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IL-17A and TNF synergistically drive expression of
proinflammatory mediators in synovial fibroblasts via
IxB{-dependent induction of ELF3

Vesa-Petteri Kouri ® 23, Juri Olkkonen'-2, Katariina Nurmi ® 2, Nitai Peled"?,
Mari Ainola ® "2, Jami Mandelin"?*, Dan C. Nordstrém™"*** and
Kari K. Eklund*?®¢*

Abstract

Objective. IL-17A and TNF act in synergy to induce proinflammatory mediators in synovial fibroblasts thus contribu-
ting to diseases associated with chronic arthritis. Many of these factors are regulated by transcription factor E74-like
factor-3 (ELF3). Therefore, we sought to investigate ELF3 as a downstream target of IL-17A and TNF signalling and to
characterize its role in the molecular mechanism of synergy between IL-17A and TNF.

Methods. Regulation of ELF3 expression by IL-17A and TNF was studied in synovial fibroblasts of RA and OA
patients and RA synovial explants. Signalling leading to ELF3 mRNA induction and the impact of ELF3 on the re-
sponse to IL-17A and TNF were studied using siRNA, transient overexpression and signalling inhibitors in synovial
fibroblasts and HEK293 cells.

Results. ELF3 was marginally affected by IL-17A or TNF alone, but their combination resulted in high and sustained ex-
pression. ELF3 expression was regulated by the nuclear factor-xB (NF-«xB) pathway and CCAAT/enhancer-binding protein
$ (C/EBPB), but its induction required synthesis of the NF-«xB co-factor 1xB (inhibitor of NF-«xB) {. siRNA-mediated deple-
tion of ELF3 attenuated the induction of cytokines and matrix metalloproteinases by the combination of IL-17A and TNF.
Overexpression of ELF3 or IkB{ showed synergistic effect with TNF in upregulating expression of chemokine (C-C moitif)
ligand 8 (CCL8), and depletion of ELF3 abrogated CCL8 mRNA induction by the combination of 1kB{ overexpression and
TNF.

Conclusion. Altogether, our results establish ELF3 as an important mediator of the synergistic effect of IL-17A and
TNF in synovial fibroblasts. The findings provide novel information of the pathogenic mechanisms of IL-17A in
chronic arthritis and implicate ELF3 as a potential therapeutic target.
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Overview of the signalling leading to induction of ELF3 and subsequent upregulation of expression of proinflammatory
factors. First, TNF stimulation leads to NF-xB-mediated transcriptional activation of NFKBIZ. Robust expression of
IkB{ protein requires additionally stabilization of NFKBIZ mRNA, which occurs following binding of IL-17A to its cell
surface receptor. Secondly, IkB{ protein associates with DNA-bound NF-xB and C/EBPf transcription factors to in-
duce expression of secondary response genes, including ELF3. Third, ELF3 induces the expression of a variety of
proinflammatory factors by functioning in collaboration with NF-xB and AP-1. The model is simplified to show only
main signalling events. AP-1: activator protein-1; C/EBPf3: CCAAT/enhancer-binding protein-f; ELF3: E74-like factor-3;
IkB{: NF-kB inhibitor-{; NF-xB: nuclear factor-xB; NFKBIZ: gene encoding 1xB(.
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Rheumatology key messages

e Transcription factor ELF3 mediates the synergistic proinflammatory effects of TNF and IL-17A in synovial
fibroblasts.
e ELF3 is regulated by the NF-xB pathway, but the induction requires synthesis of the NF-xB co-factor, 1xB(.

absence of external stimulation, it is strongly promoted by
the cytokine milieu [1]. Of the proinflammatory cytokines,
Synovial fibroblasts actively contribute to inflammation and Tumor necrosis factor o (TNF) has a central role in the

Introduction

tissue destruction in RA by producing large variety of cyto-
kines and extracellular matrix degrading enzymes [1].
Increasing attention has also been given to synovitis in OA,
wherein synovial fibroblasts may play a prominent role [2].
Although the aggressive phenotype of synovial fibroblasts
in inflamed joints is partly imprinted and maintained in the

https://academic.oup.com/rheumatology

pathogenesis of RA and several other inflammatory dis-
eases, such as AS and PsA [3], as well as to a lesser
degree in OA [2]. Synovial fibroblasts are one of the target
cells of TNF, and in TNF-driven disease models of arthritis
they are sufficient for driving the full inflammatory and
destructive disease process [4].
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IL-17A is another cytokine with a clear role in murine
models of inflammatory arthritides [5] and OA [6].
Proinflammatory effects of IL-17A have also been shown
in synovial fibroblast isolated from RA [7-9] and OA [10]
patients. Increased production of IL-17A has been
described in synovium, synovial fluid and serum of RA,
OA, AS and PsA patients [11-14]. However, compared
with other inflammatory cytokines the effects of IL-17A
alone on target cells are modest [15]. One explanation
for the critical contribution of IL-17A in vivo entails the
capability of IL-17A to significantly augment TNF-
induced proinflammatory responses in target cells,
including synovial fibroblasts and chondrocytes [15-17].

