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Context: CD34� fibrocytes, bone marrow-derived progenitor cells, infiltrate orbital connective
tissue in thyroid-associated ophthalmopathy, a manifestation of Graves’ disease. In the orbit, they
become CD34� fibroblasts and coexist with native CD34� fibroblasts. Fibrocytes have been shown
to express TSH receptor and thyroglobulin.

Objective: The objective of the study was to determine whether a broader repertoire of thyroid
protein expression can be detected in fibrocytes and whether a common factor is responsible.

Design/Setting/Participants: Fibrocytes and fibroblasts were collected and analyzed from healthy
individuals and those with Graves’ disease in an academic clinical practice.

Main Outcome Measures: Real-time PCR, Western blot analysis, gene promoter analysis, cell trans-
fections, and flow cytometric cell sorting were performed.

Results: We detect two additional thyroid proteins expressed by fibrocytes, namely sodium-iodide
symporter and thyroperoxidase. The autoimmune regulator (AIRE) protein appears necessary for
this expression. AIRE expression in fibrocytes results from an active AIRE gene promoter and stable
AIRE mRNA. Knocking down AIRE with a targeting small interfering RNA reduces the expression
of these thyroid proteins in fibrocytes as well as the transcription factors paired box-8 and thyroid
transcription factor-1. When compared with an unaffected first-degree relative, levels of these
proteins are substantially reduced in fibrocytes from an individual with an inactivating AIRE mu-
tation. Levels of AIRE and the thyroid proteins are lower in orbital fibroblasts from patients with
thyroid-associated ophthalmopathy than in fibrocytes. However, when mixed fibroblast popula-
tions are sorted into pure CD34� and CD34� subsets, the levels of these proteins are dramatically
increased selectively in CD34� fibroblasts.

Conclusions: Fibrocytes express four proteins, the aggregate expression of which was previously
thought to be restricted to thyroid epithelium. These proteins represent the necessary molecular
biosynthetic machinery necessary for thyroid hormone production. Our findings implicate AIRE in
the promiscuous expression of thyroid proteins in fibrocytes. (J Clin Endocrinol Metab 99:
E1236–E1244, 2014)
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8; PBMC, peripheral blood mononuclear cells; PGHS-2, prostaglandin endoperoxide H
synthase-2; siRNA, small interfering RNA; TAO, thyroid-associated ophthalmopathy; Tg,
thyroglobulin; TPO, thyroperoxidase; TSHR, thyrotropin receptor; TTF-1, thyroid transcrip-
tion factor-1.
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Fibrocytes are bone marrow-derived progenitor cells of
monocyte lineage (1) that display a characteristic ar-

ray of markers, including CD45, CD11b, CD34, CXCR4,
and collagen1 (2). They traffic to sites of injury, infiltrate
tissue, and orchestrate remodeling (3). They participate in
normal wound healing and in scar formation (4). Antigens
can be presented by fibrocytes to T cells as a consequence
of high constitutive level major histocompatibility com-
plex class II display (5). They express several costimula-
tory molecules and cytokines, synthesize vitronectin, and
can differentiate into fat cells and myofibroblasts (6). The
pathogenesis of rheumatoid arthritis (7) and interstitial
lung fibrosis (8) has been linked to the activities of fibro-
cytes. Identifying the details surrounding involvement of
fibrocytes in physiological and disease-related processes
should provide important insights into their roles in im-
mune function.

