J Mol Med (2014) 92:523-537
DOI 10.1007/500109-014-1130-9

JMolMed

ORIGINAL ARTICLE

Chronic inflammation enhances NGF-3/TrkA system expression
via EGFR/MEK/ERK pathway activation in Sjogren’s syndrome

Sabrina Lisi - Margherita Sisto - Domenico Ribatti - Massimo D’Amore -
Raffella De Lucro - Maria Antonia Frassanito - Loredana Lorusso -

Angelo Vacca - Dario Domenico Lofrumento

Received: 5 November 2013 /Revised: 27 January 2014 / Accepted: 28 January 2014 /Published online: 21 February 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract

Primary Sjogren’s syndrome (pSS) is a chronic autoimmune
exocrine disease associated with variable lymphocytic infil-
tration of the affected organs (primarily salivary and lachry-
mal glands). To investigate the potential implication of nerve
growth factor-3 (NGF-f3) and its high affinity receptor tyro-
sine kinase receptor A (TrkA) in the regulation of pSS inflam-
matory responses, we studied their expression in the human
salivary gland epithelial cells (SGEC) cultures from pSS
minor salivary glands (MSG) biopsies and their relationship
with histopathological disease parameters. Here, we demon-
strated an increased expression of the NGF-3/TrkA system in
pSS SGEC, correlated with the MSG inflammation grade. The
results demonstrate that the pro-inflammatory cytokines
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TNF-o and IL-6 enhance NGF-{3 production; on the contrary,
NGF-f3 production was reduced in the presence of both Raf-1
kinase and MEK inhibitors. Furthermore, TNF-o/IL-6 treat-
ment increased ERK1/2 phosphorylation. Inhibition of the
EGF/EGFR system also decreased NGF-[3 release by pSS
SGEC, indicating that the chronic inflammatory condition
characteristic of pSS enhances NGF-3 production via
EGFR/Raf-1/MEK/ERK pathway activation.

Key message

*  NGF-f and TrkA expression is elevated in salivary gland
epithelial cells of primary Sjogren’s syndrome (pSS).

*  Overexpression of NGF-f3/TrkA system in pSS occurs via
EGFR/Raf-1/MEK/ERK pathway.

* In pSS, NGF-f3 overexpression was prevented by
EGFR/Raf-1/MEK/ERK pathway inhibition.

Keywords NGF-f3 - TrkA - EGFR - Raf-1 - MEK - ERK -
Sjogren’s syndrome - TNF-oc - IL-6

Introduction

The nerve growth factor-3 (NGF-f3), originally described as a
neurotrophic factor required for cell survival and differentia-
tion during development of the nervous system, is now rec-
ognized to have a much more extensive role and is considered
to be a mediator of inflammation. NGF-{ interacts with its
high affinity receptor tyrosine kinase receptor A (TrkA) [1] to
influence the inflammatory process, regulating immune cell
functions and, indirectly, modulating inflammatory factors
synthesis thus exacerbating the inflammatory reaction [2].
An altered expression of the NGF-3/TrkA system has been
amply reported in diseases associated with inflammatory and/
or autoimmune responses [2]. Numerous studies have shown
that during the inflammatory process there is a localized
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increase of NGF-3 at the sites of inflammation. Increased
NGF-3 concentrations, which closely reflect the course of
disease, were initially found in the cerebrospinal fluid of
multiple sclerosis patients [3], in the synovial fluids of rheu-
matoid arthritis patients [4] and in the sera of systemic lupus
erythematosus (SLE) patients [5, 6]. NGF-3 mRNA expression
and protein levels are increased in animal models of inflamma-
tion such as Freund’s adjuvant-induced and carragenin-induced
arthritis [7, 8] in NZB/W mice, a spontaneous model of human
SLE [9], and in experimental autoimmune encephalomyelitis
[10]. NGF-$3 enhancement seems to be a common feature of
many other inflammatory diseases such as interstitial cystitis
[11, 12], allergic asthma [13, 14], vernal keratoconjunctivitis
[15], Crohn’s disease and colitis [16, 17], psoriasis [18, 19] and
atopic dermatitis [20]. The data obtained from all these in vivo
studies have clearly indicated that NGF-3 synthesis is up-
regulated during inflammatory processes, and that inflamma-
tion and tissue damage generate mediators that control the local
concentration of NGF-{3. Inflammatory cytokines such as IL-1,
TNF-alpha and IL-6 are able to modify the basal production of
NGF-{ in the organism and induce the synthesis of NGF-f3 ina
variety of cell types and tissues [10].

However, there have been few studies [21] on the correla-
tion between the NGF-3/TrkA system and inflammation in
patients with primary Sjogren’s syndrome (pSS), a chronic,
systemic inflammatory autoimmune disorder primarily
targeting the salivary and lachrymal glands [22]. Changes
have been demonstrated in circulating levels of neuropeptides
and neurotrophins, as well as the impairment of salivary gland
innervation in patients with SS [23-25]. These changes are
hypothesized to be a cause of a decreased salivary fluid flow
during SS. One possible explanation is that this autoimmune
disease and/or local inflammation may cause vasoneural dys-
regulation and injury to the peripheral nerves, leading to a
decreased fluid flow and atrophy of the acinar cells [26-28].
Lee et al. recently showed an increase in NGF-f3 tear levels in
patients with dry eye [29], in line with the well-known neural
sensitizing role of this neuromediator and with the observa-
tions published by Lambiase et al. [30]. These observations
suggested that NGF-3 may be involved more in local tissue
damage than in the disease pathogenesis [30].