E74-like factor-3 (ELF3) is a member of the E26
transformation-specific (ETS) family of transcription fac-
tors. Under physiological conditions ELF3 shows mostly
an epithelially restricted expression pattern [18], but in-
flammatory stimuli, including IL-1f, TNF and lipopolysac-
charide, can induce its expression in various cell types
[19, 20]. ELF3 is highly expressed in RA synovial mem-
brane, wherein it mainly localizes into the intimal lining
[20]. ELF3 contributes to the inflammatory response by
regulating the expression of genes including NOS2
(nitric-oxide synthase 2) and PTGS2 (cyclooxygenase 2)
[19, 20]. By mediating IL-1B-induced MMP13 expression
in chondrocytes through regulation of activator protein-1
(AP-1) activity, ELF3 is directly implicated in tissue
destruction in chronic arthritis [21].

As the ELF3-regulated genes NOS2, PTGS2 and
MMP13 are all known targets for synergistic regulation
by TNF and IL-17A, we hypothesized that ELF3 might be
directly involved in the molecular mechanism mediating
this synergy. Thus, our aim was to investigate the
mechanisms that regulate ELF3 expression in response
to IL-17A and/or TNF, and to characterize the down-
stream inflammatory response promoted by ELF3 in
synovial fibroblasts.

Methods
Subjects

The study was approved by the ethical committee of the
Helsinki University Central Hospital. Guidelines of the
Declaration of Helsinki were followed. Written informed
consent was received from patients participating in the
study. RA patients fulfiled the 2010 ACR-EULAR
classification criteria of RA [22].

Cell cultures

Primary fibroblast cultures from RA and OA tissues were
established as previously described [23]. Cells were used
in passages 4-6. Cells were cultured in RPMI-1640
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS) and
GlutaMAX (Thermo Fisher Scientific). For stimulations,
cells were seeded at 8 x 10* cells/ml 2days prior to
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experiments. Medium was changed to RPMI-1640 con-
taining 1% FBS 16 h prior to the experiment. Considering
the comparable induction of ELF3, as well as NF-kB inhibi-
tor-C (IxBC), by the combination of IL-17A and TNF in both
RA and OA synovial fibroblast in the preliminary experi-
ments, and the smaller interindividual variation in the
response to TNF in the latter cell type, we chose to primar-
ily use OA synovial fibroblasts for studying the molecular
mechanisms of induction of ELF3. HEK293 cells were cul-
tured in DMEM (Thermo Fisher Scientific) containing 10%
FBS. IL-17A (50 ng/ml), TNF (10 ng/ml) and IL-1f (10 ng/m;
all from R&D Systems, Minneapolis, MN, USA) were used
for stimulations and cycloheximide (5 ug/ml), actinomycin D
(5ug/ml), IMD-0354 (2uM), SP600125 (10uM), U0126
(10uM), or SB202190 (10puM) were used for inhibiting
transcription, translation or signalling by nuclear factor-xB
(NF-xB), c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinase (ERK) and p38 (all from Sigma-Aldrich, St
Louis, USA).

Synovial tissue culture

Synovial explants were cut into 1-2 mm?® pieces and ran-
domly distributed into treatment groups. Tissue pieces
were cultured in DMEM with or without 50 ng/ml IL-17A
and/or 10 ng/ml TNF (R&D Systems).

RNA isolation, cDNA synthesis and gRT-PCR

RNeasy Mini Kit (Qiagen, Hilden, Germany) was used for
RNA isolation. Prior to RNA extraction, tissues were homo-
genized with FastPrep FP120 homogenizer in lysing matrix
D tubes (MP Biomedicals, Irvine, CA, USA), and treated
with proteinase K for 10 min at 55°C. cDNA synthesis and
gRT-PCR were performed as previously described [24]
with gene specific primers (Supplementary Table S1, avail-
able at Rheumatology online). PBGD was used as
reference gene in fibroblast experiments and RPLPO in
HEK293 cells. Relative gene expression of a sample was
calculated as 272",

Immunofluorescence

After fixation in 4% paraformaldehyde, permeabilization
with 0.1% Triton X-100 and blocking in 1% BSA/PBS,
cells were stained with 1pg/ml rabbit anti-human ELF3
(Abcam, Cambridge, UK), 1 ug/ml anti-human 1kxB{ (Atlas
Antibodies, Stockholm, Sweden) or 1 pg/ml non-immune
rabbit IgG (Thermo Fisher Scientific) overnight at 4°C.
Alexa Fluor 568-conjugated secondary antibody (Thermo
Fisher Scientific) was used for immunodetection and
4’ 6-diamidino-2-phenylindole for counterstaining.

Lactate dehydrogenase release assay

Lactate dehydrogenase activity in cell culture medium
was assessed by Cytotoxicity Detection Kit (Roche,
Basel, Switzerland) according to the manufacturer’s
recommendations.

https://academic.oup.com/rheumatology
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Cloning and plasmids

ELF3 and IkB{ expression construct and ELF3 reporter
construct cloning are described in Supplementary Data
S1, available at Rheumatology online.

