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Abstract

Human CD34+ fibrocytes, circulating monocyte lineage progenitor cells, have recently been 

implicated in thyroid-associated ophthalmopathy (TAO), the ocular manifestation of Graves’ 

disease (GD). Fibrocytes express constitutive MHC-2 and surprisingly thyroglobulin (Tg) and 

functional thyrotropin receptor (TSHR). Underlying expression of these thyroid proteins is the 

autoimmune regulator protein (AIRE). Fibrocytes respond robustly to TSH and thyroid-

stimulating immunoglobulins (TSI) by generating extremely high levels of inflammatory cytokines 

such as IL-6. In TAO, they appear to infiltrate the orbit where they transition to CD34+ orbital 

fibroblasts (CD34+ OF). There, they coexist with CD34− OF as a mixed fibroblast population 

(GD-OF). In contrast to fibrocytes, GD-OF express vanishingly low levels of MHC-2, Tg, TSHR, 

and AIRE. Further, the amplitude of IL-6 induction by TSH in GD-OF is substantially lower. The 

molecular basis for this divergence between fibrocytes and CD34+ OF remains uncertain. Here we 

report that Slit2, an axon guidance glycoprotein, is constitutively expressed by the CD34− OF 

subset of GD-OF. Culture medium conditioned by incubating with GD-OF and CD34− OF (CM) 

substantially reduces levels of MHC-2, Tg, TSHR, and AIRE in fibrocytes. Expression can be 

restored by specifically depleting CM of Slit2. The effects of CD34− OF CM are mimicked by 

rhSlit2. TSH induces Slit2 levels in GD-OF by enhancing both Slit2 gene transcription and mRNA 

stability. These findings suggest that Slit2 represents a TSH-inducible factor within the TAO orbit 

that can modulate the inflammatory phenotype of CD34+ OF and therefore may determine the 

activity and severity of the disease.

Introduction

Fibrocytes derived from the monocyte lineage appear to play critical roles in tissue 

remodeling and wound healing (1–3). They display a CD45+CD34+CXCR4+Col I+ 

phenotype, constitutively express high levels of major histocompatibility complex Class II 

(MHC-2), and several co-activation molecules through which they engage in complex 

bidirectional interactions with T cells (4, 5). They produce a diverse array of 
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immunologically impactful molecules including cytokines (2, 6). Fibrocyte differentiation 

depends on T cells (4). Unexpectedly, fibrocytes express several autoantigens (7) including 

“thyroid-specific” proteins such as thyroglobulin (Tg), thyrotropin receptor (TSHR), 

sodium-iodide symporter, and thyroperoxidase (7–10). Expression of these thyroid proteins 

in fibrocytes is dependent on autoimmune regulator protein (AIRE) (10).

Fibrocytes have recently been implicated in the pathogenesis of several autoimmune 

diseases, including rheumatoid arthritis (11), type I diabetes mellitus (12), and Graves’ 

disease (GD) (13, 14). In GD, orbital connective tissues surrounding the eye become 

infiltrated with T and B cells, mast cells and fibrocytes which appear to participate in the 

development of thyroid-associated ophthalmopathy (TAO). TAO remains a vexing, 

disfiguring, and potentially blinding condition without effective and safe medical therapies 

(15). A critical question remaining to be answered is why some patients with GD develop 

severe eye disease while others do not manifest any ocular abnormalities. By virtue of their 

display of functional TSHR, fibrocytes can produce proinflammatory cytokines in response 

to both TSH and the pathogenic, TSHR-activating immunoglobulins (TSI) that drive 

hyperthyroidism of GD (13, 16, 17). Once in the TAO orbit, fibrocytes transition to CD34+ 

orbital fibroblasts (CD34+OF). There they coexist with residential CD34− OF in a mixed 

fibroblast population (GD-OF). Yet GD-OF fail to express the high Tg and TSHR levels 

found in fibrocytes cultured from the circulation (8, 10). Vanishingly little is currently 

known about the factors generated within the human orbit that determine the behavior of 

infiltrating cells recruited from the bone marrow. We proffer that CD34− OF exert a 

modulating influence(s) on CD34+ OF, resulting in the dramatically lower expression levels 

of MHC-2, thyroid proteins, and AIRE, a phenomenon that has remained unexplained. 

