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BACKGROUND AND PURPOSE

Endogenous glucocorticoids are pro-resolving mediators, an example of which is the endogenous glucocorticoid-regulated
protein annexin A1 (ANXAT). Because silicosis is an occupational lung disease characterized by unabated inflammation and
fibrosis, in this study we tested the therapeutic properties of the N-terminal ANXA1-derived peptide annexin 1-(2-26)
(Ac2-26) on experimental silicosis.

EXPERIMENTAL APPROACH

Swiss-Webster mice were administered silica particles intranasally and were subsequently treated with intranasal peptide
Ac2-26 (200 pug per mouse) or dexamethasone (25 pg per mouse) for 7 days, starting 6 h post-challenge. Ac2-26 abolished
the leukocyte infiltration, collagen deposition, granuloma formation and generation of pro-inflammatory cytokines evoked by
silica; these variables were only partially inhibited by dexamethasone.

KEY RESULTS

A clear exacerbation of the silica-induced pathological changes was observed in ANXAT knockout mice as compared with
their wild-type (WT) littermate controls. Incubation of lung fibroblasts from WT mice with Ac2-26 in vitro reduced IL-13 or
TGF-B-induced production of CCL2 (MCP-1) and collagen, but this peptide did not affect the production of CCL2 (MCP-1) by
stimulated fibroblasts from formyl peptide receptor type 1 (FPR1) knockout mice. Ac2-26 also inhibited the production of
CCL2 (MCP-1) from fibroblasts of FPR2 knockout mice.

CONCLUSIONS AND IMPLICATIONS

Collectively, our findings reveal novel protective properties of the ANXAT derived peptide Ac2-26 on the inflammatory and
fibrotic responses induced by silica, and suggest that ANXAT mimetic agents might be a promising strategy as innovative
anti-fibrotic approaches for the treatment of silicosis.

Abbreviations
o-SMA, a-smooth muscle actin; ANXA1, annexin Al; FPR, formyl peptide receptor; Ac2-26, annexin 1-(2-26) (peptide
Ac-AMVSEFLKQAWFIENEEQEYVQTVK)
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Introduction

Silicosis is a lung occupational disease caused by inhalation of
free crystalline silica particles over a prolonged period of
time. This disease mainly affects workers in the ceramic
industry, glass manufacturing, sandblasting, mining, quarry-
ing and civil construction (Leung et al., 2012; Singer et al.,
2012). Silicosis is a problem worldwide, but it is prevalent in
countries of low and middle income. China had more than
500 000 cases recorded between 1991 and 1995, and 6000
new cases and more than 24 000 deaths are reported annually
(Leung et al., 2012). In Brazil more than 4500 workers were
reported to have silicosis between 1978 and 1998, especially
in the gold-mining area in Minas Gerais (Carneiro etal.,
20006).

The irritative action of silica in the lungs results in the
formation of nodular lesions, which may coalesce resulting in
massive areas of fibrous tissue and reduction of lung elasticity
(Davis, 1986). Because of its surface properties, crystalline
silica leads to activation of alveolar macrophages [acting on
‘scavenger’ receptors such as the MARCO (macrophage recep-
tor with collagenous structure)], epithelial cells and fibro-
blasts (Mossman and Churg, 1998; Fubini and Hubbard,
2003; Huaux, 2007). The granulomatous inflammation
induced by silica is characterized by the accumulation of
macrophages with evident presence of mineral particles in
the nodules. The activation of macrophages by the ingestion
of silica particles releases fibrogenic and inflammatory
cytokines, which in turn stimulate lung fibroblasts to produce
collagen. This ultimately leads to the development of fibrosis
(Mariani etal., 1996; Mossman and Churg, 1998). The
inflammatory response is followed by fibrosis with the
pivotal involvement of lung fibroblasts, which proliferate and
produce extracellular matrix including interstitial collagen,
laminin and fibronectin (Ferreira et al., 2013). Once the fibro-
sis has developed, there is no cure and the only the clinical
approach is to manage the symptoms.