Transfection and nucleofection

HEK293 cells were transfected using Fugene HD as pre-
viously described [24]. Synovial fibroblasts were nucleo-
fected using Amaxa Nucleofector Il and Human Dermal
Fibroblast Nucleofector Kit (Lonza, Basel, Switzerland),
using 4 x 10° cells, 3ug DNA and transfection program
U023. Expression of target protein and variability in
transfection were evaluated by immunoblotting and gRT-
PCR, respectively. Synovial fibroblasts showed lower
transfection efficiency (35%) compared with HEK293
(85%), as evaluated by transfection of pmaxGFP plasmid
(Lonza) and microscopy, and higher variability in trans-
fection efficiency (Supplementary Fig. S1, available at
Rheumatology online). For siRNA, cells were seeded on
24-well plates at a density of 4 x 10* cells per well 24 h
prior to transfection. Controls and gene-specific siRNAs
(Supplementary Table S2, available at Rheumatology
online) were transfected using RNAIMAX reagent
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. The efficiency of gene silencing was
assessed by gRT-PCR (Supplementary Fig. S2, available
at Rheumatology online).

Luciferase reporter assay

HEK293 cells were transfected as described using
500 ng IkB{ expression plasmid or empty plasmid, 10ng
reporter plasmid with the 1.0kb part of ELF3 promoter
and 1ng Renilla luciferase plasmid. A luciferase assay
was performed using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions.

Western blotting

Cells were lysed in Cell Lysis Buffer (Cell Signaling
Technology, Danvers, MA, USA), supplemented with pro-
tease inhibitor cocktail (Roche). Immunoblotting was per-
formed as previously described [25] with overnight
incubation at +4°C using antibodies against human
ELF3 (1:250, Atlas Antibodies) or IkB{ (1:500, Origene,
Rockville, MD, USA) and detection with horseradish
peroxidase-conjugated  anti-rabbit and anti-mouse
antibodies.

Multiplex immunoassay

IL-8, chemokine (C-X-C motif) ligand-5 (CXCL5; ENA-78),
chemokine (C-C motif) ligand 8 (CCL8; MCP-2), colony-
stimulating factor-3 (CSF3; G-CSF), MMP3 and MMP12
concentrations were determined with ProcartaPlex®
Multiplex Immunoassay (Thermo Fisher Scientific) using
Bio-Plex 200 (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s instructions.

https://academic.oup.com/rheumatology
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Statistical analysis

Statistical significance was analysed with blocked one-
way ANOVA and Tukey’s post hoc test, except for
siRNA experiments for which the Holm-Sidak post hoc
test was used. Analysis was done with IBM SPSS
Statistics 25 (IBM Corp., Armonk, NY, USA) and
GraphPad Prism 9 (GraphPad Software Inc., San Diego,
CA, USA).

Results

Co-stimulation with IL-17A and TNF induces ELF3
expression

In synovial fibroblasts IL-13 but not TNF induces ELF3
expression [20]. To study whether IL-17A alone or in
combination with TNF (IL-17A-TNF) induces ELF3 ex-
pression, we stimulated RA and OA synovial fibroblasts
for 24 h with IL-17A and/or TNF (Fig. 1A). IL-17A or TNF
alone had only a modest effect on ELF3 mRNA expres-
sion. However, stimulation with the combination of IL-
17A and TNF resulted in strong upregulation of ELF3
mRNA in fibroblasts derived from patients with RA or
OA. Also, in accordance with Grall et al. [20], IL-1B
stimulation strongly induced ELF3 mRNA expression
(Supplementary Fig. S3, available at Rheumatology on-
line). Validating the results at the level of tissue, we ana-
lysed the response of RA synovial explants to simulation
with IL-17A and/or TNF. The stimulation with IL-17A-
TNF resulted in strong upregulation of ELF3 mRNA in
contrast to IL-17A or TNF alone (Fig. 1B). ELF3 protein
level of synovial fibroblasts examined by immunofluores-
cence staining showed little to no change by IL-17A or
TNF alone, but the combination of IL-17A and TNF
resulted in a substantial increase in the amount of ELF3
(Fig. 1C).

To study the kinetics of ELF3 expression, we stimu-
lated synovial fibroblasts with IL-17A and/or TNF for dif-
ferent times (Fig. 1D). ELF3 mRNA was induced relatively
rapidly, leading to several hundredfold induction already
at 2h, both in TNF- and in IL-17A-TNF-stimulated sam-
ples. However, TNF-induced expression was always less
compared with IL-17A-TNF treatment. After peaking at
4h, ELF3 expression rapidly declined in TNF treated
samples, whereas in IL17A-TNF-treated cells ELF3
mRNA remained at high level.

ELF3 mRNA upregulation in response to IL-17A and
TNF co-stimulation is mediated by NF-xkB pathway
and requires de novo protein synthesis

Mutations of the most proximal NF-xB binding site at the
ELF3 promoter eradicate the activating effect of IL-1B on
the promoter [20]. To find out whether the canonical
NF-kB pathway is involved in the response to IL-17A-TNF,
we studied induction of ELF3 mRNA in cells pre-treated
with selective lkappaB kinase B (IKKp) inhibitor (IMD-0354).
The upregulation of ELF3 mRNA by IL-17A-TNF was
abrogated by inhibition of the canonical NF-xB pathway

875

€20z fienige4 /0 uo 1senb Aq | 892£99/2/8/Z/Z9/81911e/ABojojewnay/woo dno-olwapeoe//:sdiy Woll papeojumMo(]


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac385#supplementary-data

Vesa-Petteri Kouri et al.

