD34" fibrocytes infiltrating orbital tissues in TAO, and they comprise the majority of orbital fibroblasts in
these patients.”” Moreover, TAO orbital fibroblasts and cultured fibrocytes share phenotypic and functional features.”” Unlike control
fibroblasts, TAO orbital fibroblasts and fibrocytes both express CD34 and CD40 and readily differentiate into myofibroblasts or
adipocytes.” We hypothesize that TAO orbital fibroblasts arise from CD34" fibrocytes in the peripheral blood, accounting for their
unique phenotype.

Increased numbers of circulating fibrocytes have been shown in human autoimmune fibrotic diseases, including idiopathic
pulmonary fibrosis.”® The fibrocyte level, defined as the relative number of fibrocytes in the peripheral circulation, reflects disease
severity in these patients.®*° 1In addition, treatments that alter fibrocyte migration in postburn patients diminish inflammatory
infiltration and fibrosis of the target tissues.*’ We have reported that levels of fibrocytes are elevated in the peripheral blood from
TAO patients compared to controls,”’ and fibrocytes infiltrate the thyroid and orbital tissues of TAO patients but not of controls.

Given the potential importance of TSHR and CD40 expression to the pathogenesis of TAO, we investigated TSH- and CD40-
mediated cytokine production by peripheral blood fibrocytes. In our study we examined the expression of IL-8 given the previous
implication of this cytokine in the pathogenesis of TAO.

METHODS

CHEMICALS

Histopaque-1077 and sodium azide were purchased from Sigma-Aldrich (St Louis, Missouri), and Dulbecco’s modified Eagle
medium, Dulbecco’s phosphate-buffered saline, fetal bovine serum (Gibco FBS), and penicillin-streptomycin mixture (Gibco
PenStrep) were purchased from Life Technologies (Grand Island, New York). Bovine TSH and Akt inhibitor IV were purchased from
Calbiochem EMD Biosciences (La Jolla, California). Soluble CD40 ligand (MegaCD40L) was provided by Enzo Life Sciences
(Farmingdale, New York).

FIBROCYTE ISOLATION

The leukocyte reduction filters from American Red Cross blood donations were the source of all fibrocyte preparation. Peripheral
blood mononuclear cells were isolated by layering leukocytes over Histopaque-1077 and centrifuging according to Bucala and
associates.”” Peripheral blood mononuclear cells were removed and washed with phosphate-buffered saline solution twice and
resuspended in medium with 10% or 1% bovine serum for culture.

CELL CULTURE AND TREATMENTS

Fibrocytes were cultivated as described by Douglas and associates.”” Each well in a 6-well plate was inoculated with approximately
107 peripheral blood mononuclear cells in 3 mL medium supplemented with 10% serum. Cultures were incubated at 37°C and 5% of
CO,. Nonadherent cells were removed after 7 days of culture. After the initial weeklong incubation, the medium was changed every 3
to 4 days. After 10 to 14 days in culture, fibrocytes reached approximately 90% purity.

Next, 24 hours prior to experimental conditions, the medium was replaced with medium containing 1% serum. CD40 ligand and
TSH were added to cultures at final concentrations of 100 ng/mL or 5 mU/mL, respectively, based on previous dose-response
experiments. In some experiments, fibrocytes were pretreated with 100 nM Akt inhibitor IV for 1 hour prior to stimulation.

RNA ISOLATION AND QUANTITATIVE RT-PCR

Total RNA was isolated using Aurum total RNA mini kit from Bio-Rad (Hercules, California). Quantitect reverse transcription kit
(Qiagen, Valencia, California) was used for the reverse transcriptase reaction. Relative IL-8 mRNA levels in cultivated fibrocytes
were measured by quantitative real-time polymerase chain reaction (PCR) using SYBR Green technique (Bio-Rad) with a Bio-Rad
CFX96 thermocycler. For PCR studies of IL-8, the following primers were used: forward primer 5-GGCAGCCTTCCTGATTTCTG-
3" and reverse primer 5'-GGGTGGAAAGGTTTGGAGTATG-3'. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
the housekeeping gene control, using a forward primer (5'-TTGCCATCAATGACCCCTT-3") and a reverse primer (5'-
CGCCCCACTTGATTTTGGA-3").