Another autoimmune process in which fibrocytes have
been implicated is Graves’ disease (GD), a condition in
which the thyroid becomes overactive as a consequence of
disease-specific activating antibodies targeting the TSH
receptor (TSHR) (9). Thirty percent to 50% of patients
with GD manifest expansion, inflammation, and remod-
eling of orbital connective tissue (10). This disfiguring pro-
cess is known as thyroid-associated ophthalmopathy
(TAO). Activated T cells infiltrate the orbit in TAO, but
the immunological basis for their trafficking is uncertain
(11). Moreover, details concerning the connections be-
tween TAO and the processes occurring within the thyroid
in GD have yet to be identified. Recently we reported that
circulating fibrocytes become more abundant in GD (12,
13). They apparently infiltrate orbital connective tissue
(12) and can also be detected in the thyroid (13). In orbit,
they can be recognized as CD34� fibroblasts which com-
prise a subset of cells distinct from native CD34� fibro-
blasts. In addition to the characteristic profile of markers
associated with their lineage, TSHR and thyroglobulin
(Tg) have recently been detected in fibrocytes cultivated
from peripheral blood mononuclear cells (PBMCs) (14).
Orthodoxy had previously taught that these two proteins
are expressed exclusively by thyroid epithelium. However,
evidence that they might be distributed more widely, albeit
at relatively modest levels, surfaced several years ago.
Most notably, low levels of TSHR or its encoding mRNA
were detected in orbital connective tissue, especially in
tissues derived from individuals with TAO (15). Tg was
also detected in the TAO orbit but was thought to origi-
nate in the thyroid (16). In addition, functional sodium/
iodide symporter (NIS) and thyroperoxidase (TPO) have
been detected in tissues outside the thyroid (17, 18). But
the aggregate expression of these four proteins remains a

signature widely viewed as occurring uniquely in thyroid
epithelial cells.

The autoimmune regulator (AIRE) gene encodes an
unorthodox transcription factor, the expression of which
was thought to be limited to thymic medullary epithelial
cells (mTECs) (19, 20). AIRE protein localizes to the nu-
cleus in thymus where its actions on target gene transcrip-
tion drive expression of thousands of proteins. Among
them are those considered to be specific to specialized pe-
ripheral tissues (19–22). Thymic education results from
the actions of AIRE, leading to deletion of autoreactive
thymocytes. This in turn establishes central immune tol-
erance (23). In addition to its role in supporting target gene
transcription, AIRE appears to regulate mTEC differen-
tiation (24). The scope of cells in which AIRE has been
detected includes several with relatively low-level expres-
sion, such as monocytes, dendritic cells, and lymph node
stromal cells (25–27). The function of AIRE in extrathy-
mic cells remains uncertain. A prominent example of
AIRE expression in the periphery was described by An-
derson and colleagues (25), who have identified extrathy-
mic AIRE-expressing cells (eTACs) in lymphoid tissues.
These cells can interact with and instigate the deletion of
naïve antigen-specific T cells. It is clear that normal im-
mune function is critically dependent on the wild-type
AIRE protein. Mutated AIRE causes the central defect in
autoimmune polyendocrinopathy-candidiasis-ectoder-
mal dystrophy (APS-1) (19, 20). Finding additional evi-
dence for AIRE playing a role in organ-specific autoim-
munity through activities outside the thymus could further
our understanding of immune function.

We now provide evidence that fibrocytes, regardless of
whether they derive from healthy donors or those with
GD, express NIS and TPO in addition to TSHR and Tg.
Furthermore, we demonstrate that these cells express
AIRE and that knocking down this transcription factor
results in substantial reduction in the level of these pro-
teins. The aggregate expression of these four proteins has
traditionally defined the unique biosynthetic repertoire of
thyroid epithelium. These findings identify a heretofore
unrecognized but potentially important role for AIRE in
supporting the promiscuous expression of thyroid pro-
teins in fibrocytes. The presence of ectopic thyroid anti-
gens outside the gland may underlie abnormal immune
responses occurring in GD and TAO and potentially in
other forms of thyroid autoimmunity. Our detection of
these proteins in fibrocytes from healthy individuals sug-
gests that other factors, such as the particular T cell rep-
ertoire associated with disease susceptibility, might deter-
mine the development of autoimmune disease.
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Materials and Methods