Fic. 1 ELF3 expression is induced in synovial fibroblasts and synovial tissue by co-stimulation with IL-17A and TNF
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Human primary synovial fibroblasts from RA and OA patients or synovial tissue explants of RA patients were stimu-
lated with IL-17A (50 ng/ml) and/or TNF (10 ng/ml) or left untreated. (A) ELF3 mRNA expression in RA and OA synovial
fibroblasts stimulated for 24 h. (B) ELF3 mRNA expression in RA synovial tissue explants stimulated for 16 h. (C) ELF3
immunofluorescence in OA synovial fibroblasts stimulated for 24 h. (D) Time course of ELF3 mRNA expression in OA
synovial fibroblasts. Data represent means = SEM of three (A, D) or four (B) individual experiments carried out with
cells and synovial explants from different donors. *P <0.05, P < 0.01, and P < 0.001 for indicated comparisons.
#P < 0.05 compared with control. In time series experiment groups were compared separately at each time point.
DAPI: 4',6-diamidino-2-phenylindole; ELF3: E74-like factor-3.
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Fic. 2 ELF3 mRNA upregulation by IL-17A and TNF co-stimulation is mediated by NF-«xB pathway and requires protein
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Human OA primary synovial fibroblasts were pretreated with inhibitor or vehicle for 1h followed by stimulation with IL-
17A (50 ng/ml) and/or TNF (10 ng/ml). (A) The effect of NF-kB inhibitor IMD-0354 (IMD; 2 uM) on ELF3 mRNA expres-
sion induced by IL-17A and/or TNF for 8 h. (B) The effect of cycloheximide (CHX; 5 ng/ml) on ELF3 mRNA expression
induced by IL-17A-TNF for 2 or 3h. Data represent means = SEM of four (A) or three (B) individual experiments with
cells from different donors. *P < 0.05, **P < 0.01 for indicated comparisons. ELF3: E74-like factor-3; NF-«xB: nuclear

factor-kB.

(Fig. 2A). NFKBIA, encoding NF-«B inhibitor-o. (IkBa), is a
primary response gene and a target of canonical NF-xB
signalling. lkBo. mRNA expression showed strong induction
by TNF that was not enhanced by the addition of IL-17A
(Supplementary Fig. S4, available at Rheumatology online),
indicating that overall NF-xB activity is comparable in cells
treated with TNF and IL-17A-TNF. Furthermore, regulation
of TNF receptor expression did not have a role in control-
ling ELF3 induction, as TNF receptor-2 mRNA upregulation
by IL-17A-TNF showed delayed kinetics compared with
ELF3 (Supplementary Fig. S4, available at Rheumatology
online) and TNF receptor-1 mRNA level remained un-
changed by all treatments (data not shown).

NF-xB directly induces primary response genes, but
the induction of secondary response genes requires in
addition new protein synthesis and chromatin remodel-
ling. To determine whether ELF3 mRNA induction
requires protein synthesis, we treated cells with
cycloheximide prior to and during stimulation with
IL-17A-TNF. ELF3 mRNA upregulation by IL-17A-TNF
was completely abrogated by cycloheximide (Fig. 2B).
Neither IMD-0354 nor cycloheximide affected cell viabil-
ity (Supplementary Fig. S5, available at Rheumatology
online).

kB¢ is synergistically induced by co-stimulation with
IL-17A and TNF and regulates ELF3 gene
expression

Requirement for de novo protein synthesis for ELF3
mRNA upregulation indicates involvement of a transcrip-
tional coactivator that is rapidly induced by IL-17A-TNF.
The atypical IkB protein 1kB{, encoded by gene

https://academic.oup.com/rheumatology

NFKBIZ, is a transcriptional coactivator of secondary
response genes and is involved in the synergistic regu-
lation by IL-17A and TNF in human primary keratino-
cytes and A549 cells [26-28]. Analysis of the kinetics
of 1kB{ mRNA expression in OA synovial fibroblasts
showed a rapid induction by IL-17A or TNF alone, and
a stronger synergistic induction in response to their
combination (Fig. 3A). The peak of IkB{ mRNA expres-
sion occurred already at 1h post-stimulation, thereby
clearly preceding that of ELF3. After the initial peak,
IkBL mRNA declined rapidly in TNF stimulated cells
but showed slower decay in cells treated with IL-17A
or IL-17A-TNF. Immunofluorescence studies showed
increased |kB{ nuclear staining in response to IL-17A-
TNF at 3h (Fig. 3B), well before the peak of ELF3
mRNA expression at 4h. Analysis of synovial fibro-
blasts from RA patients indicated similar regulation of
IkB{ expression by IL-17A and TNF (Supplementary
Fig. S6, available at Rheumatology online).