Fibrocytes may represent a critical link between the autoimmunity occurring within the 

thyroid and orbit in GD yet the factor(s) regulating expression of thyroid-related proteins by 

these cells once they infiltrate the orbit remains unidentified.

Slit2, an axonal guidance/repellent glycoprotein, constrains neuron migration and enforces 

midline integrity in the developing brain (18, 19). Three different mammalian orthologs of 

Slit have been identified (18). Members of the Slit family negatively influence leukocyte 

chemotaxis (20, 21) and mediate chemo-repulsion of diabetogenic T cells (22). The Slit2 

pathway has been implicated in the regulation of angiogenesis and appears to alter the 

clinical behavior of human cancers (23). Its expression correlates with tumor outcome (24). 

Slit2 acts through its cognate receptor, ROBO1, a surface transmembrane glycoprotein 

displayed on target cells (25). Recent evidence suggests that the Slit2/ROBO1 pathway plays 

a regulatory role in fibrocyte differentiation into lung fibroblasts and thus helps determine 

tissue remodeling in fibrotic lesions (26). Healthy lung tissues secrete Slit2 and attenuate the 

differentiation of fibrocytes while Slit2 expression is diminished in tissue surrounding lung 

fibrosis (26).

Here we report that Slit2 appears to underlie the substantial differences in MHC-2, AIRE 

and thyroid-related gene expression found in peripheral blood mononuclear cell (PBMC)-

derived fibrocytes compared with GD-OF. CD34− OF constitutively express and release 

Slit2, levels of which are increased by TSH. Conditioned medium (CM) generated from 

mixed GD-OF and pure CD34− OF reduces levels of MHC-2, Tg, TSHR, and AIRE in 
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fibrocytes while neutralizing Slit2 restores their expression. Recombinant human Slit2 

(rhSlit2) mimics the inhibitory effects of CD34− OF. The expression of these proteins and 

the induction by TSH of IL-6 were found to be attenuated through mechanisms involving 

AIRE gene transcription. These findings suggest that Slit2, expressed by CD34− OF in the 

TAO orbit, can modulate the inflammatory phenotype of CD34+ OF and thus could 

determine disease behavior and outcome.

Materials and Methods

Materials

Fetal bovine serum (FBS, cat.# 16000-044), Dulbecco’s modified Eagle medium (DMEM, 

cat.# 11965) containing 4.5 g/mL D-Glucose and L-Glutamine, penicillin-streptomycin 

mixture (cat.# 15140), protein G magnetic beads (cat.# 10004D) and Dynabead magnet 

(cat.# 12321D) were supplied by Life Technologies (Grand Island, NY). rhSlit2 (cat.# 

SRP3155) was from Sigma-Aldrich (St. Louis, MO). Human Slit2 sandwich ELISA (cat.# 

LS-F12612) was supplied by LifeSpan BioSciences Inc.(Seattle, WA). 5,6-

dichlorobenzimidazole (DRB) came from Cayman (Ann arbor, MI, cat.# 10010302). bovine 

TSH (bTSH) was from Calbiochem (La Jolla, CA, cat.# 609385). M22, an activating anti-

TSHR monoclonal antibody (27) was from Kronus (Star, ID, cat.# M22-5c/00-690). Anti-

mouse CD34 IgG 1- FITC (cat.# 555822), anti-human MHC-2 (HLA-DR)-PE (cat.# 

555812), anti-mouse IgG1 isotype control-PE (cat.# 555749) and Fixation and 

Permeabilization solution (cat.# 554722) were from BD Biosciences, San Diego, CA. 