It is now appreciated that the acute inflammatory
response is tightly regulated by an ever-increasing group of
endogenous anti-inflammatory and pro-resolving mediators,
the prototype of which is cortisol (Gilroy et al., 2004; Serhan,
2011). These anti-inflammatory mediators may act at differ-
ent phases of the inflammatory response, blocking white cell
recruitment, promoting apoptosis and stimulating phagocy-
tosis of apoptotic cells. There are quite few examples of anti-

inflammatory agents, and one of these is the glucocorticoid-
regulated 37 kDa protein named annexin Al (ANXA1l)
(Perretti and Gavins, 2003; Kamal et al., 2005). ANXAT1 is the
first characterized member of the family of proteins that
binds to membrane phospholipids through a calcium-
dependent manner and promotes inhibition of PLA, and
eicosanoid synthesis (Gerke et al., 2005). ANXA1 is present,
predominantly, in differentiated cells and tissues (mac-
rophages, lung epithelia and intestine epithelia) and may
reach 4% of total protein in the cytoplasm of human neutro-
phils (Perretti and D’Acquisto, 2009a).

In many inflammatory and cellular settings, the anti-
inflammatory actions of ANXA1 are reproduced by peptides
derived from the N-terminal region of the protein, including
the peptide Ac2-26 (Perretti et al., 1993; Perretti and Dalli,
2009b). This peptide, as well as the whole protein, exerts its
effects through activation of the formyl peptide receptor type
1 (FPR1) and type 2 (FPR2) (Walther et al., 2000a; Ernst et al.,
2004). Besides the effect on leukocyte migration, ANXA1 and
its mimetics promote inhibition of epithelial cell prolifera-
tion (Croxtall et al., 1993; 1998a), induction of phagocytosis
of immune complexes by macrophages and apoptosis of
inflammatory cells (Maderna etal., 2005; Scannell etal.,
2007).

In this study we investigated the effect of the ANXA1
mimetic peptide Ac2-26 on the lung inflammatory response
induced by silica particles. It was found to prevent the altera-
tions in the lung function of silicotic mice, as well as reducing
granuloma formation and collagen accumulation in the lung
parenchyma. To verify the effect of Ac2-26 on the cellular
response leading to fibrosis, we investigated the effect of this
peptide on primary fibroblasts and showed that it reduced the
production of collagen and CCL2 (MCP-1) by these cells, with
no effect on proliferation, through a mechanism involving
the FPR1.

Methods

Animals

Male Swiss-Webster, wild-type (WT) littermate (Balb/c) and
ANXAT1 knockout (ANXA17") mice (18-20 g) were obtained
from the Oswaldo Cruz Foundation (Rio de Janeiro, Brazil)
breeding unit and kept in the animal care facility of Oswaldo
Cruz Institute. WT littermate (C57Bl6), FPR17~ (Gao et al.,
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1999) and FPR27~ (Dufton et al., 2010) were housed at the
Biological Service Unit of Queen Mary University of London.
In general, animals were maintained in ventilated cages (five
mice per cage) under specific pathogen-free conditions in a
room at 20-24°C, and relative humidity (40-70%) on a 12 h
light/dark cycle with water and food ad libitum. This study was
carried out in strict accordance with recommendations of the
Animal Ethics Committee of the Oswaldo Cruz Foundation
(licence L-034/09) and with the guidelines of the Ethical
Committee for the Use of Animals, Barts and the London
School of Medicine and Home Office Regulations (Guidance
on the Operation of Animals, Scientific Procedures Act, 1986).
In total 147 mice (n=7 each group) were included in this study,
and all efforts were made to minimize suffering. All animal
experiments were conducted in accordance with Guide for the
Care and Use of Laboratory Animals of the European council
and were reported in accordance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath et al., 2010).