There is increasing concern that the NGF-(3/TrkA system
may play an important functional role in mediating the activa-
tion of the EGFR/Raf-1/MEK/ERK signalling pathway [31],
strengthening the hypothesis that NGF may be involved in the
inflammatory response. The activation of the NGF-/TrkA
system is known to lead to a cascade of intracellular events that
trigger the activation of Raf-1. Raf-1 phosphorylates and acti-
vates MEK. MEKs phosphorylate MAPKs/ERK /2 that trans-
locate into the nucleus regulating the expression of NGF-3-
inducible genes and contributing to NGF-{3 activity [31].

The aim of this study was to evaluate the correlation
between the NGF-f3/TrkA system and the EGFR/Raf-1/
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MEK/ERK pathway in pSS minor salivary gland (MSG)
biopsies using pSS salivary gland epithelial cells (SGEC)
cultures as an experimental model of pSS.

Materials and methods
Patient population

pSS MSG biopsies were classified in four inflammation
grades (SS-1, low; SS-II, mild; SS-III, intermediate; and SS-
IV, advanced MSG lesions) and correlated with the histolog-
ical focus score [32]. Grade I is characterized by a slight
infiltrate, grade II by a moderate infiltrate or less than one
focus, grade III by one focus and grade IV by more than one
focus, where a focus is defined as an aggregate of 50 or more
lymphocytes and histiocytes per 4 mm? of salivary tissue. The
same number of cases were assigned to each group (n=8).
Healthy subjects (n=12), analysed for an abnormal salivary
function and suspected Sjogren’s syndrome but whose biopsy
and other diagnostic tests were normal, were enrolled as
controls. Participants gave informed consent to the study that
follows the tenets of the Declaration of Helsinki and was
approved by the local Ethical Committee. Labial MSG were
harvested according to the explant outgrowth technique [33].
Patients were confirmed to have definite disease according to
the revised 2002 American-European criteria [32, 34]. pSS
patients’ characteristics are summarized in Table 1. Biopsy
samples were used to obtain primary cultures of SGEC, to
extract RNA and proteins, and for immunohistochemical
experiments.

SGEC culture

SGEC were isolated from the MSG by microdissection and
collagenase (Millipore, Freehold, NJ, USA) digestion and re-
suspended in McCoy’s 5a modified medium [10 % FBS, 1 %
antibiotic solution, 2 mM L-glutamine, 50 ng/ml EGF
(Promega, Madison, WI), 0.5 pg/ml insulin (Novo,
Bagsvaerd, Denmark)] and incubated at 37 °C, 5 % CO, in
air. EDTA (0.02 %) was used to remove contaminating fibro-
blasts. The epithelial origin of cultured cells was confirmed by
staining against epithelial-specific markers [35].

Cells treatment

To measure NGF-p release, 1% 10° (cells/well) healthy SGEC
were incubated with TNF-o [5—20 ng/ml] and with IL-6 [10—
50 ng/ml] for 24-48 h in the presence or absence of cyclo-
heximide [500 nM] (Sigma-Aldrich, St. Louis, MO, USA). To
evaluate the effects of EGF on NGF-{ release, healthy SGEC
were incubated with or without TNF-« [5-20 ng/ml] or IL-6
[10-50 ng/ml] in the presence or absence of exogenously
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Table 1 Characteristics of the pSS patients included in the study. pSS patients with low, mild, intermediate and advanced MSG inflammatory lesions

(SS-I, SS-11, SS-1II and SS-IV)

Clinicopathologic features of pSS patients SS-I (n=8) SS-1I (n=8) SS-III (n=8)  SS-IV (n=28)
Age (years), mean range 555(22t067) 455(27t064) 53(35t071) 52 (31to73)
Women 8 (100) 8 (100) 7 (87.5) 8 (100)
Mean duration (years) of sicca symptoms, mean (range) 3.5(1to6) 6 (2 to 10) 85(Bt012) 6(0to12)
MSG biopsy focus score (number of lymphocytic foci per 4 mm?), mean (range) 1.12 (1.0to 1.24) 3.1(25t03.7) 645(3.9t09) 8.9 (4.8 to 13.0)
Anti-Ro(SSA)-positive 7 (87.5) 6 (75) 8 (100) 8 (100)
Anti-La(SSA)-positive 8 (100) 8 (100) 8 (100) 8 (100)
Schirmer test <5 mm 15 min 8 (100) 8 (100) 8 (100) 8 (100)
Rheumatoid factor 6 (75) 5(62.5) 7 (87.5) 8 (100)
Antinuclear antibody titer (>1:320) 6 (75) 8 (100) 7 (87.5) 7 (87.5)
Rose Bengal score >4 8 (100) 8 (100) 8 (100) 8 (100)

added EGF [50 ng/ml] for 48 h. To identify the transduction
pathway involved in the NGF-3 secretion, SGEC were treated
with MAPK/ERK inhibitor PD98059 [1-4 uM] and Raf-1
inhibitor GW5074 [1-50 nM] (Sigma-Aldrich).

mRNA expression analysis

Total RNA was extracted from healthy and pSS SGEC, re-
verse transcribed and cDNA preparation was used for each
semi-quantitative RT-PCR and real-time PCR as previously
described [36]. Methods are described in detail in the
Supplementary Materials and Methods. The primers and
probes used are reported in Table 2.