In line with rapid induction typical for primary response
genes, cycloheximide did not prevent IkB{ mRNA induc-
tion. Instead, IkB{ mRNA expression was increased by
cycloheximide (Fig. 3C). In addition to transcriptional
regulation by NF-xB, IkB{ expression requires post-
transcriptional mMRNA stabilization [29]. As TNF only acti-
vates the transcription, the resulting expression of IkB(
is minor compared with the effect of IL-18 or Toll-like re-
ceptor ligands [30, 31]. IL-17A induces the stabilization
of IkBC mRNA in primary murine hepatocytes and
NIH3T3 cells [29, 32], and therefore we studied whether
IkB{ mRNA stabilization plays a role in synovial fibro-
blasts. The cells were activated with IL-17A and/or TNF,
followed by treatment with actinomycin D to prevent
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Fic. 3 1xB( is synergistically induced by co-stimulation with IL-17A and TNF
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A) Time course of I1kB{ mRNA expression in OA synovial fibroblasts stimulated with IL-17A (50 ng/ml) and/or TNF
10 ng/ml). (B) 1xBZ immunofluorescence of OA synovial fibroblasts stimulated for 3 h with IL-17A (50 ng/ml) and/or TNF

(10ng/ml). (C) OA synovial fibroblasts were pretreated with cycloheximide (CHX; 5 ug/ml) or dimethyl sulfoxide (vehicle)
for 1h followed by stimulation with IL-17A (50ng/ml) and TNF (10ng/ml) for 1-3h. IkB{ mRNA expression was
analysed by gRT-PCR. (D) OA synovial fibroblasts were stimulated with IL-17A (50 ng/ml) and/or TNF (10 ng/ml) for
40 min, after which actinomycin D (ActD; 5 pg/ml) was added. IkB{ mRNA remaining at each time point after addition
of actinomycin D was analysed by gRT-PCR. Data represent means = SEM of three (A, C, D) individual experiments
with cells from different donors. *P < 0.05, **P < 0.01, P < 0.001 for indicated comparisons. #P < 0.05 compared to
control. DAPI: 4',6-diamidino-2-phenylindole; IkB{: NF-«xB inhibitor-(.

further transcription. Increased IkB( transcript stability
was observed in cells treated with IL-17A or IL-17A-TNF
compared with TNF alone (Fig. 3D). Actinomycin D had a
slight, statistically significant effect on viability, irrespect-
ive of stimulation (Supplementary Fig. S5, available at
Rheumatology online).

Overexpression was used to examine the involve-
ment of IkB( in the transcriptional regulation of ELF3.
Due to low efficiency and high variability of synovial
fibroblast transfections, overexpression experiments,
including I«BZ, were mainly carried out in HEK293
cells. TNF stimulation was included in the experiment
to provide additional signalling, as 1kB( is known to
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function by associating with DNA-bound NF-«xB sub-
unit p50 [28]. Overexpression of 1kB( alone was suffi-
cient for induction of ELF3 mRNA, but the expression
was highly increased upon addition of TNF stimulation
(Fig. 4A). To further characterize the effects of IkB{ in
regulation of ELF3 expression, we analysed whether
kBl affected ELF3 promoter activation. kB overex-
pression resulted in activation of ELF3 promoter,
which was further increased by the presence of TNF
(Fig. 4B).

In order to confirm these observations, we silenced
the expression of kB with siRNA in synovial fibroblasts
prior to stimulation with IL-17A-TNF. The induction of
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(A) HEK293 cells were transfected with plasmid coding for kB or with empty vector and after 48 h the cells were stimu-
lated for 24 h with TNF (10 ng/ml) or left untreated. ELF3 mRNA expression was analysed by qRT-PCR. (B) HEK293 cells
were transfected with plasmid coding for IkB{ or with empty vector in combination with ELF3 reporter plasmid. After
48 h the cells were stimulated for 24 h with TNF (10 ng/ml) or left untreated. ELF3 promoter activity was determined with
dual-luciferase assay. (C and D) OA synovial fibroblasts were transfected with targeting siRNA or with negative control
siRNA. After 48 h cells were stimulated for 24 h with IL-17A (50 ng/ml) and/or TNF (10 ng/ml). (C) The effect of IxkB( silenc-
ing on ELF3 mRNA expression. (D) The effect of C/EBP silencing on ELF3 mRNA expression. Data in (A, B) represent
means = SEM of five (A) and three (B) individual experiments. Data in (C, D) represent means = SEM of four (C)
and three (D) individual experiments with cells from different donors. *P < 0.05, **P <0.01, P < 0.001. C/EBPf:

CCAAT/enhancer-binding protein B; ELF3: E74-like factor-3; 1kB{: NF-xB inhibitor-{; RLU: relative light units.

ELF3 mRNA by IL-17A-TNF was significantly attenuated
by 1kB( silencing (Fig. 4C).