Silicosis induction and treatment

Silicosis was induced in halothane (Tanohalo, Cristdlia, Sdo
Paulo, Brazil) anaesthetized mice. Animals were then instilled
intranasally with silica particles (10 mg S0 pL™; Sigma-
Aldrich Corp., St Louis, MO, USA; 0.5-10 uM) and the
control group received a similar volume of sterile saline
(NaCl 0.9%) (Ferreira et al., 2013). Analyses were performed
7 days post-silica instillation. The peptide Ac2-26 (Ac-
AMVSEFLKQAWFIENEEQEYVQTVK) (200 pg per mouse;
Cambridge Research Biochemicals, Cleveland, UK) and dex-
amethasone (25 ug per mouse; Sigma-Aldrich) were given
intranasally for seven consecutive days, starting 6 h after
silica provocation. Analyses were performed 24 h after the
last administration.

Respiratory mechanics

Airway reactivity was assessed as a change in airway function
after challenge with aerosolized methacholine in a Finepointe
R/C Buxco® Platform (Buxco Research System, Willmington,
NC, USA). Mice were anaesthetized with pentobarbital
(60 mg-kg™), and the neuromuscular activity was blocked with
bromide pancuronium (1 mg-kg™'). The method used to assess
the depth of anaesthesia was when the animal no longer
reacted to a toe pinch. Tracheostomized animals were
mechanically ventilated and lung function was assessed. The
trachea was cannulated and the cannula connected to a pneu-
motachograph. Airflow and transpulmonary pressure were
recorded with a Buxco lung resistance (cmH,O-s-mL™) and
dynamic lung compliance (mL-cmH,O™") in each breath cycle.
Elastance was calculated as the inverse of compliance values.
All signals were analogue-to-digital converted (Buxco
analogical/digital converter). Animals were allowed to stabi-
lize for 5 min, and increasing concentrations of methacholine
(3-27 mg-mL") were aerosolized for 5 min each. Baseline pul-
monary parameters were assessed with aerosolized PBS.

Histological analyses

The left lung was fixed in Milloning buffer solution (pH =
7.4) with 4% paraformaldehyde for 48 h to preserve tissue
architecture. Samples were dehydrated in increasing
concentrations of ethanol, clarified in xylene and then
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embedded in paraffin. Histological sections of 4 pm thick
were made and stained with haematoxylin-eosin and Picro-
sirius. Lung morphometric analysis was performed by an
integrating eyepiece with a coherent system consisting of
a grid with 100 points and 50 lines (known length)
(Gundersen etal., 1988) coupled to a light microscope
(Olympus BX50, Olympus America Inc., Center Valley, PA,
USA) connected to a video camera (Optronics Engineering,
DEI-750). The camera output was processed and examined
by image analyser software Image-Pro Plus version 4 (Media-
Cybernetics, Rockyville, MD, USA).

Immunohistochemistry

Expression of a-smooth muscle actin (a-SMA) in fibroblasts
was determined by immunohistochemistry. After deparaffini-
zation of histological sections, the material was rehydrated
with TBS (Tris/HCI + 0.05 M NaCl 0.5 M, pH 7.6) and blocked
with Tris-HCI + 5% BSA for 1 h. Then, monoclonal mouse
antibody a-SMA (1:400; Tris-HCI + 1% BSA; Sigma, USA) was
added and kept at 4°C overnight. The slides were washed
twice with TBS or goat anti-mouse IgG (R&D Systems, Min-
neapolis, MN, USA) antibody conjugated to HRP was then
added (both 1:80 in Tris-HCl) for 2 h. The 3-amino-9-
ethylcarbazole was added for 15 min and the sections were
counterstained with haematoxylin and analysed by light
microscopy (Olympus BX51, Olympus America Inc.). In nega-
tive controls, primary antibody was omitted and tissues were
incubated with antibody diluent only.