EXTRACELLULAR INTERLEUKIN-8 PROTEIN DETERMINATION BY LUMINEX ANALYSIS

Extracellular IL-8 produced by cultivated fibrocytes was determined from the culture media collected after 24-hour treatment with
TSH or CD40 ligand. The supernatants of untreated and treated cultures were subjected to cytokine analysis using Luminex
technology with IL-8 Human Singleplex Bead Kit (Life Technologies, catalog No. LHC0081).

INTRACELLULAR INTERLEUKIN-8 PROTEIN DETERMINATION BY FLOW CYTOMETRY

Peripheral blood mononuclear cells or fibrocytes cultured for 10 to 14 days were isolated as described and resuspended in medium
supplemented with 1% serum and treated with the stimulating agents for 24 hours. After 12 hours of stimulation, golgi stop was added
to prevent the excretion of cytokines. After the 24-hour treatment, cells were centrifuged (5009 for 5 minutes) and washed with
staining buffer containing 2% serum and 0.1% sodium azide. The following anti-human, fluorochrome-conjugated antibodies were
added: CD40-PE (catalog No. 555589), CD34 PE-Cy7, mouse IgGl1, k isotype control-FITC (catalog No. 555748), mouse IgGl1,
isotype control-PE (catalog No. 554680), CD34 PE-Cy7 (catalog No. 560710) from BD Biosciences (San Jose, California); CD45-
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PerCP (catalog No. MHCD4531) from Life Technologies; and TSHR-PE (catalog No. 53542) from Santa Cruz Biotechnology (Santa
Cruz, California).

Cells were incubated with the antibodies for 30 minutes at 4°C in the dark, followed by two washes. Cells were then permeabilized
with Cytofix/Cytoperm (BD Biosciences, catalog No. 554722) for 20 minutes at 4°C, washed twice, and resuspended in 100 pL
Perm/Wash buffer (BD Biosciences, catalog No. 554723). Anti-human IL-8-PE (catalog No. 340510) from BD Biosciences and
collagen type-I-FITC (catalog No. FCMAB412) from Millipore (Temecula, California) antibodies were added to the cells and
incubated for 30 minutes in the dark on ice. Cells were washed again twice and fixed with 1% paraformaldehyde. Analysis was
performed with LSR II flow cytometer (BD Biosciences). At least 1x10° events were collected. Mean fluorescence intensity (MFI)
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.

AKT PHOSPHORYLATION

Akt phosphorylation in circulating fibrocytes was studied by flow cytometry analysis. Peripheral blood mononuclear cells were
isolated as described earlier and cultured. Cells were stimulated with CD40 ligand or TSH and incubated at 37°C. After treatment,
cells were placed on ice and immediately resuspended in fixation buffer (BD Biosciences, catalog No. 554655) for 30 minutes.
Antibodies for surface markers (CD45 and CD34) and isotype controls were added and incubated for 30 minutes on ice in dark.
Washed cells were permeabilized with ice cold Perm Buffer III (BD Biosciences, catalog No. 558050) for 30 minutes. After two
washes, cells were subjected to anti-Akt (pS473) (catalog No. 560378) or PE Mouse anti-Aktl (catalog No. 560049) antibodies from
BD Biosciences and incubated for 30 minutes in dark. Cells were resuspended in 1% paraformaldehyde after the final washes.

STATISTICAL ANALYSIS

Unless otherwise stated, data values are reported as the mean + standard deviation. Statistical analysis was performed using analysis of
variance (ANOVA) with a confidence level greater than 95%.

RESULTS

CULTURED AND CIRCULATING FIBROCYTES EXPRESS CD40 AND THYROTROPIN RECEPTOR

Fibrocytes appear to infiltrate the thyroid and orbit of patients with TAO and express proinflammatory interleukins and chemokines
that may be critical for the development of TAO.”**” Given the substantial role of CD40 and TSHR in this disease, we examined IL-8
expression after stimulation of fibrocytes derived from culture (10 to 14 days) and those directly isolated from peripheral blood. A
homogenous fibrocyte population can be derived by culturing peripheral blood for approximately 2 weeks. Thus “cultured” fibrocytes
are mature, homogenous, and well differentiated, providing insight into cellular response mechanisms. On the other hand,
“circulating” fibrocytes assessed directly from the peripheral blood are investigated without cell separation and within 24 hours of
blood donation. Assessment of circulating fibrocytes requires multiparameter flow cytometry to evaluate individual cells within a
heterogeneous mixture and reflects an immature stage of fibrocyte development. Examination of both populations is necessary
considering their functional and differentiative capacity. It is unclear whether peripheral blood fibrocytes share analogous functional
features to those derived in culture. The identification and characterization of circulating fibrocytes and investigation of TSH- and
CD40-mediated cytokine expression are examined here and may be critical for therapeutic development.

