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Summary

Systemic sclerosis is an autoimmune idiopathic connective tissue disease,

characterized by vasculopathy, inflammation and fibrosis. There appears

to be a link between inflammation and fibrosis, although the exact nature

of the relationship is unknown. Serum amyloid A (SAA) is an acute-phase

protein that is elevated up to 1000-fold in times of infection or inflammation.

This acute-phase reactant, as well as being a marker of inflammation, may

initiate signals in a cytokine-like manner, possibly through toll-like

receptors (TLRs) promoting inflammation. This study addressed the role

of SAA in initiating interleukin-6 (IL-6) production in dermal fibroblasts

and the role of TLR2 in this system. We show that SAA induces IL-6

secretion in healthy dermal fibroblasts and that blockade of TLR2 with a

neutralizing antibody to TLR2 or specific small interfering RNA attenu-

ated the SAA-induced IL-6 secretion and that this was also mediated

through the TLR adaptor protein IL-1 receptor-associated kinase 4. The

effect is nuclear factor-jB-mediated because blockade of nuclear factor-jB

reduced the induction. We also demonstrate that dermal fibroblasts

express TLR2; this is functional and over-expressed in the fibroblasts of

patients with systemic sclerosis. Taken together these data suggest that

SAA is a danger signal that initiates IL-6 signalling in systemic sclerosis

via enhanced TLR2 signalling.

Keywords: danger signal; interleukin-6; serum amyloid A ; Toll-like recep-

tor 2.

Introduction

Systemic sclerosis (SSc) is a rare, debilitating autoimmune

disease characterized by inflammation, vascular dysfunc-

tion and fibrosis of the skin and internal organs leading

to premature morbidity and mortality.1,2 The disease is

unresponsive to most current therapeutics. The aetiology

of SSc is unknown but immunity appears to play a piv-

otal role as shown by the presence of an inflammatory

infiltrate in the affected dermis of patients,3 activation of

Toll-like receptors (TLRs)4 and an increase in the pres-

ence of inflammatory proteins such as cytokines, chemo-

kines and acute-phase proteins in the serum and affected

organs of SSc patients.5–9 Although it is known that acti-

vation of the immune system and inflammation precedes

fibrosis, the exact molecular mechanisms governing the

inflammation-driven fibrosis are still not elucidated.

Serum amyloid A (SAA) is an acute-phase protein that

has been shown to increase 1000-fold after infection or

injury.10–12 Usually synthesized and secreted by hepato-

cytes, which produce SAA in response to inflammatory

stimuli such as tumour necrosis factor-a, SAA has been

suggested to signal through multiple receptors including

receptor advanced glycosylated end products, formyl pep-

tide receptor like -1, CD36 and TLR2/4.13–16 That it

signals through the TLR pathway suggests that SAA is an

endogenous danger signal protein. The TLRs are germ-

line-encoded pattern recognition receptors that have

evolved to recognize conserved motifs in pathogens to

activate signalling pathways that lead to activation of the

innate immune system, which then directs adaptive

immunity. However, they can also recognize ‘endogenous’

molecules that are termed danger-associated molecular

pattern molecules (DAMPs). The DAMPs are important
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molecules released from dead or ‘stressed’ cells to initiate

signalling to promote sterile inflammation17 and include

a variety of molecules including mitochondrial DNA18

and various matrix molecules.17 TLR2 has recently

emerged as a receptor for danger signals. SAA has multi-

ple functions including transportation of cholesterol from

sites of inflammation,15 metabolism of high-density lipo-

proteins,11 induction of inflammatory cytokines16 and

granulocyte colony-stimulating factor,10 chemotaxis of

neutrophils,10 induction of fibroblast proliferation and

the proliferation of regulatory T cells.13 It is suggested

that the ‘lipid-poor’ form of SAA is pro-inflammatory.

Extra-hepatic synthesis of SAA can occur in synovial

fibroblasts and chronic elevation of SAA levels can

contribute to the pathogenesis of diseases16,19 including

rheumatoid arthritis (RA),20 Crohn’s disease15 and certain

cancers.21 Indeed, in RA, SAA levels correlate with

swollen joint counts and it has been demonstrated that

SAA can induce the proliferation of RA-fibroblast-like

synovial cells,20 and induce matrix metalloprotease

production and activation14 and cytoskeletal disassembly

in RA-fibroblast-like synovial cells.22 In SSc patients an

increase in SAA levels in the serum has been reported,8

although the mechanisms by which SAA could contribute

to pathogenesis of disease have not been investigated.