Collagen quantification

Right lungs were homogenized with Tris-NaCl (0.05:1 M)
containing a protease inhibitor mix (Sigma), and total soluble
collagen was extracted overnight at room temperature. Quan-
tification of collagen was made using the Sircol™ kit (Bio-
color Ltd., Newtonabbey, UK). The results are expressed as mg
collagen per right lung.

ELISA analysis

Right lungs from saline- and silica-exposed mice were
homogenized in 0.1% Triton X-100 solution containing a
protease inhibitor mix (Sigma). After centrifugation
(13 000x g, 10 min at 4°C), an aliquot was used to quantify
CXCL1 (KC), CXCL2 (MCP-2), CCL2 (MCP-1), TNF-o,
TGF-B and IFN-y. Reagents from a commercial DuoSet Kit
(R&D Systems) were used following the instructions of the
manufacturer.

Lung fibroblast isolation and activation

FPR17-, FPR27 and WT littermate mice were Kkilled with
CO,. The lungs were perfused under aseptic conditions and
subjected to enzymatic digestion by collagenase I at 37°C
for 2 h. Cells were maintained in DMEM containing 20%
FBS, 1% penicillin-streptomycin at 37°C and at 5% CO,
and used until passage 7, when the phenotype was main-
tained (not shown). Then, 25 x 10* cells were added to
6-well plates and incubated with peptide Ac2-26 (5-30 uM)
at 37°C and a 5% CO, for 24 h. The cells were stimulated
with IL-13 (40 ng-mL") and TGF-B (10 ng-mL™") for 24 h,
and after centrifugation the supernatant was collected for
collagen and CCL2 (MCP-1) quantification by Sircol and
ELISA Tespectively.



Real-time PCR

RNA was isolated from 2.5 x 10° WT lung fibroblasts using
TRIzol reagent (Invitrogen Life Technologies, Sdo Paulo,
Brazil). Contaminating genomic DNA was removed using
DNase I (Turbo DNAse treatment, Ambion, Applied Biosys-
tems, Foster City, CA, USA). The RNA was reverse-transcribed
using oligo-dT (50 uM; Invitrogen) and dNTP (10 mM;
Bioline, London, UK) at 65°C for 5 min, then in ice for 1 min.
The RNA was incubated with Mastermix solution (first-strand
buffer 5x — Invitrogen; DTT 0.1 M - Invitrogen; RNAse out
and SuperScript III - Invitrogen) at 50°C for 15 min and then
at 70°C for 15 min. The synthesized cDNA was used for real-
time PCR. The cDNA was amplified by real-time PCR using
primers specific for the receptors FPR1 and FPR2. FPRI1,
forward (5-CAGAATTCCAGCCATGGACACCAACATGTCTC-
3’) and reverse (5-GCGAATTCTTTACATTGCATTTAAAGTG-
3’); and for FPR2, forward (5-GTCAAGATCAACAGAAGAA
ACC-3’) and reverse (5-GGGCTCTCTCAAGACTATAAGG-3").
The PCR reaction was performed at 94°C for 2 min and 30 s
followed by 30 cycles of 94°C for 30 s, 58°C for 60 s and 72°C
for 60 s with a final extension of 72°C for 15 min. The mRNA
expression for both receptor subtypes was calculated and
normalized according to mRNA expression of o-actin. In
another set of experiments, lung fibroblasts were stimulated
with IL-13 (40 ng-mL™") and TGF-B (10 ng-mL™") for 24 h, and
then evaluated for the expression of FPR mRNA.

Statistical analysis

Results are expressed as mean + SEM and statistical analysis
was performed with one-way anova followed by the multi-
ple comparison test of Newman-Keuls-Student. Experimen-
tal number n was determined and validated by power
analysis; as an example, for lung fibroblasts experiments, a
three-way aNova was conducted (cytokine treatment,
peptide application, genotype) justifying the n number used
with a power of 80% for moderate-to-large effect size (0> =
0.15). Values of P < 0.05 were considered statistically signifi-
cant for both tests.