Accutase (cat,# SCR005) was from Millipore, Billerica, MA. Human CD34+ nucleofection 

kit (cat.# VPA-1003) was supplied by Lonza, Allendale, NJ. Rabbit anti-Slit2 (EPR2771) Ab 

(cat.# ab134166), rabbit anti-Hsp47 (EPR4217) Ab (cat.# ab109117), anti- AIRE Ab (cat.# 

ab65040) and anti-thyroglobulin Ab (cat.# 156008) came from Abcam, Cambridge, MA. 

Anti-rabbit Alexa Fluor 488 secondary Ab was from Life technologies. Anti-TSHR Ab 

(3B12) was from Santa Cruz, Dallas, TX (cat.# sc-53542). Isotype-matched rabbit IgG (cat.# 

011-000-003) was from Jackson ImmunoResearch, West Grove, PA. Anti-human Slit2 ChiP 

Ab (cat.# PA5-31133) and Pierce Agarose ChiP kit (cat.# 26156) were from Thermo Fisher, 

Rockford, IL. Anti-ROBO1 Ab (cat.#MAB71181) was from R & D systems (Minneapolis, 

MN). siRNA targeting Slit2 (cat.# L-019853-00-10) and its control (cat.# D-001810–10-5) 

were from Dharmacon (Lafayette, CO). Slit2 ChIP assay (cat.# 334001) was from QIAGEN 

(Germantown, MD).

GD-OF and fibrocyte isolation and cultivation

Peripheral blood and surgical waste were obtained as approved by the Institutional Review 

Board of the University of Michigan Health System from an academic endocrine and 

ophthalmology practice. All subjects gave written and verbal informed consent. GD-OFs 

were cultivated from deep orbital connective tissues removed during surgical decompression 

for TAO. A total of 10 GD-OF strains, each from a different donor, were used in these 

studies. Cultivation of GD-OF has been published previously (28) and were used between 

passages 2–11, an interval when cell phenotypes remained stable.
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Fibrocytes were cultured from PBMCs, provided by the American Red Cross or from 

patients with GD or healthy individuals. PBMCs from a total of 30 different donors were 

used in these studies. They were isolated by Ficoll Histopaque density gradient 

centrifugation and cultivated as originally described (1). Six-well plates were inoculated 

with 7 × 106 PBMCs and covered with DMEM supplemented with 10% FBS. After 10–14 

days, adherent monolayers (<5% of the starting population) were rinsed and removed by 

mechanical scrapping without or with accutase. Cell viability was >90% by trypan blue 

exclusion and >90% were fibrocytes as routinely assessed using a BD LSR flow cytometer 

(BD Biosciences) (29).

Flow cytometry and cell sorting

Viable cells were gated and data analyzed by comparing signals to isotype controls using the 

FCS Expression software program (De Novo software, Ontario, CA). Cytometric cell sorting 

of GD-OF followed staining for 30 min at 4°C with fluorescein isothiocynate-conjugated 

anti-mouse CD34 mAb or its isotype. Washed cells were sorted under sterile conditions with 

a FACSAria III (BD Biosciences). GD-OF (mixed, pure CD34+, and pure CD34− subsets) 

were re-cultured for 48 h prior to their use in experiments.

RNA preparation and real-time PCR

Cellular RNA was extracted from monolayers with the Aurum ™ Total RNA Mini Kit (cat.# 

732-6820, Bio-RAD, Hercules, CA). RNA (2 µg) was reverse-transcribed and real-time PCR 

performed using an Applied Biosystems instrument with QuantiTect SybrGreen PCR kit 

(cat.# 204143, Qiagen, Frederick, MD). Primer sequences were: GAPDH; forward, 5’-

TTGCCATCAATGACCCCTTCA-3’, reverse, 5’-CGCCCCACT-TGATTTTGGA-3’, IL-6; 

forward, 5’-TGAGAAAGGAGACATGTAACAAGAGT-3’, reverse, 5’-

TTGTTCCTCACTACTCTCAAATCTGT-3’; Tg; forward, 5’-

GAGCCCTACCTCTTCTGGCA-3’, reverse, 5’-GAGGTCCTCATTCCTCAGCC-3’; AIRE; 

forward, 5’-CCCTACTGTGTGTGGGTCCT-3’, reverse, 5’-

ACGTCTCCTGAGCAGGATCT-3’. Primers for hSlit2 (cat.# PPH05968A), MHC-2 (cat.# 

PPH05538B), and TSHR (cat.# PPH02344C) were from QIAGEN. PCR values were 

generated against a standard curve and normalized to respective GAPDH signals.