In SSc patients it is postulated that inflammatory medi-

ators such as interleukin-6 (IL-6) and tumour necrosis

factor-a promote the activation and proliferation of fibro-

blasts, resulting in excessive accumulation of extracellular

matrix components, particularly collagen 1A1.23 Here, we

demonstrate that stimulation of dermal fibroblasts with

SAA results in the induction of IL-6 by these cells. We

also show that TLR2 is expressed on dermal fibroblasts

and illustrate that SAA signals via this receptor to induce

IL-6 production in an IL-1 receptor-associated kinase 4

(IRAK4) and nuclear factor-jB (NF-jB) -dependent

manner. Furthermore, SSc dermal fibroblasts have ele-

vated TLR2, which enhances SAA signalling.

Methods

Cell culture

Local ethics approval was granted by the Tyneside research

ethics committee code 10/H0906/22. Healthy primary der-

mal fibroblasts, SSc dermal fibroblasts (n = 3 separate

donors) and IRAK4-deficient fibroblasts were isolated from

skin biopsies (4 mm) using the skin explant method as pre-

viously described24 and cultured in 75-cm2 culture flasks in

RPMI-1640 medium (Sigma-Aldrich, Poole, UK) supple-

mented with heat-inactivated 10% fetal calf serum (FCS), L-

glutamine (2 mM), penicillin (100 U/ml) and streptomycin

(100 lg/ml) (all Sigma) in an incubator at 5% CO2 at 37°.
Dermal fibroblasts were also isolated from an IRAK4-defi-

cient patient (as described in ref. 4). This patient has a

mutation in the IRAK4 gene in exon 8 that leads to no

IRAK4 protein expression. This patient has increased sus-

ceptibility to Gram-positive bacterial infections.

Stimulation of fibroblasts with A-SAA and inhibition of
TLR2

Dermal fibroblasts from healthy controls (HC) and the

IRAK4-deficient patient were trypsinized and seeded on a

24-well plate at a cell density of 1 9 105 cells/well until

confluent. Confluent dermal fibroblasts were washed with

sterile PBS (Sigma) and serum starved for 24 hr in serum-

free RPMI-1640 medium (Sigma-Aldrich) at 5% CO2 at

37° before stimulation with acute serum amyloid A-1

(A-SAA-1) (Peprotech, Rocky Hill, CT) at concentrations

of 1–10 lg/ml for 24 hr. Recombinant A-SAA amino acid

sequence corresponds to the sequence of SAA 1a isotype,

with the exception of the addition of Met at the N termi-

nus, substitution of Asp for Asn at position 60, and substi-

tution of His for Arg at position 71. According to the

manufacturer the endotoxin level of A-SAA is < 0�1 ng/ll.
For TLR signalling inhibition experiments, dermal

fibroblasts were incubated for 1 hr with neutralizing anti-

TLR2 antibody (clone T2.5; eBioscience, San Diego, CA)

or a matched IgG isotype control (clone P3.6.2.8.1; eBio-

science) both at a concentration of 1 lg/ml before treat-

ment with A-SAA 10 lg/ml (Peprotech) for 24 hr. In

addition, dermal fibroblasts were pre-incubated for 2 hr

with an inhibitor of NF-jB kinase 2 (IKK2) inhibitor

300 nM (EMD Millipore; Billerica, MD) and subsequently

exposed to A-SAA 10 lg/ml stimulation.

Small interfering Rna (siRNA) was employed to knock-

down TLR2 using 100 nM siRNA TLR2 smartpool (Dharm-

acon, Lafayette, CO) transfected with Dharmafect 1

(Thermo Scientific, London, UK) transfection reagent or

non-targeting control. Twenty-four hours following trans-

fection, the transfection reagent containing medium was

removed and SAA 10 lg/ml was added to the cultures.

ELISA

After 24 hr of SAA stimulation, cell culture supernatants

were collected and IL-6 (in-house as previously described 25)

concentration was determined by ELISA. The ELISAs

were developed using o-phenylenediamine dihydrochlo-

ride substrate (Sigma-Aldrich) at room temperature.

Samples were analysed in duplicate and fluorescence was

measured on a Tecan plate reader at 490 nm.

Western blot

Cells were cultured in serum-free medium before the incu-

bation with SAA (10 lg/ml) for 30 min, 1 hr or 2 hr, cells

were harvested in lysis buffer and run on a 10% SDS–
PAGE. Proteins were transferred to a nitrocellulose mem-
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brane, blocked and probed with anti-phosphoP65 NF-jB
(Cell Signalling, London, UK) 1 : 1000 and re-probed for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Ab-

cam, Cambridge, UK) 1 : 100 000 as a loading control for

total protein.