Table 1

Peptide Ac2-26 prevents silicosis

Results

A lack of ANXA1 exacerbates inflammatory
and fibrotic responses and alters lung
function of silica-exposed mice

Levels of cytokines such as CXCL1 (KC), CXCL2 (MIP-2) and
CCL2 (MCP-1) as well as TNF-o, IFN-y and TGF-B were
increased in the lung tissue of silicotic mice compared with
saline-stimulated group. ANXA17~ mice exposed to silica
clearly showed even higher levels of these pro-inflammatory
mediators in comparison with their WT littermate controls,
with the exception of CCL2 (MCP-1) (Table 1).

Instillation of saline to WT and ANXA17~ mice did not
lead to abnormal deposition of collagen (Figure 1A,B respec-
tively). In contrast, WT mice administered silica showed
a massive increase in extracellular matrix deposition as
revealed by the Picrosirius staining (Figure 1C). These
changes were also noted in ANXA17~ mice, but an increase in
Picrosirius staining was observed in this group (Figure 1D).
These histological results were confirmed by measuring total
collagen content in the lung tissue (Figure 1E). Both WT and
ANXA17~ silica-stimulated mice had significantly higher
levels of collagen than corresponding animals treated with
saline (Figure 1E). Moreover, there was a statistically signifi-
cant difference between WT and ANXA17" silica-stimulated
mice, showing a higher degree of pulmonary fibrosis in the
latter (Figure 1E). A marked granulomatous response in the
lung parenchyma of WT and ANXA1”/~ mice was also
observed 7 days post-silica, but no significant difference in
the granulomatous area was detected between these two
groups (data not shown).

Lung resistance and elastance in anaesthetized and tra-
cheostomized mice were evaluated to assess putative changes
in airway function following administration of silica under
conditions of deletion of ANXA1. As shown in Figure 1F, WT
and ANXA1” silicotic mice reacted with comparable eleva-
tions in the baseline levels of airway resistance as compared
with their corresponding saline-exposed group. In contrast,

Role of endogenous ANXAT in the production of cytokines in the lung tissue of saline- and silica-challenged mice

ANXA1*

Saline (pg per

Silica (pg per

ANXA1/~

Saline (pg per Silica (pg per

Cytokines right lung) right lung) right lung) right lung)
CXCL1 (KC) 927.2+86.2 2304.1 £ 341.2* 1214.7 £ 98.1 3578.58 £ 385.0**
CCL2 (MCP-1) 302.0+71.3 1522.2 +57.7* 339.4 £40.3 1703.89 £ 155.0*
CXCL2 (MIP-201) 280.3 £93.6 531.4£113.4* 293.0 £43.8 852.18 £ 69.7*"
TNF-o 103.2+6.8 136.8 +15.6* 126.8+15.2 192.69 + 23.9**
TGF-B 201.1 £18.9 266.0+12.3 232.2+129 258.92+17.1
INF-y 40.8 £6.2 69.2+13.7* 46.6 £11.1 106.17 £ 4.7**

The analyses were performed 7 days after intranasal instillation of silica in WT (ANXA1**) and knockout (ANXA1~-) mice. The values represent
the mean + SEM from six to eight animals. *P < 0.05 compared with the respective saline-challenged control group; *P < 0.05 compared with

ANXA1*silica-challenged group.
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compared with ANXA1** silica-challenged group.

silica-stimulated ANXA17~ mice showed higher levels of lung
elastance when compared with the WT controls (Figure 1G).