We initially examined whether CD40 and TSHR are expressed by circulating fibrocytes to levels analogous to fibrocytes
differentiated in culture. In order to identify peripheral blood fibrocytes, flow cytometry and a three-step gating strategy were applied
(Figure 1, panel A). Initially monocytes were identified by the size and granularity profile as demonstrated (step 1; FSC vs SSC). In
step 2, CD45" Col 1" cells were identified within the monocyte population. Last, the CD34" CD45" Coll" fibrocytes were selected
(step 3). This strategy allowed identification of CD45" Coll” CD34" fibrocytes. Fibrocytes identified in the peripheral blood
constitutively express high levels of CD40 and TSHR (Figure 1, panel B). The expression of these molecules is analogous to
expression by cultured fibrocytes in agreement with our previous findings.***

CD40 LIGAND AND THYROID-STIMULATING HORMONE STIMULATE INTERLEUKIN-8 PRODUCTION IN
FIBROCYTES

The addition of CD40 ligand and TSH for 24 hours to fibrocytes isolated after culture increases IL-8 protein expression (Figure 2).
Fibrocytes isolated and differentiated in culture exhibited a low but detectable basal level of IL-8 expression. After 24-hour
stimulation with CD40 ligand or TSH, a 6- to 7-fold increase in the IL-8 protein concentration was observed.

Since IL-8 is important during the initiation phase of an immune response, we next determined if CD40 ligand and TSH induce IL-
8 production in peripheral blood fibrocytes. Freshly isolated peripheral blood mononuclear cells were stimulated with CD40 ligand,
TSH, or nothing while intracellular IL-8 accumulation was determined by flow cytometry. Identification of fibrocytes within the
mixed population of blood mononuclear cells was characterized by expression of CD45, CD34, and Coll performed analogous to that
shown in Figure 1. Peripheral blood fibrocytes express intracellular IL-8 without stimulation. The addition of TSH or CD40 ligand
increased IL-8 expression resulting in a 2.1- and 1.6-fold increase in logarithmic mean fluorescent intensity when compared to that of
untreated cells. Intracellular IL-8 was also assessed in fibrocytes differentiated in culture for 2 weeks as a comparison (Figure 3).
Both TSH and CD40 ligand induced IL-8 expression in these cells, albeit to a lesser extent compared to peripheral blood fibrocytes
(1.7- and 1.3-fold increase in logarithmic mean fluorescent intensity with TSH or with CD40 ligand vs untreated cells). Cultured
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fibrocytes expressed scant IL-8 without stimulation in contrast to fibrocytes from the peripheral blood (unstimulated mean fluorescent
intensity = 1.48 of peripheral blood vs mean fluorescent intensity = 0.98 from cultured fibrocytes) (Figure 3). Expression of
constitutive intracellular IL-8 in unstimulated fibrocytes derived from the circulation suggests ongoing IL-8 production in vivo. As a
negative control, lymphocytes in the peripheral blood do not express IL-8 under any of these conditions (data not shown). Overall,
our data indicate that CD45" Coll™ CD34" peripheral blood fibrocytes are unique in their ability to constitutively express IL-8 while
both peripheral blood and cultured fibrocytes increase IL-8 expression in response to TSH and CD40 ligand.

Step 1 Step 2 Step 3 * * %
5 =— ) ] 35000
P i
£ : 30000 | T
? o 25000 ¢
. * E 20000
3
Cultured Fibrocytes Circulating Fibrocytes ;’ 15000
A \ \ i 5
B c |lso (/' \\C‘%U Iso \ cD40 = 10000
o9 ‘L \ VA \
E § \'\ / ( 5000 2
U o A / \\
> \
wi \ i 2 0 |
“\ us cD4aoL TSH
[
|0 \H TSHR | [iso/A\ TSR
o 'g l ".h/ \ \ &
I o \
n 9 \
= a \ \
] \ \
\\____ \\m,_
FIGURE 1 FIGURE 2
CD40 and TSHR are constitutively expressed by fibrocytes as IL-8 secretion is increased in cultures of 10- to 14-day-old
determined by flow cytometry. We have previously reported fibrocytes that were stimulated for 24 hours with CD40
that levels of fibrocytes are elevated in the peripheral blood ligand or TSH. Increasing evidence shows that these signal
from patients with thyroid-associated orbitopathy compared to pathways are involved in the manifestation of thyroid-
controls.”” Panel A demonstrates the three-step gating strategy associated orbitopathy by stimulating proinflammatory
for discriminating circulating fibrocytes among peripheral cytokines such as IL-8. Culture media were collected and
mononuclear cells. Fibrocytes are determined by forward and subjected to IL-8 analysis using Luminex technology (n=3,
side scatter (step 1), then CD45 and collagen expression (step *P <.05; **P <.01).