Flow cytometry

Healthy dermal and SSc fibroblasts and U937 monocytoid

cells were analysed for TLR2 expression by flow cytome-

try. Cells were resuspended and incubated for 30 min

with mouse anti-human TLR2 antibody (clone T2.5;

eBioscience) at 1�25 lg/ml in PBS on ice for 30 min

before washing three times and incubation with Alexa

Fluor 488 goat anti-mouse IgG antibody (Invitrogen,

Paisley, UK) for 30 min. Cells were then analysed using a

BDLSRII cytometer and analysed using FLOWJO analysis

software. Mean fluorescence intensity (MFI) was calcu-

lated by subtracting the ‘secondary only stained’ MFI

from the ‘TLR2-stained’ MFI.

HEK293 BLUE reporter assays

HEK293 BlueTM (Invivogen, Paisley, UK) are HEK293 cells

stably transfected with either TLR2 or TLR4 receptors and

have an NF-jB reporter system that secretes secreted

embryonic alkaline phosphotase (SEAP) into the media fol-

lowing induced activation. HEK293 cells were harvested

and cultured in a 96-well plate at 100 000 cells/well in

complete medium overnight. The medium was removed

and replaced with FCS-free complete medium containing

nothing else (Control), or FCS-free complete medium with

SAA (10 lg/ml) or heat-killed Listeria monocytogenes

(HKLM) (108 cells/ml), a natural agonist of TLR2. In some

experiments a neutralising antibody to TLR1 mouse mono-

clonal antibody (1 lg/ml) (Invivogen) was added to the

HEK TLR2 Blue cells to block TLR1 signalling. After 24 hr

in culture the medium was removed and released SEAP

was measured on a Tecan plate reader at 620 nm. In the

case of TLR4-HEK293 cells the positive control was

100 ng/ml of pure lipopolysaccharide (LPS) reconstituted

in ultrapure water (Invivogen).

Transfection experiments

HEK-TLR2 cells were transfected with DNA fragments of

the 3X NF-jB cloned downstream of the luciferase plas-

mid in a pGL2-basic vector at a final concentration of

300 ng using 1�5 ll of Fugene HD (Promega, Southamp-

ton, UK) transfection reagent per well of a 24-well plate.

Renilla plasmid at a final concentration of 30 ng was used

to normalize transfection efficiency. Twenty-four hours

after transfection, cells were stimulated with SAA (10 lg/ml)

or HKLM (108 cells/ml) for an additional 6 hr. Following

stimulation, assays for reporter gene activity were per-

formed according to Promega’s Dual-luciferase protocol

and analysed using a Glomax multi-detection system

(Promega). A dominant negative IjB-a plasmid described

previously,26 was also co-transfected with NF-jB lucifer-

ase reporter and renilla to normalize transfection efficacy,

this plasmid acts as a repressor of NF-jB activity.

Twenty-four hours after transfection, cells were stimu-

lated with SAA (10 lg/ml) for an additional 6 hr and

reporter activity was determined.

Quantitative RT-PCR

Healthy and diseased dermal fibroblasts were cultured and

then harvested, RNA was isolated using TRizol according

to the manufacturer’s instructions and 1 lg of RNA was

DNAse treated and reverse transcribed to cDNA using

reverse transcriptase (Invitrogen). In some experiments

healthy dermal fibroblasts were incubated with Trichosta-

tin A (500 ng/ml) or DMSO vehicle control 0�01% (v/v).

Quantitative RT-PCR was performed using SYBRTM green

(Sigma-Aldrich) in triplicate using primers detailed in

Table 1. Relative differences were calculated normalized to

18S by the comparative threshold cycle method.

Statistical analysis

Data are presented as mean � SEM. Differences between

groups were analysed using either an unpaired Student’s

t-test or two-way analysis of variance. A P < 0�05 was

considered statistically significant.

Results

Serum amyloid A induces IL-6 in a dose-dependent
manner

It has previously been demonstrated that SAA can induce

the production of pro-inflammatory cytokines in specific

cell types including synovial fibroblasts from patients with

Table 1. Primers used in this study

Gene Primer forward Primer reverse Annealing temp °

TLR2 50-TGCTTTCCTGCTGGAGATTT-30 50-TGTAACGCAACAGCTTCAGG-30 54

TLR4 50-TGGACAATTTGGGCTAGAGG-30 50-GATCCCAGCCATCTGTGTCT-30 56

18S 50 CGA ATG GCT CAT TAA ATC AGT TAT GG-30 50 TAT TAG CTC TAG AAT TAC CAC AGT TAT CC-30 55
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RA. Here, we examined the role of SAA in inducing IL-6

secretion in dermal fibroblasts. Healthy dermal fibroblasts

were stimulated with SAA (0�5–10 lg/ml) for 24 hr

before cell-free supernatants were analysed for IL-6 levels

by ELISA. As shown in Fig. 1(a), SAA induces IL-6 pro-

duction in dermal fibroblasts in a dose-dependent man-

ner, with 10 lg/ml being the optimum concentration for

IL-6 secretion. Concentrations of SAA above this platea-

ued (data not shown). Boiling the recombinant protein

abolished the induction of IL-6. HKLM was also tested as

a positive control and this was slightly more effective at

IL-6 induction than 10 lg/ml SAA.