Inhibitory effect of peptide Ac2-26 on lung
function and airway hyper-reactivity in
silica-exposed mice

Peptide Ac2-26 retains the majority of the anti-inflammatory
properties of ANXA1; hence, it was used here to assess its
potential in experimental silicosis in comparison with dex-
amethasone. Exposure of mice to silica particles yielded
higher baseline lung resistance when compared with the
saline group. After aerosolization of the bronchoconstrictor
methacholine, silica-stimulated mice exhibited increased
airway resistance (Figure 2A). Intranasal treatment with
peptide Ac2-26 (200 ug per mouse), but not dexamethasone
(25 pg mouse), inhibited silica-induced up-regulation of lung
resistance levels noted after aerosolization of methacholine
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(Figure 2A). Airway hyper-reactivity to methacholine in
silicotic mice was also observed with respect to lung elastance
(Figure 2B). Again, peptide Ac2-26 was able to inhibit this
response, whereas dexamethasone only had an inhibitory
effect after the highest dose of methacholine (Figure 2B).

Histopathological analysis of lungs from
silicotic mice treated with peptide Ac2-26

We then tested whether treatment of mice with an ANXA1
mimetic would affect the dramatic changes provoked by silica
in the lung. The saline-exposed group showed lung paren-
chyma with normal morphology and alveolar architecture
was well defined with no evidence of inflammation
(Figure 3A). In contrast, an intense inflammatory infiltrate
and formation of granuloma were observed after silica provo-
cation (Figure 3B). Treatment with dexamethasone partially
reduced the inflammatory infiltrate and granulomatous
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Airway hyper-reactivity measured as resistance (A) and elastance (B)
induced by provocation with increasing concentrations of methacho-
line in mice challenged with silica (10 mg) and treated with dexam-
ethasone (DEXA; 25 pg per mouse) or peptide Ac2-26 (200 ug per
mouse). Animals instilled with saline were used as controls. The
analyses were made on day 8 after silica challenge. Values represent
mean = SEM from seven animals. *P < 0.05 as compared with
saline-challenged group. *P < 0.05 as compared with silica-
challenged group.

response (Figure 3C), which were also clearly sensitive to
peptide Ac2-26 (200 pg per mouse) (Figure 3D). As shown in
Figure 3E, the lung area occupied by silica-induced granu-
loma was significantly reduced following treatment with dex-
amethasone and peptide Ac2-26. The effectiveness of both
treatments was confirmed by measuring collagen production
in lung samples (Figure 3F).

Inhibitory effect of peptide Ac2-26 on
production of inflammatory mediators in
lungs from silica-exposed mice

The tissue-protective effect of peptide Ac2-26, evident both
macroscopically and microscopically, was associated with a
marked reduction in the tissue levels of CXCL1 (KC)
(Figure 4A), CCL2 (MCP-1) (Figure 4B), TGF-B (Figure 4C) and
TNF-a (Figure 4D), but not IFN-y (Figure 4E). Dexamethasone
slightly inhibited only the generation of CCL2 (MCP-1)
(Figure 4B).

Peptide Ac2-26 prevents silicosis

Expression a-SMA in lung parenchyma

of silica-exposed mice is sensitive to

peptide Ac2-26

Important plastic changes occur in fibrotic lungs with fibro-
blasts and their phenotype changes, with cells expressing
0o-SMA and becoming myofibroblasts. On analysis of lungs
from the saline-exposed group, we found no labelling for
myofibroblasts (Figure 5A). Silica-stimulated mice showed an
intense fibrotic response, and the granulomatous area and
adjacent regions were highly positive for a-SMA (Figure 5B).
The labelling for o-SMA was clearly reduced following treat-
ment with both dexamethasone (Figure 5C) and peptide
Ac2-26 (Figure 5D).