Activation of hBD-2 and NGAL promoters by transfec-
tion of IkB{ and NF-«B subunits requires C/EBP-binding
sites in the promoters, and depletion of CCAAT/
enhancer-binding protein  (C/EBPp) suppresses the ac-
tivation of NGAL promoter [33]. LASAGNA-Search [34]
identified four potential C/EBP-binding sites in ELF3
proximal promoter, with one supported also by the chro-
matin immunoprecipitation data from the ENCODE pro-
ject [35]. Analysis of C/EBPB mRNA expression in
synovial fibroblasts revealed induction by TNF and by IL-
17A-TNF, with a similar magnitude (Supplementary Fig.
S4, available at Rheumatology online). Silencing C/EBPf3
in synovial fibroblasts resulted in lower induction of ELF3
mRNA in response to IL-17A-TNF compared with cells
treated with control siRNA (Fig. 4D). However, C/EBPJ

https://academic.oup.com/rheumatology

silencing also affected ELF3 mRNA expression in cells
treated with IL-17A or TNF alone.

ELF3 is a regulator of several proinflammatory and
catabolic mediators

To examine the role of ELF3 in the regulation of proinflam-
matory mediators produced by synovial fibroblasts, siRNA
was used to knock down ELF3 before stimulating cells
with IL-17A and/or TNF. ELF3 siRNA significantly reduced
mRNA expression of CCL8, CXCL5, CSF3, IL-1A, IL-8, IL-
23A, MMP3, MMP10 and MMP12 induced by IL-17A-TNF
in OA synovial fibroblasts (Fig. 5A and Supplementary Fig.
S7, available at Rheumatology online). Despite showing
strong synergistic induction of expression by IL-17A-TNF,
IL-6 mRNA was unaffected by ELF3 silencing
(Supplementary Fig. S7, available at Rheumatology online).
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Fic. 5 ELF3 silencing reduces the induction of inflammatory factors by the combination of IL-17A and TNF
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Human primary synovial fibroblasts from OA patients were transfected with ELF3 siRNA or with negative control
siRNA. After 48 h the cells were stimulated for 24 h with IL-17A (50 ng/ml) and/or TNF (10 ng/ml). (A) mRNA expression
of the indicated cytokines and MMPs analysed by qRT-PCR. (B) Protein concentration of the indicated cytokines and
MMPs in the cell supernatant analysed by Bio-Plex multiplex immunoassay. Data represent means + SEM of six indi-
vidual experiments with cells from different donors. *P < 0.05, **P < 0.01, **P < 0.001. CCL8: chemokine (C-C motif)
ligand 8; CSF3: colony-stimulating factor-3; CXCL5: chemokine (C-X-C motif) ligand-5; ELF3: E74-like factor-3.

The effects of ELF3 depletion were verified at the protein
level by measuring proteins readily secreted by synovial
fibroblasts, including CCL8, CXCL5, CSF3, IL-8, MMP3
and MMP12. Except for IL-8, depletion of ELF3 significant-
ly reduced the release of all studied factors into the culture
medium in response to IL-17A-TNF (Fig. 5B). Similar
effects of ELF3 silencing were observed in synovial fibro-
blasts of RA patients in the regulation of CCL8, IL-23A and
MMP12, representing chemokines, cytokines and MMPs
(Supplementary Fig. S8, available at Rheumatology online).

ELF3 induction downstream of IxB{ regulates CCL8
expression

ELF3 acts in conjunction with other transcription factors
including NF-xB and AP-1, and moreover extracellular-
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signal-regulated kinase (ERK) pathway modulates ELF3 ac-
tivity [20, 21, 36]. Therefore, we wanted to study the effect
of forced expression of ELF3 on gene expression in the
presence or absence of external stimuli. HEK293 cells,
transiently overexpressing ELF3, were stimulated with TNF
or left unstimulated. Due to limited potential of active tran-
scription in HEK293 cells, regulation of a relatively small
subset of genes can be studied. CCL8 was selected as a
suitable target based on pilot experiments. CCL8 mRNA
expression was only modestly induced by TNF alone,
whereas ELF3 overexpression alone showed a more sig-
nificant effect (Fig. 6A). Most importantly, the combination
of ELF3 overexpression and TNF stimulation resulted in a
clear synergistic effect and high expression of CCL8
mRNA. The result was validated in human synovial fibro-
blasts. In these cells, TNF alone significantly induced CCL8
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Fic. 6 ELF3 induction downstream of 1xB( regulates CCL8 mRNA expression
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(A and B) HEK293 cells and OA synovial fibroblasts were transfected with plasmid coding for ELF3 or with empty vec-
tor. After 48h cells were stimulated for 24h with TNF (10ng/ml) or left untreated. (A) CCL8 mRNA expression in
HEK293 cells and (B) CCL8 mRNA expression in human OA primary synovial fibroblasts. (C) HEK293 cells were trans-
fected with plasmid coding for ELF3. After 48h dimethyl sulfoxide (DMSO), IMD-0354 (IMD; 2 uM), SP600125 (SP;
10 uM), SB202190 (SB; 10 uM) or U0126 (10 uM) was added for 1 h in the cell culture medium, followed by stimulation
with TNF (10ng/ml) for 8 h. CCL8 mRNA expression was analysed by qRT-PCR. (D) HEK293 cells were transfected
with plasmid coding for 1kB{ or with empty vector for 24 h, after which siRNA targeting ELF3 or negative control
siRNA was introduced to the cells. After 24 h the cells were stimulated with TNF (10ng/ml) or left untreated. CCL8
mRNA at 24 h after stimulation was analysed by qRT-PCR. Data represent means * SEM of four (A, C) or three (B, D)
individual experiments. *P < 0.05, **P < 0.01, **P < 0.001. CCL8: chemokine (C-C motif) ligand 8; ELF3: E74-like fac-

tor-3; 1kBC: NF-xB inhibitor-C.