2) and CD34 expression (step 3). Panel B demonstrates that
fibrocytes constitutively express CD40 and TSHR (gray-filled
histogram: isotype control; solid line: CD40 or TSHR). Mean
fluorescent intensity of CD40 expression was 5.39 and 1.75,
and of TSHR expression was 1.99 and 1.29, for cultured and
circulating fibrocytes, respectively. The results are a
representative example of three experiments.

Since CD40 ligand and TSH induce IL-8, we evaluated the role of these mediators on IL-8 mRNA (Figure 4). CD40 ligand and
TSH increased IL-8 mRNA in fibrocytes differentiated in culture, reaching peak expression after 12 hours. While both CD40 ligand
and TSH induce IL-8 mRNA 60- to 70-fold compared to unstimulated cultures, the kinetics of induction were divergent. Fibrocytes
stimulated with CD40 ligand demonstrated increased IL-8 mRNA expression as early as 2 hours, and this was sustained at 24 hours.
In contrast, TSH stimulation increased IL-8 mRNA but was not sustained. Thus given the de novo expression of IL-8 mRNA, we have
established that CD40 ligand- and TSH-mediated expression is at the pretranslational level.

CELLULAR SIGNALING MECHANISMS OF INTERLEUKIN-8 PRODUCTION IN FIBROCYTES: THE ROLE OF AKT

IL-8 and IL-6 are two of several cytokines and chemokines that coordinately regulate early cellular inflammatory processes.
Phosphorylation of Akt has been previously implicated in the CD40-mediated up-regulation of IL-6 in fibrocytes* and the TSHR-
mediated up-regulation in thyroid fibroblasts.** We now investigate the role of Akt phosphorylation regulating CD40- and TSHR-
mediated IL-8 production in circulating fibrocytes. Peripheral blood was stimulated with CD40 ligand or TSH at intervals up to 90
minutes and immediately fixed as described in the “Methods” section. To determine the relative state of fibrocyte Akt
phosphorylation in the peripheral blood, multiparameter flow cytometry was utilized. Quantification of phosphorylation was
expressed as a ratio between the MFI at a sampling point and the fluorescent intensity at baseline (time 0). CD40 ligand- and TSH-
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induced phosphorylation of AktS473 reached an approximately 1.8-fold increase compared to baseline (Figure 5). The peak
phosphorylation was achieved between 45 and 60 minutes after addition of CD40 ligand and 60 minutes after addition of TSH. CD40-
mediated Akt phosphorylation declined rapidly compared to that of TSH-stimulated cells (solid square, Figure 5, panel B). The total
Akt, irrespective of its phosphorylation state, did not change significantly during the course of the experiment, indicating that neither
CD40 ligand nor TSH alters induction and/or degradation of Akt protein (data not shown).
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Intracellular IL-8 production is stimulated with CD40 ligand Time course of IL-8 mRNA expression stimulated with
and TSH in fibrocytes. Fibrocytes infiltrate the orbit in CD40 ligand (e) or TSH (m) in cultured fibrocytes was
thyroid-associated orbitopathy and participate in tissue determined by qRT-PCR. This experiment shows that these
remodelling. Cells were stimulated for 24 hours. CD40 ligands, which participate in the development of thyroid-
induction results in 1.3- and 1.6-fold increase in logarithmic associated orbitopathy, induce IL-8 production at the
fluorescent intensity compared to those of unstimulated cells pretranslational level. Fibrocytes were isolated for 10 to
in cultured and circulating fibrocytes, respectively. TSH also 14 days in culture and stimulated with CD40 ligand or
induces IL-8 production resulting in 1.7- and 2.1-fold increase TSH for times indicated. The cells were harvested and IL-
in fluorescent intensity in cultured and circulating fibrocytes, 8 RNA was assessed by PCR. Values are reported as mean
respectively. Isotype controls are shown as histograms filled “fold” induction.

with gray. Figure is representative of three experiments.