Western blot

Protein lysates were subjected to SDS-PAGE. Membranes
were incubated with mouse anti-human NGF-f3 pAb, rabbit
anti-human phospho-TrkA pAb (both from R&D systems,
Minneapolis, MN, USA), mouse anti-human ERKI1/ERK2
mADb or mouse anti-human phospho-ERK1/ERK2 mAb (both
from R&D systems) as first antibodies. Tween-20-diluted
secondary antibodies (anti-mouse and rabbit) were IRDye
labelled (680/800CW) (LI-COR Biosciences, Lincoln, NE,
USA). The Li-cor Odyssey infrared imaging system was used
(LI-COR). Imaging densitometry was performed using
Quantity One Software (Bio-Rad Laboratories) and compared

with B-actin. The data are expressed as optical density x mm?.

Table 2 Primers and probes used in RT-PCR and real-time PCR assays

FACS analysis

Healthy and SS SCEC (SS-I, low; SS-II, mild; SS-III, inter-
mediate; and SS-IV, advanced MSG inflammatory lesions)
were incubated with mouse anti-human NGF-{3 pAb, rabbit
anti-human phospho-TrkA pAb (both from R&D systems)
and with secondary antibodies conjugated with Alexa fluor
488 (Life Technologies, Carlsbad, CA, USA). For the NGF-f3
and TrkA expression analysis, cells were Fc-blocked by treat-
ment with human IgG (R&D Systems) prior to staining. The
protein expression was analysed by a Becton Dickinson (BD,
Becton Dickinson, Germany) FACSCanto " I flow cytometer
and BD FACS Diva software. Values are given as percentages
of positive cells and the MFI is reported.

Immunohistochemistry and immunofluorescence

Healthy and pSS formalin-fixed, paraffin-embedded tissue
sections were submitted to immunohistochemistry and double
immunofluorescence analysis for human NGF-3 and human
phospho-TrkA. Methods are described in detail in the
Supplementary Materials and Methods.

Determination of NGF-3 levels
NGEF-f3 protein concentrations in the culture medium were

quantified using the NGF-3 Emax ImmunoAssay system kit
(Promega, Madison, W1, USA), which typically exhibits less

Target gene  Forward (5'-3") Reverse (5'-3") Probe (5'-FAM and3'-TAMRA labelled)
NGF-p GCA GTC CAA GGG GCT GGATG  CGG GGA GGC TGG GTG CTA AA  CTG GCC GCA GTG AGG TGC ATA GC
TrkA AAT GCT CGG CAG GAC TTT CAG ACC CAC CAG ACA GTT GGG TGT CAAGGCCCCTGGCCACA

GADPH TTCACCACCA TGGAGAAGGC GGCATGGACTGTGGTCATGA

p2M TGATGCTGCTTACATGTCTCGATCCCAAG
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than 3 % cross-reactivity with other neurotrophic factors,
following the manufacturer’s instructions. Absorbance was
measured on a VERSAmax microplate reader (Molecular
Devices Corp, Silicon Valley, CA, USA).

siRNA

The EGFR siRNA duplexes were chemically synthesized and
purified by Ambion (Ambion, Austin, TX, USA). Treated
healthy SGEC and pSS SGEC were transfected with
siRNAs using the siPORT NeoFX transfection agent
(Ambion) according to the manufacturer’s instructions.
Scrambled siRNA (SCR-siRNA) were used as negative con-
trol groups.

Statistics

Analysis of variance (ANOVA) was performed and Mann—
Whitney U test, Student’s ¢ test and Spearman’s correlation
were applied. Values of P<0.05 were considered statistically
significant.

Results
NGF-f3 and TrkA expression in pSS SGEC

The expression of NGF-f3 and TrkA genes in healthy and pSS
SGEC primary cultures and the possible correlation with the
different grades of pSS MSG inflammatory lesions (SS-I to
SS-IV) were examined. Figure la, b shows that gene tran-
scripts for NGF-3 and TrkA were detected in healthy and pSS
SGEC. As depicted, a clear up-regulation of NGF-[3 and TrkA
genes expression was observed that was positively correlated
with the pSS MSG inflammation grade. The NGF-3/GAPDH
ratio ranged from about 0.98+0.25-fold to about 3.2+0.34-
fold, proceeding from low to advanced inflammatory lesions.
A similar correlation pattern of gene expression was observed
for the TrkA gene (the TrkA/GAPDH ratio ranged from 0.89+
0.14-fold to about 3.07+0.53-fold, proceeding from inflam-
mation grades I to IV). At Spearman’s correlation analysis, the
NGF-f3 gene expression increase was progressive, greater
expression being correlated with a more advanced inflamma-
tory activity grade in pSS (#=0.728, P=0.0087) and TrkA
gene expression was found to be positively correlated with the
MSG inflammatory status (»=0.689, P=0.0098). Real-time
gene expression analysis of NGF-f3 (1.01+0.12 for low grade
inflammatory lesions to 3.32+0.33 for high grade, P=
0.0045), and TrkA (0.98+0.18 for low grade inflammatory
lesions to 3.27+0.48 for high grade, P=0.0065), was mark-
edly up-regulated in SGEC from pSS biopsies and this in-
crease was correlated with the disease severity (Fig. 1c). At
protein level, in SGEC from the pSS groups, the NGF-f3 and
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Fig. 1 Analysis of NGF-B/TrkA system expression in pSS SGEC. The P>
NGF-p/TrkA system expression increases with the severity of MSG
inflammatory lesions. a Levels of NGF-3 and TrkA expression were
analysed by RT-PCR on mRNA extracted from healthy and pSS SGEC
(MSG inflammation grades I-1V). M = marker, C = healthy SGEC.
GAPDH served as an internal control for amplification. Results
presented are from one experiment but representative of three
independent experiments. b NGF-3 and TrkA gene expression levels
were quantified by densitometric analysis (n=3). ¢ Real-time PCR
analysis of NGF-3 and TrkA gene expression in healthy and pSS
SGEC (MSG inflammation grades I-1V) (n=4). d Representative
Western blot of proteins extracted from healthy and pSS SGEC (MSG
inflammation grades I-1V) showing NGF-3 and p-TrkA expression
levels. 3-Actin was used as loading control. C = healthy SGEC. All
protein isolations and Western blots were repeated a minimum of three
times. ¢ NGF-3 and p-TrkA protein levels were quantified by
densitometry (n=3). f Levels of NGF-f3 and p-TrkA expression on
healthy and pSS SGEC (MSG inflammation grades I-IV) were
measured by flow cytometry. Examples of flow cytometric images from
one representative experiment. Negative controls represent cells stained
only with secondary antibody g Percentage of healthy and pSS SGEC that
resulted positive for NGF- and p-TrkA, expressed as MFI (results
represent mean +S.E. of triplicate samples). *P<0.05, ** P<0.01