Cell transfections

Gene promoter fragment activities were assessed by transfecting fibrocytes and GD-OF 

using the U-023 program of Nucleofector™ II instrument (LONZA, Allendale, NJ.) with the 

Amaxa™ human CD34 cell nucleofection kit (cat.# VPA-1003; LONZA). Gene promoter 

fragment sequences were: Slit2, −2414 to +556 nt; AIRE, −1200 to +1 nt (Dr. Part Peterson 

(Tartu); Tg, −181bp to +16bp (Professor Samuel Refetoff, Univ Chicago); ICA69, −1012 to 

+19 nt (A.L. Notkins, NIH). Slit2 knockdown was conducted by transfecting GD-OF with 

specific a targeting siRNA using methods we have described previously (10).

Depletion of Slit2 from GD-OF and CD34− OF CM

CM were generated by incubating parental GD-OF, pure CD34− OF, and CD34+ OF 

(control) for 48 h. These were then immune-adsorbed with rabbit anti-Slit2 Ab (Cat# 
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134166, Epitomic/Abcam) while anti-HSP47 and isotype-matched IgG were controls. 

Briefly, protein G magnetic beads were coated with Abs for 2 h, washed using a 

Dynamagnet × 3 and incubated with 500 µl CM overnight at 4C. Media were added to 

fibrocyte cultures and incubated for 7 d. Monolayers were lysed, RNA extracted, and 

cDNAs subjected to RT- PCR.

Slit2 chromatin immuneprecipitation (ChIP) assay

ChIP assays were performed with a Pierce Agarose ChIP kit following manufacturer’s 

protocol.

Statistics

Statistical significance was determined with the two-tailed Student’s t test. p<0.05 was 

considered statistically significant.

Results

Levels of constitutive AIRE, MHC-2, Tg, and TSHR expression and TSH-inducible IL-6 
diverge in fibrocytes and GD-OF

GD-OF comprise CD34+Col I+CXCR4+ OF and thus fulfill the criteria for fibrocytes (29). 

They are admixed with CD34−Col I−CXCR4− OF (13). The latter represent native 

residential OF. Despite the well-represented presence of CD34+ OF in GD-OF 

(approximately 50%), levels of AIRE, MHC-2, Tg, and TSHR are dramatically lower in 

GD-OF than in fibrocytes (Fig. 1A–1D; AIRE mRNA, 766 ± 4 vs 22 ± 5 (p<0.001); MHC-2 

mRNA, 323 ± 12 vs 2 ± 0.3 (p<0.001); Tg mRNA, 28 ± 1 vs 2 ± 0.3 (p<0.001); TSHR 

mRNA, 28 ± 2 vs 3 ± 0.6 (p<0.001). Similarly, the induction by bTSH (5 mIU/mL) of IL-6 

mRNA and protein was greater in fibrocytes compared to GO-OF (Fig. S1A and S1B, both 

p<0.001).

The potential for CD34− OF to express a factor(s) that modulates gene expression in CD34+ 

OF was explored by sorting GD-OF into pure CD34+ and CD34− subsets (Fig. 2A). Levels 

of the 4 protein-encoding transcripts are considerably higher in CD34+ OF than in CD34− 

OF (AIRE; 14-fold (p<0.001), MHC-2; 6-fold (p<0.001), Tg; 3-fold (p<0.01), and TSHR; 

12-fold (p<0.01) or parental GD-OF (AIRE; 3-fold (p<0.001), MHC-2; 2.5-fold (p<0.01), 

Tg; 2-fold (p<0.001) and TSHR; 8-fold (p<0.01). Further, the induction of IL-6 mRNA by 

bTSH is greater in CD34+ OF compared to CD34− OF 13-fold, p<0.001) and parental GD-

OF (7-fold, p<0.001) (Fig. S1C). Thus CD34− OF appear to generate a factor(s) attenuating 

protein expression in CD34+ OF and modulate the induction by TSH of IL-6.