Since phosphorylation of Akt occurs after addition of CD40 ligand or TSH, we utilized a chemical inhibitor of Akt to determine
specificity. The inhibitor was added 1 hour prior to stimulation of fibrocytes. IL-8 mRNA level was measured by PCR in the
presence or absence of Akt inhibitor and stimulation for 6 hours with CD40 ligand or TSH. Inhibition of Akt signaling suppressed
CD40- and TSHR-mediated IL-8 mRNA to basal levels in cultured fibrocytes (Figure 6). Therefore Akt phosphorylation appears to be
instrumental in CD40- and TSHR-mediated IL-8 expression.

The role of Akt phosphorylation in CD40- and TSHR-mediated IL-8 protein production was also assessed in peripheral blood
fibrocytes identified by multiparameter flow cytometry. CDA40 ligand- and TSH-mediated intracellular IL-8 production was assessed
in the presence and absence of an Akt inhibitor (Figure 7). As described in the “Methods” section, peripheral blood and cultured
fibrocytes were stimulated for 24 hours with CD40 ligand or TSH with or without Akt inhibitor. Addition of Akt inhibitor
significantly blunted intracellular IL-8 expression after CD40 ligand and TSH stimulation in peripheral blood and cultured fibrocytes.
While the inhibitor did not significantly alter the basal level of IL-8, the inhibition of Akt significantly abrogated the CD40- and
TSHR-mediated IL-8 production.
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CD40 ligand and TSH stimulate the phosphorylation of
AktS473 in circulating fibrocytes as identified by flow
cytometry. Phosphorylation of Akt is a common signal
transduction pathway for inflammatory mediators, and our
research indicates that Akt activation is involved in the
development of thyroid-associated orbitopathy. Panel A shows
the time course of phosphorylation of Akt as a result of CD40
ligand (e) or TSH (m) stimulation. In Panel B,
phosphorylation of AktS473 is shown for fibrocytes
stimulated with CD40 ligand or TSH at time 0 and 60 minutes.
Gray-filled histograms are the isotype controls.
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FIGURE 6

CD40 ligand- and TSH-mediated IL-8 transcription is
suppressed by Akt inhibitor IV in cultured fibrocytes. In
this experiment the role of Akt phosphorylation in IL-8
production was demonstrated at the pretranslational level.
Akt is a common member of the TSHR and CDA40
signaling pathways, which partake in the onset of thyroid-
associated orbitopathy. Cells were stimulated for 6 hours
with CD40 ligand or TSH with or without Akt inhibitor
(AKTi) added 1 hour prior. CD40 ligand- or TSH-treated
cultures significantly increased IL-8 mRNA compared to
unstimulated cultures (n=3, **P <.01). Pretreatment for 1
hour with AKTi abrogated CD40 ligand- and TSH-
mediated IL-8 mRNA expression (n=3, **P <.0l; ***P
<.001).

FIGURE 7

CD40 ligand and TSH stimulate IL-8 production
through Akt signaling in cultured (A, B) and circulating
fibrocytes (C, D). This figure shows the effect of Akt
inhibition on the protein level, indicating its potential
role in thyroid-associated eye disease. The addition of
Akt inhibitor (AKTi) abrogates the stimulatory effect
of CD40 ligand and TSH. Fibrocytes were selected
based on their CD34" CD45" Coll" expression using
the same gating strategy as in Figure 1. A and C, CD40
ligand or TSH induction of intracellular IL-8 (MFT of 1
equals no expression).  AKTi addition inhibits
intracellular 1L-8 accumulation after CD40 ligand or
TSH signaling (n=3, ***P <.001). B and D, Histograms
demonstrate the inhibition of CD40 ligand- and TSH-
mediated IL-8 expression with addition of AKTi.
Figure is representative of three experiments.

32



Douglas, Mester, Ginter, Kim

DISCUSSION

PATHOGENESIS OF TAO: ROLE OF TSHR AND CD40

Graves disease is among the most common autoimmune diseases in the United States.’’ Its ocular manifestation, TAO, remains a
potentially sight-threatening process that can result in life-altering disfigurement. The molecular mechanisms underlying the
pathogenesis of thyroid gland and orbital involvement remain an unsolved mystery. Thyroid overactivity is the result of autoantibodies
generated against the thyrotropin receptor (TSHR); however, the cause of orbital inflammation and remodeling is less clear.
Pathologically, TAO is associated with immune activation and orbital fibroblast expansion, leading to enlargement of the extraocular
muscles, cellular infiltration of interstitial tissues, and an increase in orbital fat and connective tissue.