p-TrkA expression ranged from low to high according to the
degree of chronic inflammation (Fig. 1d, e). Spearman’s cor-
relation analysis showed a statistically significant association
of NGF-{3 and p-Trk-A levels with the inflammation severity
of the pSS disease (r=0.698, P=0.0057 and r=0.623, P=
0.0061, respectively). Flow cytometry (Fig. 1f) confirmed
these results; in fact, the percentage of NGF-B* pSS SGEC
was significantly higher in inflammation grade IV (99.6 %=+
1.7) than in grades III-I [[1I=82.4 %=+1.43, 1I=75.3 %=+1.52,
[=63.7 %+1.23, or in healthy SGEC (53.6 %=+1.87); P=
0.027, P=0.0073]. In addition, an increased expression of
the p-TrkA receptor occurs in pSS SGEC that was found to
be associated with an exacerbated inflammatory reaction
(grade IV=97.4 %=+1.89, 11I=85.5 %+2.23, 1I=73.8 %+
1.83, I=66.3 %=1.52, and healthy SGEC=48.7 %=+1.98). A
rapid increase in NGF-3 MFI is evident (Fig. 1g), ranging
between approximately 410+25.6 and 3,187+123.6, and for
p-TrkA between 350+43.8 and 3,015+134.1, proceeding
from low to high grade inflammation (»=0.765, P=0.0011
and »=0.711, P=0.0024).

NGF-3/TrkA expression in pSS biopsies

As shown in Fig. 2, the patterns of staining were highly
consistent within the same inflammation grade sections stud-
ied. Panels b—e show that the ductal structures of the pSS
MSG showed cytoplasmic staining for NGF-[3 that resulted
strongest in the SS-IV biopsies. In the pSS MSG, very few
NGF-[3-stained nuclei were seen in the ducts and cytoplasmic
staining for NGF-3 was very weak or absent in serous or
mucous acini. For TrkA (panels g—j), basically, the serous or
mucous acini in all the pSS MSG were unreactive, although
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cytoplasmic, and was more intense at the basal pole of the
cells. A striking feature observed in all sections was that
several scattered, solitary cells in the connective tissue, with
a morphology resembling that of leukocytes, fibroblasts and
endothelial cells, expressed NGF-[3. The staining intensity of
solitary cells was far more pronounced for NGF-{3 than for
TrkA. The immunofluorescence signal revealed that the pat-
tern of distribution of NGF-3 and TrkA was fairly homoge-
neous, although slight differences were noted between glands
(Fig. 20-1). NGF-f proteins (red staining) were widespread in
the cytoplasm of both the intercalated and striated ducts but
not in the serous or mucous acinar cells. The expression
pattern of TrkA (green staining) was consistent with the
immunohistochemistry results (Fig. 20-).

Inflammatory cytokines regulate NGF-3/TrkA signalling

Healthy SGEC constitutively secreted low amounts of NGF-f3
without any stimulation. The secretion was dose-dependently
increased by TNF-c; the stimulatory effect of TNF-o¢ mani-
fested at 5 ng/ml and was maximal at 20 ng/ml, which is 3.3-
fold the basal secretion level (Fig. 3a). Similar results were
obtained with IL-6 addition that resulted dose-dependent from
10 to 50 ng/ml (Fig. 3b). The NGF-f3 levels produced by
cultured pSS SGEC were comparable to those secreted by
healthy SGEC treated with the maximum concentrations of
TNF- and IL-6 (Fig. 3a, b). When quantifying relative
mRNA levels in TNF-o/IL-6-treated healthy SGEC
(Fig. 3c), a remarkably increase of NGF- mRNA levels
(P=0.0041) was detected that resulted correlated with the
level observed in SGEC from pSS-IV. These results were in
agreement with those obtained by flow cytometry (Fig. 3d).
The increased TrkA expression after treatment with TNF-x or
IL-6 in healthy SGEC was also visualized by flow cytometry,
inducing similar levels of expression to those in pSS-IV
SGEC (Fig. 3e). The protein biosynthesis inhibitor cyclohex-
imide decreased the NGF-3 secretion by TNF-«- or IL-6-
treated healthy SGEC and pSS-1V SGEC, indicating that the
enhanced secretion is accompanied by protein synthesis
(Fig. 3f). We next treated the pSS SGEC cultures with
TNF-« and IL-6 and evaluated the NGF-f3 release. As shown
in Fig. 4a—e, an increased production of NGF-f3 was observed
in all grades of pSS SGEC, resulting in exacerbation in the
highest grades of inflammation.