Materials
Rabbit anti-Tg antibody (catalog number ab92467), rabbit

anti-TPO monoclonal antibody (catalog number ab109383),
and mouse anti-NIS monoclonal antibody (catalog number
ab17795) were purchased from Abcam. Mouse anti-CD34 IgG
1 fluorescein isothiocyanate was from BD (catalog number
555822) and anti-TSHR phycoerythrin was supplied by Santa
Cruz Biotechnology (catalog number sc-53542). Specific small
interfering RNA (siRNA) targeting human AIRE (catalog num-
ber L-010993) and its scrambled control (catalog number
D-001810–10-5) were from Dharmacon. The siRNA comprises
a pool of the following four target sequences: 1) GAAGAAU-
GAGGACGAGUGU, 2) CAACAGUCCAGGAGGUGCA, 3)
GUGCUGCGGUGUACUCACU, and 4) GUGCGGAGAUG-
GUACGGAC. Fetal bovine serum (FBS) was from Life Technol-
ogies. 5,6-Dichlorobenzimidazole came from Cayman Chemi-
cals (catalog number 10010302). Plasmid pAP1200 containing
a 1200-bp fragment of the human AIRE gene promoter was a
kind gift from Professor Pärt Peterson (Tartu, Estonia).

Fibrocyte and fibroblast cultivation
Human tissue and venous blood were collected from study

participants after obtaining their informed consent in a manner
approved by the Institutional Review Board of the University of
Michigan Health System. Twenty-five strains of fibrocytes were
generated from blood generously provided by the American Red
Cross, while 11 strains came from euthyroid subjects with GD
who manifested TAO. They were isolated from PBMCs and cul-
tivated using the methods first described by Bucala et al (1).
Twenty-four-well plates were inoculated with 5 � 106 PBMCs in
DMEM with 10% FBS. After 12–14 days in culture, adherent
monolayers (�5% of the starting population) were rinsed and
removed by scraping or were treated with accutase (Millipore
catalog number 1000449). Culture purity was confirmed by flu-
orescence-activated cell sorter (FACS) analysis to be greater than
90% fibrocytes. Cell viability was greater than 90% by trypan
blue exclusion.

Orbital fibroblasts (OF) were cultivated from surgical waste
obtained from seven individuals either with TAO undergoing
orbital decompression surgery (GD-OF) or from healthy indi-
viduals during cosmetic procedures (H-OF). Dermal fibroblasts
(DF) derived from three healthy donors or were purchased from
the American Type Tissue Collection. Fibroblasts were used be-
tween the second and 11th passages, an interval during which
they maintained stable phenotypes (28).

Western blot and immunoprecipitation
Protein analysis was conducted using fibrocytes derived from

Red Cross leukocyte filters. Each was from a different donor. For
Western blots, monolayers were solubilized in lysis buffer (In-
vitrogen; catalog number FNN0011) containing 1 mM phenyl-
methanesulfonylfluoride and protease inhibiter cocktail
(Sigma). Samples were sonicated on ice and centrifuged for 10
minutes at 10 000 � g and supernatants were collected. Ho-
mogenized human thyroid and FRTL-5 cells served as positive
controls. Protein concentrations were determined using the Dc
protein assay kit (Bio-Rad Laboratories). Samples were boiled in
Laemmli buffer with 8 M urea, and 75 �g protein was layered on
4%–15% Tris-glycine gels, subjected to SDS-PAGE, and trans-

ferred to polyvinyl difluoride membrane (Millipore; catalog
number IPFL00010). Primary rabbit anti-Tg antibody (1:
10 000) and mouse anti-NIS antibody (1:100) were incubated
overnight at 4°C. Washed membranes were incubated with
horseradish peroxidase-conjugated antirabbit secondary anti-
body (Cell Signaling; catalog number 7047) and horseradish per-
oxidase-conjugated antimouse secondary antibody (DAKO; cat-
alog number P0447). ECL plus reagent (Thermo scientific;
catalog number 32106) was used for signal generation. Anti-�-
actin (Santa Cruz Biotechnology) was used as a loading control.
Antibodies were validated prior to their use.