Understanding the distinct molecular and immunologic attributes of orbital tissues and how these influence the manifestations of
TAO remains central to novel treatment development. Thus far several lines of investigation have indicated a critical role for
fibrocytes. Fibrocytes display the hematopoietic marker CD34 and infiltrate tissues during fibrosis and tissue remodeling.*** Bone
marrow—derived CD34" fibrocytes infiltrate the orbit and thyroid in Graves disease and appear to participate in the pathogenesis of
TAO.* Following their tissue infiltration, they retain expression of these proteins as CD34" fibroblasts. Fibrocyte immune activation
and tissue remodeling may provide the missing link between manifestations of Graves disease that affect the thyroid and orbit.
Supporting this rationale, recent observations indicate that circulating fibrocytes unexpectedly express high levels of functional TSHR
and thyroglobulin.*’ These proteins were originally thought to be expressed only in the thyroid gland, as both are autoantigens
implicated in thyroid autoimmunity.*** Increased fibrocyte TSHR expression and the presence of circulating activating
autoantibodies lead to the question of whether these antibodies may be contributing to disease process.

Immune recognition of “foreign” and “self” is predicated on molecular recognition of target epitopes and costimulation of host
immune cells providing T- and B-cell “help.”**>' CDA40 activation functions as the fulcrum between immune activation and anergy or
unresponsiveness. In several autoimmune model systems, CD40 activation overcomes peripheral tolerance.”*® In contrast, antigen
expression in the absence of CD40 activation leads to peripheral anergy.”> The importance of CD40 in Graves disease and TAO has
been established from genetic and immunologic perspectives.”**”*° In summary, we have identified an increased frequency of CD40"
fibroblasts in the tissues of TAO patients.”* Moreover, they are particularly responsive to CD40 activation and express IL-6, IL-8, and
MCP-1, and produce hyaluronan, all of which are hallmarks of TAO.>

Expression of major histocompatibility complex and costimulatory molecules by fibrocytes suggests that they can present antigen
to T lymphocytes and initiate immune responses.”*** We have previously demonstrated that CD40 is overexpressed by CD34" TAO
fibroblasts and CD34" fibrocytes compared to those of control donors.?

PROGRESS TOWARD IN VIVO IDENTIFICATION AND FUNCTIONAL ANALYSIS

The preponderance of previous data detailing fibrocyte biology has been derived from cells placed in culture and differentiated for 10
to 14 days. This technique has been necessitated by practical demands to yield substantial numbers of cells for analysis. Our work
herein advances our understanding of fibrocyte biology in TAO by identifying and functionally characterizing these cells in the
peripheral blood. Identification of these cells by multiparameter flow cytometry is essential, since they constitute less than 1% of the
peripheral blood cells in controls. *° Furthermore, potentially important markers of disease and/or disease activity may be present in
cells obtained directly from the peripheral blood. For example, previous studies in rheumatoid arthritis have demonstrated an
increased activation of intracellular signaling molecules in patients with active disease compared to quiescent disease.”’ Currently
there are not biomarkers available in TAO, and delineation of cells believed to be important in the disease process is critical.

THE ROLE OF IL-8

IL-8 is an early response, proinflammatory chemokine discovered in 1987.%° IL-8 is produced by multiple cell types, including
monocytes and fibroblasts,®" and is involved in the directional migration of neutrophils and T lymphocytes.®® IL-8 also demonstrates
proangiogenic properties via stimulation of endothelial cell proliferation and capillary vessel formation; recruitment of neutrophils,
basophils, and T lymphocytes; inhibition of apoptosis of endothelial cells; and protease activation by inducing increased endothelial
cell mRNA expression of matrix metalloproteinases and gelatinase activity.” IL-8 is an early response proinflammatory chemokine,
which is produced as early as 4 hours after exposure to a foreign agent or injury of the body.”**"%*% The major sources of IL-8 in the
body are monocytes and macrophages, but it is produced by many other types of cells, such as epithelial cells and fibroblasts.”’ It also
has been detected in tissues relevant to Graves disease, such as thyroid tissue, orbital fibroblasts, and the tears and blood of Graves
patients.®*® Our result shows that circulating fibrocytes may significantly contribute to the elevated IL-8 levels in Graves patients in
tissues mentioned previously.