Involvement of the MEK/ERK pathway in NGF-[3 secretion

We explored whether the release of NGF-3 following pro-
inflammatory cytokines treatment can be modulated by
interrupting signalling of the MEK/ERK pathway. As
shown in Fig. 5a, b, when healthy SGEC, stimulated with
TNF-« and IL-6, were treated with the MAPK inhibitor
PD98059, which selectively blocks ERK activity via
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Fig. 2 Immunohistochemical and double immunofluorescence staining P>
for NGF-f3 and TrkA of MSG sections from pSS patients. Healthy and
pSS formalin-fixed, paraffin-embedded tissue sections (classified as SS-1
to SS-IV inflammatory lesions) were used for immunohistochemical and
double immunofluorescence confocal microscopy analysis and stained
with the indicated antibodies. Scale bar, 20 um. a, f, n Healthy controls
for immunohistochemical and immunofluorescence analysis. b—e SS-I to
SS-IV MSG, respectively (x200), anti-NGF-f3, brown; counterstaining
with hematoxylin. g—j SS-I to SS-IV MSG, respectively (x200), anti-p-
TrkA, brown; counterstaining with hematoxylin. k Magnification (x400)
of panel d, SS-III, anti-NGF-{3, brown. 1, m Magnifications (x400) of
panels e and j, SS-IV, anti-NGF-f3, and anti-Trk A, respectively, brown. o—
r SS-I to SS-IV MSQG, respectively (x400), anti-NGF-[3, red; anti-p-
TrkA, green; nuclear counterstaining was performed by TO-PRO-3
iodide, blue. s, t Magnifications (x600) of MSG from SS-IV, anti-
NGEF-, red; anti-p-TrkA, green. u, v Negative controls without
primary antibodies (anti-NGF-f3 and anti-TrkA, respectively). w, x
Isotype controls with similarly labelled, non-specific primary antibodies

inhibiting ERK1/2 phosphorylation by MEK1/2, the
NGF-f3 secretion was reduced to basal levels at the inhibi-
tory concentration of 2.0 uM, and completely inhibited at
4.0 uM. As shown in Fig. 5c, the NGF-{3 secretion by
pSS-IV SGEC was likewise susceptible to inhibition by
PD98059 treatment (P=0.0056). As shown in Fig. 5d,
ERK1/2 phosphorylation was significantly enhanced by
TNF-o/IL-6 treatment and ERK1/2 activation also occurred
in pSS-IV SGEC. We next examined whether Raf-1 kinase,
involved in the upstream portion of the MEK/ERK path-
way, is a regulatory step in the TNF-o/IL-6-activation of
the MEK/ERK pathway that leads to NGF-[3 secretion by
SGEC. We determined the effects of GW5074, a known
inhibitor of Raf-1 kinase, on the cytokines-induced NGF-f3
secretion. Pretreatment of healthy SGEC with increasing
doses of GW5074 [1-50 nM] inhibited the TNF-o/IL-6-
determined NGF-f3 secretion, in a dose-dependent manner
(Fig. Se, ). On pSS-1V SGEC, we observed similar inhibi-
tory effects of GW5074 on NGF-f3 secretion (Fig. 5g).

EGF/EGFR system is necessary
for the TNF-o/IL-6-enhanced NGF-[3 secretion in SGEC

Healthy SGEC were incubated with or without TNF-« or IL-
6, in the presence or not of EGF, to examine whether EGF
directly regulated the TNF-o/IL-6-dependent NGF-f3 release.
As shown in Fig. 6a, b, EGF dose-dependently induced
NGF-f3 secretion by healthy SGEC and the secretion was
enhanced by the addition of TNF-« or IL-6. As shown in
Fig. 6¢, d, pretreatment with PD98059 and GW5074 signifi-
cantly inhibited the NGF-f3 secretion induced by TNF-x or
IL-6+EGF (P=0.0081; P=0.0071). We next examined the
effects of EGFR gene knockdown on ERK1/2 phosphoryla-
tion in TNF-o- or IL-6-treated healthy SGEC and pSS-IV
SGEC under full serum growth conditions. The knockdown
ratios for the TNF-«- or IL-6-treated healthy SGEC and pSS-
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Fig. 3 Effects of inflammatory cytokines on NGF-{3 secretion from
healthy SGEC. Exposure to pro-inflammatory cytokines activates TrkA
receptors and determines NGF-{3 secretion by healthy SGEC. a, b
Healthy SGEC were incubated with the indicated concentrations of
TNF-a and IL-6, respectively. The culture medium was assayed for
NGF-f3 secretion. The results shown are the mean+S.E. of triplicate
cultures of three separate experiments. ¢ Real-time PCR analysis of
NGF-f gene expression in healthy SGEC treated with TNF-« [20 ng/ml]
and IL-6 [50 ng/ml] compared with pSS SGEC, inflammation grade IV
(SS-IV). C = healthy SGEC. d Levels of NGF-f3 expression on healthy
SGEC treated with TNF-o [20 ng/ml] and IL-6 [50 ng/ml], measured by
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flow cytometry. Examples of flow cytometric images from one represen-
tative experiment. e Flow cytometry of p-TrkA expression on healthy
SGEC treated with TNF-x [20 ng/ml] and IL-6 [50 ng/ml]. Examples of
flow cytometric images from one representative experiment. Negative
controls represent cells stained only with secondary antibody f Healthy
and pSS (IV) SGEC were pre-incubated with cycloheximide (500 nM),
subsequently TNF-« [20 ng/ml] and IL-6 [S0 ng/ml] were added to the
cultures and ELISA for NGF-f3 secretion was performed. Values are each
the mean=S.E. of triplicate cultures of four independent experiments.
*P<0.05, **P<0.01
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Fig. 4 Effects of TNF-« and IL-6 treatment on NGF-f3 secretion from
pSS SGEC. a, b pSS (inflammation grades I-IV) SGEC were incubated
with TNF-« [20 ng/ml] and IL-6 [50 ng/ml] and the culture medium was
assayed for NGF-f3 secretion. The results shown are the mean+S.E. of
triplicate cultures of three separate experiments. ¢, d Levels of NGF-3
expression on pSS SGEC I-1V treated with TNF-« [20 ng/ml] and IL-6