Metabolic labeling was conducted to increase sensitivity for
detecting TPO. Confluent cultures were incubated with [35S]me-
thionine (PerkinElmer; 40 �Ci/mL) in methionine- and cystein-
free DMEM medium (Invitrogen) supplemented with 10% FBS
for 48 hours. Cell pellets were collected by centrifugation and
stored at �70°C. They were resuspended in 100 �L ice-cold
RIPA buffer (Thermo Scientific) with protease inhibitor cocktail
and incubated at 4°C for 10 minutes. Cell lysates were pre-
cleaned by adding rabbit IgG (1:20) (Sigma; catalog num-
ber18140). After 1 hour incubation at 4°C, 50 �L protein A
agarose beads (Santa Cruz Biotechnology; catalog number SC-
2001) were added for the final 30 minutes. Samples were cen-
trifuged at 14 000 � g, and supernatants were then subjected to
immunoprecipitation with anti-TPO antibody overnight at 4°C
followed by the addition of bead slurry (50 �L) for the final 4
hours. Immunoprecipitates were rinsed and resuspended in
Laemmli buffer (Bio-Rad Laboratories) and subjected to SDS-
PAGE followed by autoradiography. Radioactivity was quanti-
fied by liquid scintillation spectrometry (Winspectral;
PerkinElmer).

Flow cytometric detection of NIS and TSHR
Low levels of NIS protein coupled with relatively few cells

recovered after transfection necessitated the alteration of our
detection strategy to one using flow cytometry on an LSR II
(Becton Dickinson). TSHR has been quantified reliably in our
laboratory by flow cytometry (12, 14).

RNA preparation and real-time PCR
Total cellular RNA was extracted with RNeasy (QIAGEN).

RNA (200 ng) was reverse transcribed, and real-time PCR was
performed with an Applied Biosystems instrument using a Quan-
tiTect SybrGreen PCR kit (QIAGEN; catalog number 204143).
The following primer sequences, synthesized by Life Technolo-
gies, were used: Tg, forward, 5�-GAGCCCTACCTCTTCTG-
GCA-3�, and reverse, 5�-GAGGTCCTCATTCCTCAGCC-3�;
TSHR, forward, 5�-AGCCACTGCTGTGCTTTTAAG-3�, and
reverse, 5�-CCAAAACCAATGATCTCATCC-3�; TPO, for-
ward, 5�-AACAACAGAGACCACCCCAGAT-3�, and reverse,
5�-TGACTGAAGCCGTCCTCATAGAC-3�; AIRE, forward,
5�-CCCTACTGTGTGTGGGTCCT-3�,andreverse,5�-ACGTC
TCCTGAGCAGGATCT-3�; prostaglandin endoperoxide H
synthase-2 (PGHS-2), forward, 5�-GAGCAG GCAGAT-
GAAATG-3�, and reverse, 5�-TACCAG AAGGGCAGGATAC-
3�; paired box protein-8 (PAX8), forward, 5�-CAGGCATG-
GTGGCAGGAAGT-3�, and reverse, 5�-ACAGATGGTCAA
AGGCCGTG-3�. NIS mRNA was quantified with the Taqman
technique using forward, 5�-CCCTCATCCTGAACCAAG-TG-
3�, reverse, 5�-GATCCGGGAGTGGTTCTG-3�, and probe,
FAM-CTGGACATCTGGGCGTCGCTCTAMARA. SYBR Green
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human 18S rRNA was from QIAGEN (catalog number
PPH05666E), and TaqMan human 18S rRNA primers were
from Life Technologies (catalog number Hs99999901-s1). Thy-
roid transcription factor 1 (TTF-1) SYBR Green primers were
from QIAGEN (catalog number QT00010682). Commercially
purchased human thymus RNA (CLONTECH) served as a pos-
itive control for AIRE transcript quantification. Sample values
were generated against a standard curve and normalized to glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) signals.