Peptide Ac2-26 inhibits collagen and cytokine
secretion of lung fibroblasts in vitro

Next we assessed the direct effect of peptide Ac2-26 on lung
fibroblasts. These cells are important in the process of fibrosis
as they were shown to produce extracellular matrix compo-
nents and pro-fibrotic cytokines such as collagen and
CCL2 (MCP-1) respectively. IL-13 (40 ng-mL™") and TGF-p
(10 ng-mL™") induced a proliferative response of fibroblasts,
which remained unaltered after treatment with peptide
Ac2-26 (7.5-30 uM) (data not shown). In contrast, peptide
Ac2-26 inhibited, in a concentration-dependent manner,
both collagen and CCL2 (MCP-1) production triggered by
IL-13 (Figure 6A,C) and TGF-B (Figure 6B,D). These findings
indicate that peptide Ac2-26 failed to interfere with lung
fibroblast proliferation, although it directly inhibited colla-
gen and CCL2 (MCP-1) production.

Involvement of FPR1 and FPR2 in the
suppressive effect of peptide Ac2-26 on lung
fibroblast activation

The peptide Ac2-26 exerts its anti-inflammatory effects by
binding to FPR1 and FPR2. Using real-time PCR, we demon-
strated that mRNA for FPR1 and FPR2 is already expressed on
lung fibroblasts. Under conditions of stimulation with IL-13
and TGF-B, a significant increase in FPR1 and FPR2 mRNA
expression was noted in the case of IL-13 (40 ng-mL™)
(Table 2). No alteration was detected after stimulation with
TGF- (10 ng-mL™) (Table 2).

Lung fibroblasts from WT and FPR17~ mice produced
higher levels of collagen and CCL2 (MCP-1) after stimulation
with IL-13 (40 ng-mL™") and TGF-B (10 ng-mL™") as compared
with non-stimulated cells (data not shown). However, cells
from FPR17~ mice when stimulated with 1L-13 and TGF-B
showed no response after incubation with peptide Ac2-26
(Figure 7B,D), while production of collagen and CCL2
(MCP-1) was inhibited in WT fibroblasts (Figure 7A,C). Lung
fibroblasts from FPR27~ mice showed similar responses to
those of the WT cells, with regards to collagen and MCP-1
release after stimulation with IL-13 and TGF-B (data not
shown). The peptide Ac2-26 did not affect collagen produc-
tion by cells from WT and FPR27~ mice (Figure 8A,B), whereas
the production of CCL2 (MCP-1) was shown to be sensitive to
the peptide (Figure 8C,D). These data suggest an important
role for FPR1 in the suppressive effect of peptide Ac2-26 on
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ethasone (DEXA; 25 pg per mouse) (C) and peptide Ac2-26 (200 pg per mouse) (D). Morphometric analysis and total tissue collagen content are
seen in panels E and F respectively. Slides were stained with haematoxylin-eosin. Scale bar = 200 uM. Values represent mean + SEM from seven
animals. *P < 0.05 as compared with saline-challenged group. *P < 0.05 as compared with silica-challenged group.

collagen and CCL2 (MCP-1) production by lung fibroblasts,
while the FPR2 seems to be important only for collagen
production.

Discussion and conclusions

The present study reveals novel protective properties of
ANXAT1 on the inflammatory and fibrotic responses triggered
by silica particles in the airways of mice. It also provides
evidence that ANXA1 mimetic agents can be a promising
therapeutic strategy as an innovative anti-fibrotic approach
for the treatment of silicosis.

3064 British Journal of Pharmacology (2015) 172 3058-3071

ANXA1 and some of its derivatives were shown to be
effective in inhibiting cell proliferation, although there are
still some controversies in the literature. Lung epithelial cells
are down-regulated by ANXA1l and its mimetic Ac2-26
(Croxtall et al., 1993, 1998b). On the other hand, Kurosu
etal. (2008) reported that the N-terminal derivative of
ANXA1l (peptide 18-26) induced a marked proliferative
response of CD4-positive cells from 3 out of 15 patients
showing acute exacerbation of idiopathic pulmonary fibrosis.
It has been demonstrated that the constituents of ANXAT,
required for FPR1 receptor activation, are shown to be within
the 2-12 pharmacophore region of the molecule (Perretti
et al., 2001), which indicates that the length of the ANXA1
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Production of (A) CXCL1 (KC), (B) CCL2 (MCP-1), (C) TGF-B, (D)
TNF-o. and (E) IFN-y in lung samples of mice treated with dexam-
ethasone (DEXA; 25 ug per mouse) and peptide Ac2-26 (200 pg per
mouse) from 6 h to 7 days after silica challenge (10 mg). Animals
instilled with saline were used as controls. The analyses were made
on day 8 after silica challenge. Values represent mean + SEM from
seven animals. *P < 0.05 as compared with saline-challenged group.
*P < 0.05 as compared with silica-challenged group.