mRNA (Fig. 6B). However, as in HEK293 cells, overexpres-
sion of ELF3 together with TNF stimulation resulted in
marked synergistic increase of CCL8 mRNA expression.

Although ELF3 overexpression alone was sufficient
for CCL8 mRNA induction, its effect was clearly poten-
tiated by signalling pathways activated by TNF. To re-
veal which signalling pathways are involved, HEK293
cells overexpressing ELF3 were stimulated with TNF in
the presence of inhibitors of NF-kB and mitogen-acti-
vated protein kinases JNK, p38 and ERK. The expres-
sion of CCL8 mRNA in cells overexpressing ELF3 was
significantly inhibited by JNK or NF-xB inhibitors but
not by inhibitors of p38 or ERK (Fig. 6C).

kB¢ is involved in the induction of subset of inflamma-
tory genes [28]. However, based on our results these

https://academic.oup.com/rheumatology

effects could be either direct or mediated by the induction
of ELF3. Like ELF3 silencing, also IkB{ siRNA reduced the
mRNA expression of CCL8, CSF3 and MMP12 in synovial
fibroblasts. However, in contrast to ELF3 silencing, 1xB{
depletion also reduced the expression of IL-6 mRNA
(Supplementary Fig. S9, available at Rheumatology online).
To provide direct evidence for the contribution of ELF3 in
kB controlled gene expression, we measured CCL8
mRNA in HEK293 cells transfected with kB expression
vector and ELF3 siRNA. The combination of 1kB( overex-
pression and TNF resulted in increased expression of
CCL8 mRNA, and this induction was dependent on IkB{
mediated upregulation of ELF3 expression as revealed by
almost complete abrogation of CCL8 mRNA expression in
cells treated with ELF3 siRNA (Fig. 6D).
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Discussion

The synergy between IL-17A and TNF contributes to in-
flammation and tissue destructive processes in chronic
arthritis. In the present work we addressed the role of
ELF3 in the synergy between IL-17A and TNF through
characterizing the effects of IL-17A and TNF on the regula-
tion of ELF3 expression and studying how the expression
of proinflammatory mediators is influenced by ELF3.

In contrast to high induction of ELF3 in synovial fibro-
blasts by IL-1B, the effects of TNF and IL-17A were
minor. However, combining IL-17A with TNF resulted in
high and sustained expression. The signalling leading to
ELF3 induction appears not to be disease-specific, as
ELF3 was equally regulated in synovial fibroblasts of RA
and OA patients. The similarities in ELF3 regulation by
IL-1B and IL-17A-TNF are intriguing, as these treatments
can induce a highly similar transcriptional program [32].
ELF3-mediated transcriptional regulation might at least
partly explain these observed similarities.

In accordance with previous studies [20, 36], we found
that the NF-xB pathway was central for ELF3 induction.
However, the upregulation of ELF3 mRNA by IL-17A-TNF in
synovial fibroblasts was sensitive to cycloheximide, thus
indicating its dependency on de novo protein synthesis.
IkB{ is an important coactivator of secondary response
genes, and is involved in the synergistic regulation of several
genes by IL-17A and TNF [26, 27, 37]. We observed that
not only was the expression of IkB{ mRNA induced more
strongly by IL-17A-TNF as compared with either cytokine
alone, but also IkB{ mRNA half-life was increased in cells
treated with IL-17A-TNF compared with TNF alone.
Degradation and translational silencing of kB mRNA has
been shown to be mediated by Regnase-1 (also known as
MCPIP1) [38-40]. The mRNA destabilization ability of
Regnase-1 is subject to complex and stimulus specific regu-
lation. In response to IL-1B, IL-836a or Toll-like receptor
stimulation, Regnase-1 is rapidly phosphorylated by IL-1 re-
ceptor-associated kinase-1 (IRAK1) leading to its degrad-
ation [41-43]. In contrast, IL-17A stimulation only weakly
causes Regnase-1 degradation, and the main mechanism
for Regnase-1 suppression instead involves phosphorylation
of Regnase-1 by TANK-binding kinase 1 (TBK1) and indu-
cible 1kB kinase (IKKi), leading to its translocation from the
endoplasmic reticulum to the cytoplasm [43]. Because
Regnase-1-mediated mRNA decay requires active transla-
tion, it is inhibited by cycloheximide [39]. Consistent with
this, we observed increased IkB{ mRNA expression in re-
sponse to cycloheximide treatment. Although our results in
synovial fibroblasts are thus compatible with IL-17A-induced
suppression of Regnase-1 activity, leading to IkB{ mRNA
stabilization, work providing direct mechanistic evidence
was beyond the scope of this study.