[50 ng/ml], measured by flow cytometry. Examples of flow cytometric
images from one representative experiment. Negative represents cells
stained only with secondary antibody e Real-time PCR analysis of
NGF-f3 gene expression in pSS SGEC I-1V treated as described above.
Values are the mean+S.E. of triplicate cultures of four independent
experiments. **P<0.01
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Fig. 5 Effects of typical MEK inhibitor (PD98059) and Raf-1 inhibitor
(GW5074) on NGF-f secretion. Specific inhibitors of the Raf-1/MEK/
ERK pathway block NGF-f3 secretion by TNF-o/IL-6-treated healthy
SGEC and pSS SGEC. a, b Healthy SGEC were pre-incubated with the
indicated concentrations of PD98059 and then cultured with TNF-a
[20 ng/ml] or IL-6 [50 ng/ml] for 24 h in the presence of the inhibitor.
The culture medium was assayed for NGF-[3 secretion and protein lysates
were used to perform the corresponding Western blot analysis. Values are
the mean=S.E. of triplicate cultures of three independent experiments. ¢
pSS SGEC (SS-1V) were pre-incubated with the indicated concentrations
of PD98059 for 24 h. The culture medium was assayed for NGF-f3
secretion. Values are the mean=£S.E. of triplicate cultures of three inde-
pendent experiments. d The effects of TNF-o« and IL-6 treatment on
ERK1/2 phosphorylation visualized by Western blot. The levels of

IV SGEC were in the same range: 86, 88 and 88 %, respec-
tively, and highly statistically significant (P=0.0058). EGFR
expression in the cells transfected with EGFR-specific
siRNAs was strongly reduced as compared to the negative
control scrambled siRNAs that had no effect (Fig. 6e). The
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phosphorylated ERK1/2 (upper panel) and total ERK1/2 (lower panel)
were analysed in healthy SGEC, treated with 20 ng/ml TNF-« and
50 ng/ml IL-6, and in pSS SGEC (SS-1V). Similar results were obtained
in two independent experiments. Quantification of ERK1/2 phosphory-
lation was done by Quantity One Software and compared with (3-actin. e,
f Healthy SGEC were pre-incubated with the indicated concentrations of
GW5074 and then cultured with TNF-« [20 ng/ml] or IL-6 [50 ng/ml] in
the presence of the inhibitor. The culture medium was assayed for NGF-3
secretion and protein lysates were used to perform the corresponding
Western blot. Values are the mean+S.E. of triplicate cultures of three
independent experiments. g pSS SGEC (SS-IV) were pre-incubated with
the indicated concentrations of GW5074 for 24 h. NGF-f3 secretion was
evaluated by ELISA. Values are the mean+S.E. of triplicate cultures of
three independent experiments. *P<0.05, **P<0.01

levels of phospho-ERK1/2 in TNF-«- or IL-6-treated healthy
SGEC and pSS-IV SGEC transfected with EGFR siRNAs
were analysed by immunoblotting (Fig. 6f). As shown, a
decreased phosphorylation of ERK1/2 was observed. Then,
we assessed whether the depletion of EGFR determined
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Fig. 6 EGF/EGFR system activation is necessary for NGF-f3 secretion.
EGF-induced NGF- expression is mediated through the EGFR/Raf-
IMEK/ERK pathway in SGEC. a, b Healthy SGEC were pre-incubated
for 12 h in EGF-free medium and then treated with TNF-oc [20 ng/ml] or
IL-6 [50 ng/ml] in the presence of EGF [0-50 ng/ml] for 24 h. NGF-f3
release was evaluated by ELISA. Values are the mean+S.E. of triplicate
cultures of three independent experiments. ¢, d Healthy SGEC were
pretreated with PD98059 and GW5074, in the presence of EGF [50 ng/ml].
The cultures were treated with TNF-« [20 ng/ml] or IL-6 [50 ng/ml] in the
presence of the inhibitors (histograms PD and GW). The culture superna-
tants were assayed for NGF-f3 secretion by ELISA and Western blot.
Histogram EGF: healthy SGEC cultured in the medium containing EGF
without any inhibitors. Histogram C: healthy SGEC treated with TNF-o
[20 ng/ml] or IL-6 [50 ng/ml] in the absence of inhibitors. Values are the
mean+S.E. of triplicate cultures of three independent experiments.

changes in the NGF-3 levels in TNF-- or IL-6-treated
healthy SGEC and pSS-IV SGEC. As shown in Fig. 6g, e,