Serum amyloid A induction of IL-6 is mediated by
IRAK4 and TLR2

Next, we sought to determine if SAA signalling is facili-

tated through TLR2 to induce IL-6 production. After

stimulation of TLR by a TLR ligand signalling usually

occurs via the MyD88-dependent pathway.27 Signalling

via this pathway requires the activation of the protein

kinase IRAK4. Using dermal fibroblasts isolated from a

patient deficient in the IRAK4 protein, due to a genetic

defect, and healthy controls we determined the role of

IRAK4 in SAA stimulation and subsequent IL-6 expres-

sion. As shown in Fig. 1(b), stimulation of dermal fibro-

blasts with SAA (10 lg/ml) resulted in a significant

increase in IL-6 production, whereas there was no

change in IL-6 secretion in IRAK4-deficient fibroblasts

after stimulation with SAA (10 lg/ml) (P ≤ 0�05) or

stimulated with the positive control HKLM. Therefore,

IRAK4 is a critical downstream mediator of SAA-

induced effects.

Because it has been shown that TLR2 mediates the

effects of SAA in another experimental system we used an

anti-human neutralizing antibody to TLR2 to see if the

effects of SAA addition were mediated by TLR2. As

Fig. 2(a) demonstrates, SAA incubation results in induc-

tion of IL-6; however, co incubation of an anti-TLR2

antibody at a concentration of 1 lg/ml results in reduc-

tion of SAA-induced IL-6 (P ≤ 0�05). Incubation with a

matched isotype control antibody at the same concentra-

tion (1 lg/ml) did not lead to a significant reduction of

IL-6 production. We further used specific validated TLR2

siRNA to knockdown TLR2 and as Fig. 2(b) demon-

strates siRNA of TLR2 leads to a significant reduction of

SAA-induced IL-6; however, non-targeting siRNA does

not lead to a reduction (P ≤ 0�05). Figure 2(c) shows the

efficacy of the TLR2 knockdown.

Interleukin-6 induction by SAA is NF-jB dependent

Stimulation of TLRs via the MyD88-dependent pathway

results in the activation of the central transcription fac-

tor NF-jB, downstream of IRAK4. It has previously

been demonstrated that stimulation of TLR2 induces

NF-jB activation and subsequent IL-6 expression and

secretion in dermal fibroblasts. To determine if NF-jB
activation is required in IL-6 secretion following SAA

stimulation in dermal fibroblasts, we blocked NF-jB
activation by pre-treatment of healthy dermal fibroblasts

for 2 hr with an IKK-2 inhibitor before stimulation with

SAA (10 lg/ml). As shown in Fig. 3(a) we confirmed

that SAA-stimulated IL-6 induction by SAA is dependent

on NF-jB activation as blockade of NF-jB significantly

attenuated IL-6 production (P ≤ 0�05). 3-(4,5-dimethyl-

thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium (MTS) assay demonstrated no increase
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Figure 1. Serum amyloid A (SAA) stimulates interleukin-6 (IL-6)

secretion in dermal fibroblasts (a) Healthy dermal fibroblasts were

cultured with increasing concentrations of recombinant SAA and

heat-killed Listeria monocytogenes (HKLM) as a positive control and

after 24 hr the supernatant was removed and measured for IL-6 by

ELISA. (b) Healthy or IRAK4 deficient fibroblasts were incubated

with 10 lg/ml SAA for 24 hr after which the supernatant was

removed and IL-6 was measured by ELISA. Data are the mean and

SEM are the error bars (n = 5).*P ≤ 0�05.
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Figure 2. Serum amyloid A (SAA) -induced