The inhibitory factor appears to be soluble and is released from CD34− OF. CM generated 

from parental GD-OF, pure CD34+ OF and CD34− OF were used to cover fibrocyte 

monolayers for 5 d. Levels of AIRE, MHC-2, Tg, and TSHR mRNAs were substantially 

higher in fibrocytes incubated with CM from CD34+ OF compared to CM from either 

CD34− OF (AIRE; 13-fold (p<0.001), MHC-2; 4-fold (p<0.001), Tg; 16-fold (p<0.01) and 

TSHR; 5-fold (p<0.01) or parental GD-OF (AIRE; 13-fold(p<0.001), MHC-2; 3-fold 

(p<0.001), Tg; 7-fold (p<0.01), and TSHR; 2-fold (p<0.01) (Fig. 2B).
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A recent report indicated that Slit2 can block fibrocyte differentiation (26). Thus, 

determining whether Slit2 might play some role in altering gene expression repertoire in 

GD-OF and fibrocytes appeared potentially informative. CM from parental GD-OF and pure 

CD34− OF subsets was Slit2-depleted by immune-adsorption and used to cover fibrocytes. 

Slit2 depletion of these CM restored expression of AIRE (3-fold, p<0.01), MHC-2 (1.5-fold, 

p<0.01), Tg (2-fold, p<0.01), and TSHR (2.5-fold, p<0.05) compared to isotype-treated CM 

(Fig. 3A). Knocking down Slit2 expression in GD-OF with siRNA specifically targeting 

Slit2 substantially enhanced levels all four mRNAs (Fig. 3B, AIRE (3-fold, p<0.01), MHC-2 

13-fold, p<0.001), Tg (2-fold, p<0.01), TSHR (6-fold, p<0.001). These results imply that 

Slit2 generated by CD34− OF can modulate gene expression in fibrocytes and GD-OF.

GD-OF express basal and TSH-inducible Slit2

Several strains of GD-OF were examined for basal and TSH-inducible Slit2 mRNA. As Fig. 

4A demonstrates, Slit2 transcripts are essentially undetectable in untreated fibrocytes, levels 

that were not appreciably induced by bTSH. In contrast, Slit2 mRNA is constitutively 

expressed in GD-OF while bTSH (5 mIU/mL) induces Slit2 mRNA 75-fold (p<0.01) and 

protein in a time-dependent manner, peaking at 12 h (Fig.4B, 30-fold (p<0.001). Slit2 

expression by GD-OF localizes strongly to the CD34− OF subset (Fig. S2A). Conversely, 

levels of its cognate receptor, ROBO1, are higher in fibrocytes and CD34+ OF compared to 

CD34− OF (Fig. S2B).

To determine whether the cell-type selective Slit2 expression pattern resulted from divergent 

gene promoter activity, a 2970 bp fragment of the human Slit2 promoter (−2414 nt to +556 

nt) was cloned, fused to PGL3, and transfected into GD-OF and fibrocytes. Its activity was 

appreciably higher in GD-OF (180 ± 5.1) compared with fibrocytes (0.6 ± 0.1)(p<0.001, Fig. 

4C). Further, the promoter activity was considerably higher in pure CD34− OF compared 

with CD34+ OF (Fig.S2C, p<0.01). The upregulation of Slit2 expression by bTSH appears 

to be mediated by enhanced gene transcription. RNA Pol II occupancy was increased by 

bTSH in GD-OF after 2 h (21.63 ± 0.02 vs untreated control, 0.08 ± 0.01)(p<0.001, 22-fold 

difference, Fig. 4D). In addition, Slit2 mRNA is stabilized by bTSH (Fig. 4E, 31-fold 

difference, p<0.01) at 12 h. Thus the induction of Slit2 by bTSH is mediated through both 

transcriptional and post-transcriptional mechanisms

rhSlit2 down-regulates specific protein expression in fibrocytes

When added to the medium of differentiated fibrocytes, rhSlit2 (50ng/ml) fails to alter CD34 

display (Fig. S3) while reducing AIRE (52%, p<0.01), MHC-2 (73%, p<0.001), Tg (66%, 

p<0.01), and TSHR (69%, p<0.001) protein in fibrocytes (Fig. 5A) compared to untreated 

controls. rhSlit2 also attenuates the induction by bTSH at 6 h of AIRE (78%, p<0.01), Tg 