Cell transfections
Activity of the Aire gene promoter was assessed in fibrocytes,

OFs, and DFs using a reporter plasmid in which the 1200-bp
fragment, extending from �1200 nt to �1 nt and was fused to
the luciferase coding region. Knockdown studies were conducted
by transfecting fibrocytes with specific siRNA targeting AIRE.
Transfections into fibrocytes, OF, and DF were conducted as
described by Fernando et al (14) and Tsui et al (29), respectively.
siRNA specifically targeting AIRE and its scrambled control
were transfected into fibrocytes and fibroblasts as described pre-
viously (30).

mRNA stability assay
AIRE mRNA stability was assessed using a previously de-

scribed method (31).

Statistics
Statistical significance was determined with the two-tailed

Student’s t test.

Results

Fibrocytes express multiple
proteins thought to be
restricted to thyroid tissue

Recent reports from this labora-
tory group demonstrated the unan-
ticipated expression of TSHR and Tg
by fibrocytes (12, 14). Subsequent
studies have revealed that both pro-
teins are functionally active. Further
examination of fibrocytes now dis-
closes expression of a thyroid pro-
tein repertoire that also includes NIS
and TPO (Figure 1). The respective
mRNAs are easily detected, albeit at
levels substantially lower than those
found in thyroid tissue. NIS mRNA
was detected in 11 of 13 fibrocyte
culture strains, each from a different
donor (Figure 1A). In contrast, the
transcript was undetectable in DFs
and either undetectable or expressed
at extremely low levels in H-OF and
GD-OF. TPO was also detected in a
majority of fibrocyte strains but was
found at much lower levels or not

detected in OFs and DFs (Figure 1B). Expression of NIS
and TPO mRNAs was equivalent, regardless of whether
the results were normalized to GAPDH or 18S RNA (Fig-
ure 1, A and B, insets). The respective proteins can be
readily detected by Western blot analysis in fibrocytes and
migrate in electrophoretic patterns similar to those found
in thyroid tissue and FRTL-5 cells in culture (Figure 1C).
The dominant band for NIS appears at 69 kDa, whereas
that for TPO resolved at 103 kDa. Despite the extremely
low level of NIS mRNA, faint NIS protein can be identified
in DFs and GD-OF, suggesting that these cells efficiently
translate low abundance transcripts. This was found to be
the case in our earlier studies examining Tg expression
(14). TPO protein was essentially undetectable in any fi-
broblast strain. Thus, fibrocytes express several proteins
that traditionally define the unique phenotype of thyroid
epithelial cells and are essential for the generation of
iodothyronines.

Fibrocytes express AIRE
AIRE mRNA can also be detected in multiple fibrocyte

strains. As Figure 2A demonstrates, the AIRE transcript is
expressed in all 13 strains of fibrocytes, each from a dif-
ferent healthy donor (n � 6) or patient with GD (n � 7).
AIRE transcript abundance in all of these strains is modest
when compared with that in human thymus. Levels of

Figure 1. Relative NIS (A) and TPO (B) mRNA levels in H-fibrocyte, GD-fibrocyte, DF, H-OF, and
GD-OF. RNA was extracted from confluent culture as described in Figure 2 and subjected to real-
time PCR. Values were normalized to respective GAPDH signals. Data are expressed as the
mean � SD of three independent determinations. Insets, Data are normalized to either GAPDH
or 18S RNA. C, Detection of NIS and TPO proteins in the cell types indicated. For NIS detection,
equivalent quantities of solubilized proteins were subjected to Western immunobloting and
probed with an anti-NIS antibody. Membranes were reprobed with anti-�-actin antibody. For
TPO, cells were labeled with [35S]methionine (20 �Ci/mL) for 48 hours and subjected to
immunoprecipitation using anti-TPO. Pulled-down proteins ran on 4%–15% SDS-PAGE, and gels
were dried and analyzed using autoradiography.
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AIRE mRNA in GD-OF, H-OF, and DFs are even lower.
Expression of AIRE mRNA in fibrocytes can be attributed
to an active AIRE gene promoter. A fragment of the hu-
man promoter exhibited substantially greater activity in
fibrocytes than that observed in OFs and DFs when the

construct was transiently transfected into these cell types
(Figure 2B). It appears that AIRE mRNA is stable over 12
hours in all three cell types (Figure 2C).