interleukin-6 (IL-6) production is mediated via

Toll-like receptor 2 (TLR2). (a) Healthy der-

mal fibroblasts were cultured in the presence

of SAA (10 lg/ml) or SAA plus a neutralizing

antibody to TLR2 (1 lg/ml) or anti-TLR2

alone (1 lg/ml) or isotype-matched control

and SAA. After 24 hr incubation the superna-

tants were removed and IL-6 was quantified by

ELISA. (b) Healthy dermal fibroblasts were

transfected with dharmfect1 reagent and spe-

cific siRNA for TLR2 (100 nM) was validated

for 24 hr after which time the medium was

replaced and incubated with or without SAA

(10 lg/ml) for 24 hr and the supernatants

were removed and IL-6 was quantified by

ELISA. Data are the mean and SEM are the

error bars (n = 3). *P ≤ 0�05. (c) TLR2 expres-

sion in dermal fibroblasts after small interfer-

ing RNA (siRNA; 100 nM) for non-targeting

control or specific TLR2 siRNA 24 hr after

transfection. Data are normalized to 18s and

non-targeting control siRNA was set as the cal-

ibrator. Data are the mean and SEM are the

error bars (n = 4). *P ≤ 0�0001.
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Figure 3. Serum amyloid A (SAA) induction of interleukin-6 (IL-6) is NF-jB dependent. (a) Healthy dermal fibroblasts were cultured in the

presence of SAA (10 lg/ml) or pre-treated with NF-jB inhibitor (300 nM) for 2 hr or NF-jB inhibitor alone or DMSO vehicle control for 24 hr,

after which the supernatants were removed and IL-6 was quantified by ELISA. (b) Healthy dermal fibroblasts were co-transfected with both NF-

jB luciferase reporter construct (300 ng) and also a ‘dominant negative’ IjBa plasmid and renilla. After 24 hr the cells were then incubated with

SAA and cells were analysed for luciferase reporter activity. Data were normalized to renilla and shown as a ratio. Data are the mean with SEM

as the error bars (n = 4). (c). Representative immunoblot of phosphorylated P65 NF-jB after SAA stimulation up to 2 hr. GAPDH is used as a

loading control (n = 4). *P ≤ 0�05.
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in cell death with the incubation of the IKK-b inhibitor

(data not shown). We also employed the use of an NF-

jB ‘super repressor’; this is a dominant negative inhibi-

tor of NF-jB and co-transfection of this with the NF-

jB luciferase plasmid resulted in a significant inhibition

of luciferase activity following SAA stimulation in TLR2

over-expressing HEK293 cells (P = 0�03) (Fig. 3b). Fig-

ure 3(c) demonstrates that SAA induces phosphorylation

of the P65 subunit of NF-jB with maximal phosphory-

lation at 1 hr after stimulation in dermal fibroblasts.

TLR2 is expressed on dermal fibroblasts

As SAA has been speculated to bind and stimulate via

TLR2,15 the expression of TLR2 by healthy dermal fibro-

blasts was analysed using flow cytometry. As shown in

Fig. 4(a), TLR2 was expressed on approximately 46% of

healthy unstimulated dermal fibroblasts. Figure 4(b)

shows elevated TLR2 expression on SSc dermal fibroblasts

from one patient compared with control. Healthy CD14+

monocytes were included as a positive control and are

shown in Fig. 4(c). Figure 4(d) shows the mean MFI for

TLR2 expression between healthy and SSc patients. SSc

dermal fibroblasts have significantly elevated expression

of TLR2.

SAA activates TLR2 but not TLR4

To confirm that SAA was binding to and activating

TLR2, experiments where performed using a reporter cell

line that produces a secreted alkaline phosphatase when

NF-jB is activated in response to ligand stimulation in

TLR2-transfected HEK293 cells. Figure 5(a) shows the

secreted SEAP absorbance at 620 nm which is linked to

the activation of TLR2. This figure demonstrates that

control untreated cells do not secrete appreciable SEAP

but following SAA incubation they do secrete SEAP as

effectively as the natural TLR2 ligand heat-killed bacteria,

which served as a positive control. Because these cells also

express TLR1 basally we also pre-incubated with a neu-

tralising antibody to TLR1 (1 lg/ml) to inhibit TLR1 sig-

nalling. This demonstrated no inhibition of SAA-induced

SEAP activity in the HEK293 TLR2 cells. We also used

TLR4-transfected HEK293 cells with the same reporter

system to examine if SAA or an accompanying contami-

nant such as LPS was activating TLR4. Incubation of SAA

to these TLR4-transfected HEK293 cells did not induce

any SEAP activity compared with control or that seen

with LPS (the natural ligand of TLR4) (Fig. 5b). Blockade

of NF-jB with a specific inhibitor led to a reduction in

SEAP activity in the TLR2 and SAA-stimulated reporter

cells (P ≤ 0�05). Figure 5(c) demonstrates that after 4 hr
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Figure 4. Healthy dermal fibroblasts express