*P<0.05, **P<0.01. e Effects of EGFR gene knockdown on NGF-f3
gene expression in TNF-«- or IL-6-treated healthy SGEC and pSS SGEC
(inflammation grade IV) under full serum growth conditions. After 48 h
transfection with either scrambled siRNA (SCRsiRNA) or EGFR-specific
siRNA (EGFRsiRNA), NGF-3 mRNA expression was analysed by RT-
PCR. M = marker. GAPDH served as an internal control for amplification.
Results presented are from one experiment and are representative of three
independent experiments. f After 48 h transfection with SCRsiRNA or
EGFRsiRNA, phospho-ERK1/2 levels in TNF-x- or IL-6-treated healthy
SGEC and pSS SGEC was revealed by immunoblotting. Results presented
are from one experiment and are representative of three independent
experiments. g ELISA of NGF-3 protein expression in healthy SGEC
and pSS-IV SGEC transfected with SCRsiRNA or EGFRsiRNA and
treated with TNF-o or IL-6. Values are the mean=+S.E. of triplicate cultures
of three independent experiments. *P<0.05, **P<0.01

g, 1, f, gene knockdown dramatically reduced NGF-f3 release
as compared with scrambled siRNAs-transfected control cells.
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Discussion

An enhanced production of NGF-3 has been reported in
inflamed tissues of patients with inflammatory and autoim-
mune diseases [37], but the reasons why the NGF-f3 con-
centration is enhanced and how this can affect inflammato-
ry responses are not yet fully understood. The expression
of'the signal-transducing NGF-f3 receptor TrkA demonstra-
ted in several non-nervous cells such as keratinocytes [38]
and melanocytes [39] further strengthens the notion that a
locally increased expression of the NGF-f3/TrkA system
might stimulate the release of inflammatory mediators.
Earlier reports suggested that NGF-f3 may influence the
proliferative and inflammatory cascades in various diseases,
directly by regulating local pathologic events, such as the
proliferation of target tissues, promotion of angiogenesis
and induction of inflammatory responses, and/or suggested
that NGF-3 might act indirectly by modulating the synthe-
sis of neuropeptides which, in turn, induce the inflamma-
tory reaction [2]. In the series of experiments described
herein, we found that NGF-f3 synthesis is up-regulated in
SGEC from pSS inflamed salivary glands and its synthesis
is enhanced after stimulation with pro-inflammatory cyto-
kines. NGF-f3 acts via its high affinity receptor TrkA on
SGEC, key pathologic cells in the inflammatory and pro-
liferative cascades involved in autoimmune pSS. The study
focused on pSS SGEC since accumulating data provide
support for the role of epithelia in the constitutive or
inducible expression of various molecules that are implica-
ted in innate and acquired immune responses [40]. The
epithelial cells in the glandular lesions of SS are capable
of producing factors directing the chemoattraction of lym-
phocytes and promoting chronic inflammatory reactions.
This evidence supports the proposed definition of
Sjogren’s syndrome as an “autoimmune epithelitis” [41].
Immunohistochemical analysis of inflamed salivary gland
tissues of SS patients has indicated that ductal and acinar
SGEC display high levels of several immunoactive mole-
cules that are known to mediate lymphoid cell homing,
antigen presentation, and an increased production of the
pro-inflammatory cytokines has been demonstrated in sev-
eral studies of SS patients [40, 41].

The NGF-3/TrkA system expression was shown to be
correlated with the degree of salivary gland injury and the
inflammatory changes in pSS. A particularly interesting ob-
servation was that in pSS, the salivary gland NGF-{3/TrkA
expression levels were found to be significantly increased
from low grade to advanced inflammation, and the number
of NGF-B"/TrkA" pSS SGEC was positively correlated with
the MSG biopsy focus score. This study was focused on
human SGEC since a large volume of literature data in this
field reveals the functional participation of these cells during
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the time course of the immune response in pSS. SGEC appear
to be suitably equipped to participate in various aspects of
inflammation, including the recruitment and activation of
immune cells, and manifest an intriguingly high expression
of various immunoactive factors, a fact that strongly suggests
the operation of an intrinsic activation mechanism in these
cells [42-54]. As yet, the molecular events underlying the
involvement of SGEC in exacerbating the chronic inflamma-
tory condition observed in pSS have not been extensively
studied, and one question that needs to be answered is what
mechanism underlies the correlation between an abnormal
expression of the NGF-f3/TrkA system and the inflammatory
grade in pSS SGEC.

Since pSS is characterized by a dysregulated cytokines
production [45-47, 53, 54] and cytokines are strong in-
ducers of NGF-f3 synthesis [55, 56], we investigated the
stimulatory effects of the pro-inflammatory cytokines
TNF-o and IL-6 on SGEC from healthy and pSS subjects
to mimic the inflammatory environment characteristic of
pSS. As expected, these experiments demonstrated that
NGF-3/TrkA system expression is significantly enhanced
after stimulation with TNF-o and IL-6 both in healthy and
in I-IV pSS SGEC, confirming that the elevated expression
can be induced by addition of the pro-inflammatory cyto-
kines TNF-o and IL-6. This fact suggests that a strong link
may exist between the secretion of cytokines by inflamma-
tory and epithelial cells and the modulation of NGF-f3
production in the inflamed salivary glands. This finding
corroborates previous reports showing that TNF-« and IL-6
regulate NGF-3 production from different cell types and
tissues [55, 56]. So far, however, there has been little
discussion about the signal transduction required to produce
NGF-3 as a mediator of inflammation. Our study reveals
that the TNF-o/IL-6-enhanced NGF-f3 production in pSS is
mediated via the Raf-1/MEK/ERK cascade that has already
been demonstrated to be a common mediator of effects
induced by IL-6 [57, 58] and TNF-«x [58, 59].