Knocking down AIRE in fibrocytes disrupts the
expression of thyroid specific proteins

To directly determine whether AIRE played an impor-
tant role in the promiscuous expression of TSHR, Tg, NIS,
and TPO, fibrocytes were transfected with a specific
siRNA targeting AIRE. Knocking down AIRE expression
in a total of four fibrocyte strains, each from a different
donor, substantially reduced transcripts encoding all four
thyroid proteins (Figure 3A). The reductions in these
steady-state mRNA levels were as follows: AIRE, 54%
(P � .001); TSHR, 71% (P � .001 vs control); Tg, 50%
(P � .001); NIS, 61% (P � .01); TPO, 60% (P � .01);

Figure 2. Human fibrocytes express AIRE mRNA, the consequence of
an active AIRE gene promoter and a stable transcript. A, Relative AIRE
mRNA abundance in thymus, H-fibrocyte, GD-fibrocyte, DF, H-OF, and
GD-OF. Confluent cultures were lysed, and RNA was extracted, reverse
transcribed, and subjected to real-time PCR. Values were normalized to
their respective GAPDH signals. B, Fibrocytes, GD-OF, and DF were
transfected with an empty vector or one fused to a fragment of the
human AIRE gene promoter. After 24-hour incubations, cells were
disrupted, and luciferase activity was quantified as described in
Materials and Methods. Data are expressed as mean � SD of triplicate
determinations from one experiment, representative of three
performed. C, AIRE mRNA stability was assessed as described in
Materials and Methods. 5,6-Dichlorobenzimidazole was added at time
0, and replicate culture wells were harvested at the times indicated
along the abscissa. AIRE mRNA was reverse transcribed and cDNA was
subjected to RT-PCR.

Figure 3. Interfering with AIRE expression knocked-down levels of
AIRE, Tg, TSHR, NIS, TPO, PAX8, and TTF-1 but not PGHS-2 or 18S
RNA. A, Fibrocytes from four different donors were transfected, either
with scrambled (control) siRNA or siRNA directed against AIRE, as
described in Materials and Methods. Cultures were then incubated for
48 hours, and RNA was harvested and then subjected to real-time
PCR. Data are expressed as mean � SD of three independent
determinations. B, Fibrocyte cultures were transfected with either
scrambled siRNA or siRNA targeting AIRE for 96 hours as described in
Materials and Methods. Tg protein was quantified by labeling with
[35S]methionine (40 �Ci/mL) and then immunoprecipitated, as in the
legend to Figure 1. TSHR and NIS were quantified by flow cytometry
(14). Levels of TPO were assessed by Western blotting.
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PAX8, 28% (P � .01); and TTF-1, 50% (P � .01). In
contrast, levels of PGHS-2, the inflammatory cyclooxy-
genase (31), and 18S RNA were unaffected by knocking
down AIRE (Figure 3A). Levels of the respective proteins
were similarly reduced, as the data in Figure 3B demon-
strate. We next interrogated fibrocytes from an individual
with APS-1 and those of her unaffected mother. Levels of
AIRE expression were substantially lower in the proband,
as expected (Figure 4). Those of TSHR mRNA and Tg
mRNA were 73% (P � .01) and 52% (P � .01) below
levels in the healthy control, whereas NIS mRNA and TPO
mRNA were 85% (P � .01) and 100% (P � .001) lower,
respectively (Figure 4). Thus, it would appear that the
reduction of AIRE levels, either by knocking them down
or as a consequence of a naturally occurring AIRE muta-
tion, can be linked to substantially attenuated expression
of all four thyroid proteins.