Toll-like receptor 2 (TLR2). (a) Representative

histogram for TLR2 after staining with an anti-

TLR2 antibody or primary antibody omitted

and analysed using a BDLSRII cytometer

(n = 5). (b). Representative histogram from

one systemic sclerosis (SSc) patient and control

stained with TLR2 antibody or primary anti-

body omitted. (c). Positive control for TLR2

staining representative histogram using U937

monocyte cell line, blue line is the secondary

antibody alone. (d). Mean fluorescence inten-

sity (MFI) of TLR2 expression from healthy

and control dermal fibroblasts. MFI was calcu-

lated by subtracting the secondary only stain-

ing MFI from the TLR2 antibody staining.

Data are the mean and SEM are the error bars

(n = 3). *P ≤ 0�05 control versus SSc
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of stimulation with SAA NF-jB was activated using a

reporter system transfected into the HEK TLR2-express-

ing cells.

TLR2 gene expression in SSc dermal fibroblasts is
elevated

We then decided to examine the mRNA expression of

TLR2 from both healthy and SSc dermal fibroblasts

derived from three donors using quantitative RT-PCR

with specific TLR2 primers. Quantitative RT-PCR

revealed that SSc dermal fibroblasts expressed a mean 18-

fold (2�1) higher expression of TLR2 compared with

healthy dermal fibroblasts. Furthermore, incubation with

Trichostatin A, a broad-spectrum histone deacetylase

inhibitor, in healthy dermal fibroblasts elevated TLR2

expression 5�6-fold compared with DMSO-treated control

cultures (0�01% v/v) see Fig. 6(a) (upper panel). How-

ever, TLR4 expression did not change with TSA treatment

(Fig. 6a lower panel). This indicates that acetylation is

important in the regulation of TLR2 mRNA expression.

However, incubation of SSc dermal fibroblasts with TSA

did not result in up-regulation of TLR2, as opposed to

healthy dermal fibroblasts (Fig. 6b). We also did not

observe up-regulation of TLR2 by chronic exposure to

hydrogen peroxide to mimic the oxidative stress seen in

SSc due to both hypoxia and lymphocyte infiltration.28

Enhanced responsiveness of SSc fibroblasts to SAA

Dermal fibroblasts from Ssc patients where isolated and

incubated with SAA (10 lg/ml) along with fibroblasts

from healthy controls and levels of IL-6 were measured.

This revealed that SSc fibroblasts have both a higher con-

stitutive level of IL-6, comparable to control cultures trea-

ted with SAA (Fig. 6c). (P ≤ 0�05) and can further be

induced by SAA to produce IL-6.

Discussion

Serum amyloid A is an acute-phase protein which has

been found to be increased in SSc,8 RA22 and certain solid

cancers21 and which is the precursor of insoluble amyloid

found in amyloidosis. Levels of SAA increase up to a

1000-fold after infection or injury and as such it is an

acute-phase protein and is used as a biomarker in many

chronic diseases. SAA has been shown to signal via multi-

ple receptors including TLR2, TLR4 and formyl peptide

receptor-like 1 to induce a variety of functions including

pro-inflammatory cytokine secretion, the metabolism of

high-density lipoproteins and transport of cholesterol.29

In RA an increase in SAA has been shown to induce cyto-

skeletal rearrangement22 and the production of matrix

metalloproteases,14 and in gout SAA is thought to be

involved in activation of the inflammasome.19 However,
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Figure 5. Serum amyloid A (SAA) activates

Toll-like receptor 2 (TLR2) as effective as the

natural ligand but does not activate TLR4. (a)

HEK293 TLR2 reporter cells stably expressing

TLR2 were cultured and then treated with

medium alone, SAA (10 lg/ml) or heat-killed

Listeria monocytogenes (HKLM), or SAA and

neutralizing antibody to TLR1 (1 lg/ml) or

SAA and matched isotype control antibody

(1 lg/ml) or pre-treated with a nuclear factor-

jB (NF-jB) inhibitor (300 nM) and SAA for

24 hr after which the supernatant was mea-

sured for SEAP absorbance (620 nm). (b)

HEK293 TLR4 reporter cells were cultured and

incubated with SAA or lipopolysaccharide

(LPS) as a positive control for 24 hr after

which time the supernatant was measured for

SEAP absorbance (620 nm). Data are the mean

and SEM are the error bars (n = 4). (c).