We have demonstrated that increased numbers of TSHR" CD40" circulating fibrocytes infiltrate into the orbital tissue and may be
the major source of IL-8 production. TSHR" CD40" fibrocytes may be activated by TSH (and/or TSHR-stimulating immunoglobulin)
or cells expressing CD40 ligand, thus contributing to the inflammatory process via IL-8 expression (Figure 3). Constitutive
production of IL-8 is exceptionally rare outside of neoplastic transformation.”’ However, fibrocytes derived from the peripheral blood
consistently demonstrate measurable intracellular levels of IL-8 (Figures 2 and 3). This suggests that circulating fibrocytes are poised
to facilitate immune responses as occurs in the orbital tissue. The stimuli for constitutive intracellular IL-8 production will require
additional investigation, but gene expression of IL-8 is particularly sensitive to reactive oxygen species (ROS).”"”" Increased ROS are
detected in the blood of Graves patients and may be attributed to the imbalance of intracellular oxidants and antioxidants.*’?
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Constitutive IL-8 production may also yield insight into the unfavorable impact of certain environmental factors and consequent
oxidative stress in these tissues.** Apart from ROS, IL-8 production is stimulated by many agents, including lipopolysaccharide,
bacteria, viruses, TNF-a, and IL-1.% Nonetheless, our findings demonstrate a dramatic increase in IL-8 production in response to
TSHR and CD40 ligation. This finding implies that increased IL-8 found in these patients may be secondary to fibrocyte stimulation,
possibly by stimulatory antibodies.

IL-8 expression by orbital or thyroid fibroblasts is stimulated by CD40 ligand*** and TSH.®® Our study confirms that TSHR and
CD40 stimulation plays a role in IL-8 production in fibrocytes as well. These may be significant pathways for IL-8 production in
Graves disease and TAO, since the number of fibrocytes and, perhaps more important, the number of CD40" THSR" circulating
fibrocytes are augmented in patients with TAO.% In this way, fibrocytes may also provide the link between the thyroid and orbital
manifestations of disease. This finding is especially relevant, since we demonstrate for the first time that fibrocytes identified from the
circulation also express IL-8 constitutively and in response to TSHR and CD40 stimulation.

While IL-8 can be produced rapidly, the protein and downstream physiologic consequences are evident for days or weeks.
This may be due to the complex regulation of expression involving multiple pathways of transcriptional signaling and
posttranscriptional stabilization of mRNA.” One of the dominant pathways in IL-8 induction is mediated by the PI3K-Akt-NF-xB
pathway.” This pathway also appears to be important in circulating fibrocytes, since both TSH and CD40 ligand activate Akt by
promoting the phosphorylation of serine 473 (Figure 5). Inhibition of Akt phosphorylation by a chemical inhibitor also blocked the
induction of IL-8 production with CD40 ligand and TSH (Figure 7). Phosphorylation of Akt is a common signal transduction pathway
for inflammatory mediators.”® We have previously reported the role of Akt and NF-xB in CD40-mediated signaling for IL-6
expression by cultured fibrocytes””. Here we have shown that Akt is involved in the TSHR- and CD40-mediated regulation of IL-8
transcription in cultured and circulating fibrocytes. Our current result demonstrates that these mediators both utilize Akt
phosphorylation to generate IL-8. Targeted interruption of the fibrocyte signaling pathways of TSHR- and CD40-mediated cytokine
production could provide novel therapies.”

One of the most exciting aspects of the study is the identification and functional evaluation of fibrocytes isolated directly from
peripheral blood. In our studies we identified immature fibrocytes using multiparameter flow cytometry and found that the CD40- and
TSHR-mediated IL-8 production is analogous to those fibrocytes differentiated in culture for 10 to 14 days. This finding now allows
further evaluation of these cells and their responses as biomarkers of disease activity and severity. These studies hold exceptional
promise given the functional assessment of Akt phosphorylation and IL-8 production we demonstrate.

This study further supports our hypothesis that circulating fibrocytes contribute to the site-specific immune function in TAO.
TSHR- and CD40-mediated production of IL-8 may play a role in Graves disease and TAO-related thyroid and orbital tissues. Both
pathways involve Akt in their signaling, which may be a therapeutic target for TAO and Graves disease.
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