(51%, p<0.01), and TSHR (76%, p<0.01) (Fig.5B). The down-regulation of TSHR carries 

functional consequences. bTSH-dependent induction of IL-6 mRNA and protein are also 

reduced by Slit2 (mRNA, 65%, protein 37%, both p<0.01 versus control) and M22 (mRNA 

69%, protein 57%, both p<0.01) (Fig. S1D, S1E).

The mechanism through which rhSlit2 attenuates AIRE and Tg expression in fibrocytes was 

examined by transfecting cells with respective gene promoter/reporter constructs into control 
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and rhSlit2-treated cells (Fig.S4A). rhSlit2 dramatically down-regulated the activities of 

both promoter fragments (80.9% (p<0.01) and 67.5% (p<0.05), respectively). Slit2 failed to 

influence the activity of ICA69, suggesting specificity of these effects. In contrast, changes 

in AIRE mRNA and Tg mRNA stabilities do not account for the effects of Slit2 on levels of 

these proteins (Fig. S4B).

Discussion

Slit/ROBO pathways play what appear to be diverse regulatory roles in brain development, 

several other healthy tissues, and various forms of cancer (30). In the central nervous 

system, Slit2 governs the path in which axons from retinal ganglion cells must traverse and 

thereby restricts the tissues that are targeted within the embryonic diencephalon (31). These 

actions on neuronal guidance are mediated through Ca2+ dependent mechanisms (32). In 

glioma, Slit2 inactivates Cdc-42, a Rho GTPase, and in so doing inhibits cell migration (33). 

The actions of Slit2 are complex as a consequence of multiple intersections between Slit2/

ROBO1 and other pathways. This is exemplified by the relationship between miR-218 and 

its host gene, Slit2, in various forms of cancer (34). In some tissues, Slit2 has been found to 

antagonize VEGF (35).

The involvement of Slit2 in extra-neural processes is now being recognized. Its impact on 

immunity suggests a generally inhibitory influence that may modulate the inflammatory 

response. Slit2 and its orthologues appear to regulate the immune system and host defense. 

In monocytes, through its interactions with ROBO1, Slit2 inhibits monocyte chemotaxis and 

the stabilization of monocyte adhesion tethered to endothelium (36). Slit2 is upregulated 

during allergen sensitization and inhibits the migration of hapten-induced Langerhans cells 

in vitro and in vivo and in so doing, attenuates hypersensitivity responses (37). The Slit2/

ROBO1 pathway mediates stromal cell-derived factor-1-dependent repulsion of pathogenic 

T cells in pancreatic islet vascular endothelium (22).

Slit2 has been identified as a factor governing the participation of fibrocytes in lung fibrosis 

(26). Those earlier findings demonstrated that Slit2 can inhibit fibrocyte differentiation from 

monocytes. Further, Slit2 is expressed by fibroblasts surrounding fibrocytes in vivo at sites 

of tissue injury and dampens differentiation. In contrast, fibrotic tissues appear to express 

lower levels of the protein which may have been inadequate in holding fibrocyte 

differentiation in check. In contrast, the current studies examine the impact of Slit2 on 

fibrocytes following their differentiation by assessing the expression of specific genes 

relevant to TAO. The questions posed by the current line of inquiry concerns the activities of 

fibrocytes that have infiltrated the diseased orbit. We find that Slit2, encoded by a TSH-

inducible gene, is expressed selectively by CD34−OF and is responsible, at least in part for 

the divergence between the relatively high levels of AIRE, Tg, TSHR, and MHC-2 found in 