Separating GD-OF into pure CD34� fibroblasts
results in substantial increases in AIRE

Parental strains of GD-OF comprise a mixture of
CD34� and CD34� cells (12). This admixture of fibro-
blasts expresses substantially lower levels of TSHR and Tg
than do fibrocytes. Expression of these proteins localizes
to the CD34� subset (14). Moreover, CD34� fibroblasts
appear to negatively influence this expression. To deter-
mine whether these differences also might be attributed to
CD34� GD-OF lowering AIRE expression, mixed paren-
tal GD-OF were sorted into pure CD34� and CD34� sub-
sets. As the results in Figure 5A clearly demonstrate, pure
CD34� GD-OF express substantially higher levels of
AIRE as well as Tg, TSHR, NIS, and TPO than do either

parental GD-OF or pure subsets of CD34� GD-OF. To
determine whether an increase in AIRE per se drives the
increased thyroid protein expression in pure CD34� fi-
broblasts, this subset was transfected with siRNA target-
ing AIRE immediately after the cell sort. Knocking down
AIRE substantially attenuated the increase in mRNAs en-
coding all four thyroid proteins observed in the sorted
CD34� cells transfected with scrambled siRNA (Figure
5B). Thus, the enhanced expression of thyroid-specific
proteins after GD-OF sorting into pure CD34� fibroblasts
can be directly attributed to enhanced AIRE expression.

Discussion

The findings we report here provide completely new in-
sights into potential functions of AIRE in extrathymic tis-
sues and may hold broad implications for tissue-specific
autoimmunity. In particular, we identify the previously
unrecognized ability of fibrocytes to express AIRE. Fur-
thermore, the results implicate that protein in the promis-
cuous expression of TSHR, Tg, NIS, and TPO. Thus, it is
possible that AIRE serves as a master switch in controlling
the expression of thyroid proteins in fibrocytes. Since the

Figure 5. Sorting GD-OF into pure CD34� subsets results in dramatic
elevations in AIRE, Tg, TSHR, NIS, and TPO mRNA levels, the
consequence of increased levels of AIRE. A, Parental strain of GD-OF
(containing a mixture of CD34� and CD34� fibroblasts) was sorted
into pure CD34� and CD34� subsets by FACS on a FACSAria III
instrument (BD). These were cultured for 48 hours, RNA extracted,
reverse transcribed, and subjected to real time-PCR for the amplicons
indicated. B, Transfecting pure CD34� GD-OF with siRNA targeting
human AIRE attenuates the up-regulation of AIRE, Tg, TSHR, NIS, and
TPO. Cells were sorted as in panel A and cultured with either
scrambled siRNA or siRNA targeting AIRE. RNA was extracted and
subjected to RT-PCR. Data are expressed as mean � SD of three
independent determinations.

Figure 4. Fibrocytes derived from an individual with APS-1 express
lower levels of AIRE, TSHR, Tg, NIS, TPO, PAX8, and TTF-1 than do
those from an unaffected first-degree relative. Cells were prepared as
described in Materials and Methods from PBMCs derived from an
individual with APS-1 and her unaffected mother. The proband is
heterozygous for two mutations, a C	T substitution at bp 769 and a
13-base deletion from bp 967 to bp 979. Cultures were harvested
after 14 days and were interrogated by real-time PCR using the specific
primer sets described. Data are expressed as mean � SD (n � 6
independent determinations).
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initial identification of AIRE in thymic medullary epithe-
lial cells, it has been detected in other cell types and tissues,
often at relatively low levels (25–27, 32). These include
differentiated dendritic cells, eTACs, circulating mono-
cytes, spleen, and lymph nodes. Assigning function to ex-
trathymic AIRE has proven challenging.

Levels of the AIRE transcript in fibrocytes are modest
compared with those found in the human thymus. On the
other hand, they are considerably higher than those found
in fibroblasts. The mechanisms underlying AIRE gene ex-
pression in any cell type are incompletely understood. The
gene promoter has been characterized, the minimal pro-
moter mapped, and a functional TATA box identified.
Furthermore, cis-acting binding sites for activator pro-
tein-1, specificity protein-1, nuclear factor Y, and Ets have
been identified (33). Evidence that CpG methylation plays
a role in regulating AIRE gene expression has emerged
(34, 35) The current studies reveal that AIRE expression
in fibrocytes can be attributed to an active gene promoter
(Figure 2B). The molecular basis for the constitutively ac-
tive AIRE gene promoter in fibrocytes will require further
study.