HEK293 TLR2 cells were transfected with

500 ng of NF-jB plasmid carrying luciferase

and also renillla after which they were exposed

to SAA (10 lg/ml) or HKLM for 4 hr and

then relative luciferase activity was determined

and normalised to renilla (n = 3). *P ≤ 0�05
untreated versus SAA treated. P ≤ 0�05
untreated versus HKLM treated.
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the functional effect of the increase of SAA levels in SSc

patients is, to date, unknown. This study examined the

role of SAA in signalling in dermal fibroblasts. SAA was

demonstrated to induce IL-6, a pro-inflammatory

cytokine that is known to be involved in disease progres-

sion in SSc patients, and this is mediated via the IRAK4

signalling pathway, suggesting a role of SAA in SSc

pathogenesis.

First, we demonstrated that SAA induces IL-6 produc-

tion in healthy dermal fibroblasts. Interleukin-6 is a criti-

cal cytokine in mediating multiple immune responses,

but is also critical in multiple diseases including RA and

SSc. Levels of IL-6 are increased in SSc serum30 and

PBMCs from SSc patients have enhanced production of

IL-6 compared with healthy controls.31 In SSc IL-6 levels

correlate with the Rodnan skin score and predict worse

outcome. Furthermore, we and others have shown that

IL-6 mediates an increased expression of collagen I in

dermal fibroblasts and that this is facilitated by the intra-

cellular transcription factor signal transducer and activator

of transcription 3.23 Blockade of signal transducer and

activator of transcription 3 with the use of a small mole-

cule inhibitor results in attenuation of the IL-6-induced

collagen I expression.23 Furthermore, in an animal model

of cardiac fibrosis, blockade of IL-6 signalling attenuated

collagen synthesis and cardiac fibrosis.32

The innate immune system, specifically TLRs, has been

implicated to play a role in the initiation and progression

of disease in SSc patients. We therefore sought to deter-

mine a role for SAA signalling, via the MyD88-dependent

pathway and NF-кB activation, in the activation of der-

mal fibroblasts. MyD88 is an adaptor protein required for

signalling associated with TLRs. Previously, TLR1–9
mRNA expression has been demonstrated in dermal

fibroblasts ex vivo and may contribute to fibrogenesis.33

Here, we confirm, for the first time, the novel observation

that TLR2 is expressed on the plasma membrane of

healthy dermal fibroblasts. We also confirmed that the

functional effects of SAA on dermal fibroblasts are deter-

mined by TLR signalling as fibroblasts isolated from a

DM
SO ve

hic
le

co
nt

ro
l

TSA 
0

2

4

6

8

T
LR

2 
m

R
N

A
 fo

ld
 c

ha
ng

e/
18

s

DM
SO ve

hic
le

co
nt

ro
l

TSA 
0·0

0·5

1·0

1·5

T
LR

4 
m

R
N

A
 fo

ld
 c

ha
ng

e/
18

s

Con
tro

l u
nt

re
at

ed

Con
tro

l S
AA

SSc u
nt

re
at

ed
 

SSc S
AA 

0

200

400

600

800

IL
-6

 [p
g/

m
l]

DM
SO ve

hic
le

co
nt

ro
l

TSA 
0·0

0·5

1·0

T
LR

2 
m

R
N

A
 fo

ld
 c

ha
ng

e/
18

s

(a)

(c)

(b)

Figure 6. Healthy dermal fibroblasts up-regulate Toll-like receptor 2 (TLR2) in response to acetylation and systemic sclerosis (SSc) fibroblasts

have higher levels of interleukin-6 (IL-6). Healthy dermal fibroblasts were cultured with vehicle control DMSO (0�01%) or TSA (500 ng/ml) for

16 hr after which time the RNA was harvested and quantiative RT-PCR was performed with TLR2-specific primers and 18S-specific primers and

the data were normalized to 18S and compared with DMSO vehicle control (a, upper panel). Lower panel is the data for TLR4. (b) SSc dermal

fibroblasts were cultured with vehicle control DMSO (0�01%) or TSA (500 ng/ml) for 16 hr and quantitative RT-PCR was performed with

TLR2-specific primers and 18S-specific primers and the data were normalized to 18S and compared with DMSO control. (c) Healthy and SSc

dermal fibroblasts were cultured with or without the addition of serum amyloid A (SAA) (10 lg/ml) for 24 hr after which time the supernatants

were removed and IL-6 was quantified by ELISA. Data are the mean and SEM with error bars (n = 3). *P ≤ 0�05. Control SAA versus SSc

untreated is not significant. The rest are significant as indicated.
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patient deficient in IRAK4, a critical downstream media-

tor of TLR signalling, did not respond to SAA stimulation

with the production of IL-6. We also used an anti-human

neutralizing antibody to TLR2 to determine if SAA-medi-

ated IL-6 secretion was facilitated by TLR2. Our data

confirm this to be the case. Stimulation of TLR can

induce activation of the transcription factor NF-jB, in

our study we determined that SAA’s affects were depen-

dent on NF-jB activation because inhibition of this tran-

scription factor resulted in a decrease in IL-6 production.