fibrocytes when compared to those in GD-OF (Fig. 1). The induction of Slit2 by TSH is 

mediated at both transcriptional and post-transcriptional levels and may underlie the well-

recognized activation of TAO in the clinical setting of poorly controlled thyroid hormone 

levels (38). The effects of rhSlit2 on Tg and TSHR expression on the other hand are 

mediated through changes in gene promoter activity. Thus, Slit2 can regulate the expression 

of genes directly implicated in the pathogenesis of TAO by influencing the two principal 
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orbital self-antigen candidates in GD and by lowering MHC-2 levels in fibrocytes. It is 

therefore possible that the actions of Slit2 may impose a modulatory effect on immune 

reactivity occurring in ocular GD. The impact of Slit2 on fibrocyte/T cell interactions is 

currently being investigated in our laboratory.

TAO is typically self-limited and dominated initially by inflammation associated with fat 

and muscle expansion (38). Mechanisms underlying the transition from active to stable 

disease have yet to be identified. Further, the question of why some patients with GD fail to 

develop TAO while others manifest sight-threatening disease remains uncertain. The unique 

attributes of fibrocytes and their presence in the TAO orbit strongly suggest their 

involvement in disease pathogenesis (10, 13). But whether they determine disease duration, 

amplitude, and severity has remained unexplored. We propose that an orbital factor(s), 

perhaps Slit2, might modulate the fibrocyte phenotype locally as they transition into CD34+ 

OF and could influence the behavior of these cells in situ. Fibrocytes activated by TSH and 

TSI generate remarkably high levels of several cytokines (39). The current findings 

demonstrate that Slit2 can markedly diminish the capacity of fibrocytes to generate 

proinflammatory cytokines such as IL-6 in response to TSH and M22. Thus the tissue 

context surrounding fibrocytes following their infiltration into the TAO orbit may determine 

their ultimate phenotype and thus their potential impact on tissue remodeling. A theoretical 

model of how Slit2 might regulate the participation of fibrocytes in the TAO orbit appears in 

Fig. 6. Our results may also have direct implications for other autoimmune diseases such as 

rheumatoid arthritis where fibrocytes have been detected in affected tissue (40). Examination 

of synovial fibroblasts in affected joint tissue for the generation of Slit2 might provide 

important insights into how fibrocytes are regulated in that disease process as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Higher levels of (A) autoimmune regulator protein (AIRE), (B) MHC Class II (MHC-2) (C) 

thyroglobulin (Tg), (D) thyrotropin receptor (TSHR) in fibrocytes than orbital fibroblasts 

from patients with Graves’ disease (GD-OF). Confluent cell layers were harvested and (left 

panels) RNA isolated, reverse-transcribed, and subjected to real-time PCR and (right panels) 

stained with the labeled antibodies for flow cytometry as described in the Methods section. 

mRNA data were normalized to their respective GAPDH levels and are expressed as the 

mean ± SD of triplicate determinations. MFI data: AIRE, fibrocytes, 813.35 ± 30.18 vs GD-

OF, 223.35 ± 31.2 (4-fold); MHC-2, fibrocytes, 490.56 ± 13.35 vs GD-OF, 18.73 ± 17.82 

(11,797-fold); Tg, fibrocytes, 965.97 ± 21.85 vs GD-OF, 14.35 ± 15.84 67-fold); TSHR, 

fibrocytes, 193.58 ± 24.2 vs GD-OF, 26.92 ± 18.82 (7-fold). Data from flow analysis denote 

fluorescence intensity compared with isotype controls. *** P<0.001. A total of three 

experiments were performed.
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Figure 2. 
(A) Expression pattern of AIRE, MHC-2, Tg, and TSHR in parental (mixed) GD-OF and 

pure CD34+ OF and CD34− OF subsets. Parental GD-OF strains were subjected to sham 

cytometric sorting or sorted into CD34+ OF and CD34− OF subsets and cultured for 3 d. (B) 

Conditioned media were generated by incubating GD-OF , CD34+ OF , and CD34− OF 

 in DMEM for 48 h. These media were then used to cover fibrocytes for 3 d. Monolayers 

were harvested, RNA extracted, reverse-transcribed and subjected to real-time PCR. Data 

are expressed as the mean ± SD of 3 independent replicates. Values were normalized to their 

respective GAPDH levels and are expressed as mean ± SD of triplicate determinations. *** 

p<0.001; ** p<0.01. Experiments were performed three times.
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Figure 3. 
(A) Depleting medium conditioned by GD-OF of Slit2 restores fibrocyte gene expression. 