Besides being required for IkB{ induction, NF-xB is
also involved in transcriptional regulation mediated by
IkBC [44]. While overexpression of IkB{ resulted in in-
crease of ELF3 promoter activation and gene expression
in HEK293 cells, the presence of TNF enhanced these
effects. The critical role of IkB{ in regulation of ELF3
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expression was observed also in synovial fibroblasts, as
depletion of 1kB{ completely abrogated ELF3 mRNA in-
duction by IL-17A-TNF. Our result with 1xB{ overexpres-
sion is similar to the effect reported for IkB{ in IL-6
regulation and in line with regulation of hBD2, Lipocalin-
2, G-CSF and C/EBPS, although the regulation of these
factors was critically dependent on TNF stimulation or
overexpression of NF-«kB p50 subunit [33, 44, 45].
Clearly the role of NF-«xB for IkB{-mediated transcription-
al control is important, despite the small differences
owing probably to variability of the promoter structures
or the cell types used.

In addition to NF-xB, binding of C/EBPB on the gene
promoter is prerequisite for IkB(-mediated transcriptional
activation [33]. Accordingly, we observed that C/EBPf
plays an important role in regulation of ELF3 mRNA ex-
pression. However, TNF stimulation causes similar induc-
tion of C/EBPB mRNA as does IL-17A-TNF, yet TNF alone
does not significantly affect ELF3 expression. In addition,
C/EBPB-depletion affects ELF3 mRNA expression regard-
less of the treatment. Thus, although C/EBPp contributes
to regulation of ELF3, the transcriptional regulation of C/
EBPB does not seem to have a significant role in the syn-
ergistic induction of ELF3 by IL-17A and TNF. Our results
agree with Yamazaki et al. [45] showing that in cells in
which IkB( is expressed independently of inflammatory
stimuli, the induction of other primary response genes by
TNF is not required for IkB{-mediated gene regulation.
Taken together, the data suggest that the coordinated
actions of NF-kB, C/EBPp and IkB( are required for ELF3
mRNA induction, with IL-17A providing the crucial signal
leading to 1kB{ mRNA stabilization, which is needed for
high and sustained expression of ELF3.

ELF3 mediates inflammatory responses by IL-1o and IL-
1B [20, 21, 36]. Our results indicate that it also plays a sig-
nificant role in the synergy between IL-17A and TNF.
Silencing of ELF3 in primary synovial fibroblasts markedly
reduced the production of several inflammatory cytokines
and proteinases induced by IL-17A-TNF. Overexpression
studies showed a modest effect for ELF3 alone, but a po-
tent synergistic effect with TNF in regulation of CCL8
mRNA expression in HEK293 cells and in synovial fibro-
blasts. Accordingly, CCL8 mRNA upregulation in cells
overexpressing ELF3 was dependent on AP-1 activation by
JNK, as wells as on NF-«xB signalling. These results are
consistent with previous studies wherein ELF3 was
described to act in synergy with NF-«kB in regulation of lip-
ocalin-2 and with AP-1 to regulate MMP13 expression [21,
46], and highlights the importance of combinational control,
a characteristic property of the ETS family [47], for ELF3-
mediated transcriptional activation.

We established that at least some of the genes regu-
lated by 1kB( are completely dependent on ELF3, as evi-
denced by the lack of induction of CCL8 mRNA in
response to IkB{ overexpression and TNF in cells
depleted of ELF3. The induction of ELF3 expression as a
part of IkB{-mediated signalling could in theory serve as
the means for expanding the set of regulated genes, due
to the ability of ELF3 to collaborate with AP-1 in addition
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to NF-xB. The findings expand the knowledge of how
kB mediates the effects of IL-17A and TNF [48] by pro-
viding additional signalling events downstream of 1kB(
induction. The sustained nature of ELF3 induction
implies that it might also contribute to prolonged produc-
tion of inflammatory mediators. Although a role in cartil-
age degradation was shown for both ELF3 and IkB( in
meniscectomy-induced OA experimental model [49, 50],
there are no studies in models of inflammatory arthritis,
which would better reveal their contribution to inflamma-
tory signalling. Findings establishing 1B as a key regu-
lator of IL-17A-driven effects in psoriasis [27] are
intriguing, considering that psoriasis, AS and PsA share
pathogenic mechanisms including the role of IL-17A.
Consequently, in addition to their role in the inflamma-
tory signalling in RA and OA synovium, ELF3 and IkB(
might also play an important role in AS and PsA.

In conclusion, this study reveals the important role of
transcription factor ELF3 in mediating the synergy be-
tween IL-17A and TNF in human synovial fibroblasts.
Moreover, we demonstrate that the co-factor of NF-xB,
IkBg, is involved in the regulation of ELF3 expression.
The results could help in understanding better the dis-
eases in which IL-17A plays a significant role, as the
ability of IL-17A to enhance the responses to TNF is
probably one of the main proinflammatory mechanisms
of this important cytokine.
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