NF-jB is a family of transcription factors that controls

the transcription of various pro-inflammatory genes and

is activated by TLR ligation and lies downstream of

IRAK4. Hence, the TLR2-mediated effects are dependent

on NF-jB. A polymorphism has been described in the

NF-jB locus as conferring risk in SSc. We also demon-

strated using a reporter cell line that stably expresses

TLR2 and is linked to an NF-jB reporter that secretes

SEAP into the medium that SAA is an endogenous ligand

for TLR2. However, using the same reporter system for

TLR4 we could not see an increase in activation (but LPS

does). Hence, SAA does not signal through TLR4 to acti-

vate NF-jB. Furthermore, we also used a neutralizing

antibody to TLR1, which is expressed by the HEK293

TLR2 cells, this did not reduce the SAA-induced reporter

activity in these cells. TLR2 can dimerize with TLR1 to

elicit signalling but we demonstrate that this is not neces-

sary to elicit IL-6 production in our system.

That the SAA can bind and stimulate TLR2 to induce

pro-inflammatory cytokine production via NF-jB sug-

gests that SAA is a ‘danger signal’ and functions as a

DAMP. HMGB-1 is a non-histone nuclear protein that

in damaged cells is released and binds TLR2 and acts as

a danger signal34 and has been demonstrated to promote

pro-inflammatory cytokine secretion in synovial fibro-

blasts.35 SAA has been shown to activate the ‘inflamma-

some’ via TLR4.36 Hyaluron, an extracellular matrix

molecule, has also been suggested to be a danger signal,

regulating tissue repair processes37 and the list of

DAMPs is growing and now includes mitochondrial

DNA.18 We also demonstrated elevated levels of TLR2

transcript by quantitative RT-PCR in SSc patient’s

dermal fibroblasts and protein expression. This indicates

that they have increased levels of the putative receptor

and therefore maybe more responsive to the ligand SAA

and that incubation with a broad-spectrum histone de-

acetylase inhibitor TSA at sub-toxic concentrations ele-

vated the mRNA levels of TLR2, but not TLR4 mRNA

levels, indicating a specific effect. However, incubation

of SSc dermal fibroblasts with TSA did not result in up-

regulation of TLR2 expression, we interpret this finding

as showing that the level of TLR2 in these diseased fi-

broblasts is maximal and cannot be increased. This indi-

cates that epigenetic mechanisms exist to regulate TLR2.

Acetylation is a critical mechanism for the regulation of

many transcription factors. Acetylation of histones is

important for relaxing the chromatin structure promot-

ing gene expression. Li et al.38 recently demonstrated

that acetylation regulates TLR2 expression in THP-1

cells, a monocytic cell line. We do not identify if the

acetylation of the TLR2 promoter is the mechanism

underlying the increase here but this could be the mech-

anism. A polymorphism in TLR2 conferring risk in SSc

has been described recently and was associated with

elevated IL-6 secretion.39 We demonstrated that SSc fibro-

blasts have an elevated constitutive expression of IL-6

and respond to SAA. This suggests that the elevated

TLR2 levels are enhancing signalling mediated by SAA

in vivo. SAA is similar to C-reactive protein, which is

also known to be elevated in SSc and often correlates

with skin thickness.40 It has been demonstrated previ-

ously that SAA can signal through TLR2 in neutrophils;

however, this is the first report of SAA signalling

through TLR2 in dermal fibroblasts and so represents a

highly novel finding.

Synthesis outside of hepatic synthesis and secretion of

SAA has been reported before in synovial explant tissue

from patients with RA and also by intestinal epithelial

cells.41 It is suggested in SSc that the initial insult is in

the vasculature and that this may lead to cell death of the

endothelium.42 This cell death via necrosis may lead to

the release of the endogenous ‘danger signal’ SAA, which

will act on neighbouring cells to initiate a pro-inflamma-

tory cascade, ultimately leading to the release of cyto-

kines. These locally released cytokines may lead to the

increased inflammatory environment so enhancing and

perpetuating tissue fibrosis. Targeting TLR2 with thera-

peutic antibodies may be a novel treatment. TLR2 knock-

out mice are protected from pulmonary fibrosis induced

by bleomycin.43 It is of interest that OPN301, a human

anti-TLR2 antibody, has been used to inhibit spontane-

ous pro-inflammatory cytokine release from synovial

explants.44
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