Similar uncertainty exists with regard to the mecha-
nisms through which AIRE activates target genes. Pit-
kanen et al (36) demonstrated that although AIRE protein
activates gene transcription in transient expression assays,
it lacks classical DNA binding motifs. These findings are
consistent with the concepts proposed by Giraud et al (37),
who found that AIRE might not be acting through the
recognition of specific promoter sites but instead binds
RNA polymerase II indiscriminately and releases stalled
enzyme at the transcription start sites of target genes. In
this paradigm AIRE does not participate in polymerase II
recruitment but facilitates the association of positive tran-
scription elongation factor to a preassembled preinitiation
complex (36, 37). AIRE may bind chromatin by recog-
nizing the amino terminus of unmethylated histone H3
through plant homeodomain 1, an essential but insuffi-
cient condition for target gene activation (38–40).
Whether AIRE activates target genes in fibrocytes in a
manner similar to that already identified in mTECs re-
mains to be determined. However, the current studies sug-
gest that reduction of AIRE levels, either by treating fi-
brocytes with siRNA (Figure 3A) or resulting from a
naturally occurring mutation (Figure 4), attenuates PAX8
and TTF-1 expression. These factors act synergistically by
physically and functionally interacting to promote thyroid
specific gene transcription in thyroid (41). Further studies
will thus be necessary to determine whether these tran-
scription factors play a role in fibrocyte gene expression.

The current observations raise the question of whether
promiscuously expressed thyroid proteins might play

some role in the pathogenesis of GD and TAO. Antibodies
directed at TSHR, Tg, and TPO are frequently detected in
individuals manifesting thyroid autoimmunity. Expres-
sion of these proteins within the orbit in conjunction with
AIRE might provoke antigen-specific T cell activation and
immune reactivity through antigen presentation. Thus,
the high constitutive levels of major histocompatibility
complex class II displayed on fibrocytes and their ability to
present antigen (5) might help explain the localized auto-
immunity associated with TAO. It is possible that the con-
sequences of central and peripheral AIRE expression
might prove very different. Although AIRE plays a critical
role in promoting immune tolerance in thymus, its chronic
promotion of autoantigens by fibrocytes could instead re-
sult in immune reactivity. Importantly, circulating fibro-
cytes from healthy donors also express these proteins. This
underscores the likelihood that T cell repertoires associ-
ated with susceptibility to GD will prove essential for fi-
brocyte-provoked immune reactivity leading to disease.

The current observations identifying a heretofore un-
recognized function for AIRE in fibrocytes suggest a num-
ber of potentially interesting directions for future inquiry.
Several reports have appeared, suggesting a wider distri-
bution of thyroid proteins beyond the gland. TSHR has
been detected in several fatty connective tissue depots (15).
More recently, transcripts for TSHR, Tg, NIS, and TPO
have been found in skin biopsies (42) and tissues from the
right ventricle of the heart (18). Extrathyroidal generation
of thyroid hormone was first suggested by the seminal
work of Taurog and Evans (43). They demonstrated that
thyroidectomized rats in which all thyroid tissue had been
removed responded to iodide administration with thyro-
mimetic activity and the production of T4. Moreover, par-
enteral delivery of 131I to these rats resulted in detectable
plasma 131I-labeled T4. Although potential incomplete-
ness of the thyroidectomy could have confounded the in-
terpretation of their findings, their work in aggregate
brought attention to the potential for thyroid hormone
production outside the gland. Because fibrocytes appear
to express the necessary molecular machinery, it is possi-
ble that they could produce thyroid hormones or related
molecules under certain conditions. In addition to its im-
pact on proteins important to thyroid function, additional
consequences of AIRE expression must be considered. For
instance, it is possible that AIRE drives other tissue-spe-
cific proteins in fibrocytes in addition to those identified
here. In particular, it may drive those associated with au-
toimmunity other than GD (44). The large repertoire of
gene targets identified previously in mTECs and eTACs
makes this possibility worthy of further investigation.
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