We also attempted to identify the mechanism through
which the inflammatory condition characterizing pSS boosts
NGF-f3 expression. We verified whether the release of NGF-[3
can be modulated or inhibited by interrupting signalling of the
MEK/ERK pathway. Pretreatment of healthy SGEC with
PD98059, which selectively blocks ERK activity, impeded
NGF-f3 secretion in response to pro-inflammatory cytokines
stimulation. These data were consistent with the results ob-
served in cultured pSS SGEC, in which the NGF-f3 secretion
was similarly susceptible to inhibition by PD98059 treatment.
Therefore, we sought to determine whether Raf-1 kinase
activation is a regulatory step in NGF-f3 release by pro-
inflammatory cytokines-treated healthy SGEC through the
Raf-1/MEK/ERK pathway, and to establish whether Raf-1
activation also occurs in pSS SGEC. We determined the
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effects of GW5074, a known inhibitor of Raf-1 kinase, on
NGF-f production following TNF-a/IL-6 treatment of
healthy SGEC. The data obtained place Raf-1 upstream of
the MEK/ERK pathway that leads to NGF-3 secretion and
further support the potential involvement of this pathway in
the pro-inflammatory role of NGF-f3. Similar results were
observed for GW5074-treated pSS SGEC, supporting the
possibility that pSS-related inflammation is linked to an in-
creased NGF-3 expression and, although preliminary, support
a model in which NGF-f3, produced through the activation of
the MEK/ERK pathway, plays a key role in the pathogenesis
of pSS.

Since ERK1/2 phosphorylation is dependent on EGFR
activation, which then leads to downstream Raf-1 and MEK
activation, we then explored whether the EGF/EGFR system
cooperates in promoting NGF-f3 release by pSS SGEC. An
augmented expression of the EGF/EGFR system has been
noted in biopsied salivary gland samples from SS patients
[60]. Recently, several authors demonstrated that the EGF/
EGFR system leads to the activation of intracellular kinase
cascades such as the phosphatidylinositol 3-kinase (PI3K)-
Akt and IkappaB kinase (IKK)-nuclear factor kappaB
(NF-kB) pathways [61-64], both of which are well known
anti-apoptogenic survival signals [65]. In addition,
Nakamura et al. demonstrated that EGF-mediated activation
of both PI3K-Akt and IKK-NF-kB is functionally anti-
apoptogenic in SS and represents a defence mechanism of
epithelial restoration [66]. The Raf-1/MEK/ERK cascade is
one of the major and best studied EGFR downstream path-
ways, which links extracellular signals to the regulation of
various cellular behaviours [67, 68]. The possible role of the
EGF/EGFR system in the regulation of TNF-o/IL-6-depen-
dent NGF-{3 secretion in pSS SGEC was therefore exam-
ined. We demonstrated that additional TNF-« or IL-6 treat-
ment enhanced NGF-f3 release by healthy SGEC and, when
the Raf-1/MEK/ERK pathway was perturbed using the spe-
cific pharmacological MEK and Raf-1 inhibitors, the EGF-
dependent NGF-f3 production was negatively modulated.
This would identify EGF as a key molecule in the NGF-f3
production dependence on the Raf-1/MEK/ERK pathway
activation. Interestingly, EGFR-specific gene knockdown
caused a substantial reduction in the levels of phosphorylat-
ed ERK1/2 and NGF-f3 in TNF-a- and IL-6-treated healthy
SGEC, validating the results obtained with the pathway
inhibitors. This prompted us to test whether EGFR activates
ERK1/2 phosphorylation and NGF-f3 production also in pSS
SGEC, and we found that EGFR gene silencing inhibited
ERK1/2 phosphorylation and NGF-3 secretion almost
equally in TNF-o/IL-6-treated healthy SGEC and in pSS
SGEC. Based on our findings, a possible scheme for the
Raf-1/MEK/ERK-enhanced NGF-{3 production in pSS
SGEC is shown in Fig. 7.
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Fig.7 Schematic model of EGFR/Raf-1/MEK/ERK pathway-dependent
NGF-f release in pSS SGEC. In pSS SGEC, the chronic inflammatory
condition, reflected by the increased levels of the pro-inflammatory
cytokines TNF-o« and IL-6, determines NGF-3 production, mediated
through an EGFR-dependent activation of the Raf-1/MEK/ERK pathway

In conclusion, our study suggests a hypothetical scenario
in which pro-inflammatory cytokines secreted by infiltrating
lymphocytes and pSS SGEC enhance NGF-{3 production
via the EGFR/Raf-1/MEK/ERK pathway in human pSS
SGEC, exacerbating the chronic inflammatory condition
characterizing pSS disease. These data suggest that modu-
lation of the NGF/EGFR/Raf-1/MEK/ERK pathway may be
a plausible strategy for therapeutic intervention to reduce
the damaging effects of inflammation in pSS. The results of
this work do not resolve the key question of whether NGF
is neuroprotective, pro-inflammatory or anti-inflammatory
in pSS. Many studies have suggested an intimate correla-
tion between systemic NGF-3 concentrations and disease
activity, and NGF-f3 appears to act as a pro-inflammatory
neurokine in addition to its neurotrophic effects, even if
considerable evidence also points to a protective and re-
generative effect of NGF in some diseases. Therefore,
depending on the disease and the pathological mechanisms
involved, recombinant NGF-f3 or its antagonists may offer
an opportunity for novel therapeutic approaches to inflam-
matory diseases. The inclusion of regimens targeting neu-
rogenic inflammation is of importance in cases with refrac-
tory disease and/or of serious side effects arising with
conventional immunosuppressants.
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