(A) Conditioned media (CM) from GD-OF and CD34− OF were incubated with uncoated 

beads or beads coated with anti-Slit2 (100 µg), anti-HSP47 (100 µg), or isotype IgG (100 µg) 

as described in Methods. Fibrocyte monolayers were incubated with these media for 5 d. (B) 

Knocking down Slit2 with specific siRNA enhances gene expression in GD-OF. GD-OF 

were transfected with either scrambled (control) siRNA (3µg) or Slit2-specific siRNA (3µg) 

and incubated 3 d. RNA was extracted, reversed transcribed, and cDNAs subjected to real-

time PCR for the targets indicated. Values were normalized to their respective GAPDH 

levels and expressed as mean ± SD of triplicate determinations. *** p<0.001, ** p<0.01; * 

p<0.05. Experiments were performed three times.
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Figure 4. 
Slit2 is preferentially expressed in GD-OF compared to fibrocytes. It is a TSH-inducible 

protein as a consequence of increased gene transcription and mRNA stability. (A). Three 

strains of confluent fibrocytes and GD-OF remained untreated or were treated with bTSH 

(5mIU/ml) for 6 h, RNA extracted, reversed transcribed, and cDNA subjected to real-time 

PCR for Slit2. (B) Fibrocytes and GD-OF were treated with bTSH (5mIU/ml) for the graded 

intervals indicated along the abscissa. Medium was collected and subjected to a specific 

Slit2 ELISA as described in Methods. (C) A 2970 bp fragment of the human Slit2 gene 

promoter was cloned as described in Methods and transfected into fibrocytes and GD-OF. 

Cell layers were assayed for luciferase activity. (D) Confluent GD-OF were untreated or 

treated with bTSH for 2 h and subjected to a ChiP transcription assay as detailed in 

Methods. (E) GD-OF were pre-treated with bTSH for 2 h. All cultures were treated at time 

“0” with DRB (20 µg/mL) without or in the continued presence of bTSH for the intervals 

indicated along the abscissa. RNA was extracted, reverse transcribed, and subjected to real-

time quantitative PCR for Slit2. Values were normalized to their respective GAPDH levels. 

Slit2 ELISA, luciferase assay, and ChiP results were normalized to the respective protein 
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levels. Data were expressed as the mean ± SD of triplicate determinations. *** p<0.001,** 

p<0.01. Experiments were performed three times.
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Figure 5. 
rhSlit2 attenuates expression of AIRE, MHC-2, Tg and TSHR in fibrocytes. (A) Cultured 

PBMCs were treated with rhSlit2 (50ng/mL) for 7–9 d, fibrocyte monolayers were 

harvested, stained with the antibodies indicated and subjected to flow cytometric analysis. 

(B) Fibrocytes were untreated or treated with rhSlit2 and then some were treated with bTSH 

for 6 h, monolayers harvested, RNA was extracted, reverse-transcribed, and subjected to 

real-time PCR for the targets indicated. Values were normalized to their respective GAPDH 

levels and β-actin levels and are expressed as the mean ± SD of triplicate determinations. ** 

p<0.01. Experiments were performed three times.
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Figure 6. 
Theoretical model for the modulatory role of Slit2 on intra-orbital pathogenesis of TAO. 

When CD34− OF-derived Slit2 predominates, the inflammatory phenotype of CD34+ OF is 

down regulated and the patient with GD either fails to manifest TAO or the disease is mild 

(Left panel). When CD34+ OF dominates the fibroblast population and the impact of Slit2 is 

inadequate, TAO is severe (Right panel).
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