derivatives seems to be crucial for their biological effects.
Differences in the experimental systems and target cells may
also explain some of the discrepancies noted in the effect of
ANXA1-derived peptides as emphasized in the literature. In
the present study, we demonstrated a non-redundant func-
tion for mouse FPR1 as shown using the knockout mice and
the peptide Ac2-26 that contains the putative pharmacoph-
ore region. Our data showed changes in parameters of res-
piratory mechanics of silicotic mice, expressed by increased
lung resistance and elastance, followed by hyper-reactivity of
airway after stimulation with the bronchoconstrictor cholin-
ergic agent, methacholine. These results confirm previous
findings from our group that revealed the occurrence of
obstructive and restrictive changes in lungs of silicotic
mice (Ferreira etal.,, 2013). The airway hyper-reactivity
verified is in agreement with findings in humans (Forastiere
et al., 2002; Montes et al., 2004). It was shown that exposure
to high concentrations of crystalline silica promotes an
intense inflammatory response accompanied by cell prolif-
eration and excessive deposition of collagen and other extra-
cellular matrix components, resulting in the development of
fibrosis (Mossman and Churg, 1998). Thus, changes in lung

Peptide Ac2-26 prevents silicosis

function of animals with silicosis are directly related to altera-
tions in lung parenchyma, which in turn reflect the presence
of an intense inflammatory infiltrate and granuloma
formation.

In this study, ANXA17~ mice reacted to silica exposure
with a marked exacerbation of lung inflammation and
remodelling changes as compared with WT mice. Such an
exacerbation correlated well with elevated levels of pro-
inflammatory cytokines in the lung tissue as well as with
higher levels of elastance. Furthermore, the intranasal
treatment of silicotic mice with the ANXA1l mimetic
peptide Ac2-26 improved lung function and reversed granu-
loma formation, collagen deposition and cytokine produc-
tion triggered by silica particles in this experimental
model. In addition, we showed that peptide Ac2-26 had an
important inhibitory effect on the reactivity of lung fibro-
blasts in vitro, and that FPR1 and FPR2 are involved in this
response.

The improvement caused by peptide Ac2-26 in the lung
parenchyma may have contributed to the restoration of
lung function in silicotic animals. Peptide Ac2-26 is derived
from the N-terminal region of ANXA1, which is associated
with the anti-inflammatory activity of this protein. Some
anti-inflammatory effects of glucocorticoids were shown to
be mediated by ANXA1 (Parente and Perretti, 2003). In this
way, treatment with the glucocorticoid dexamethasone was
used as a control in the experiments conducted in vivo.
Getting etal. (1997) demonstrated that dexamethasone
inhibited the infiltration of neutrophils and monocytes in
an acute inflammatory model, induced by zymosan,
through a mechanism mediated by the ANXA1 protein.
They also reported that peptide Ac2-26 markedly reduced
the migration of neutrophils and monocytes to the injured
site. Thus, it is believed that part of the inhibitory effect of
dexamethasone in silicotic mice may be mediated by
ANXA1. However, the glucocorticoid only partially affected
the damage evoked by silica when compared with peptide
Ac2-26.

In this study, the peptide Ac2-26 significantly reduced
the production of cytokines CXCL1 (KC), CCL2 (MCP-1)
and IFN-y in the lungs of silicotic animals, which contrib-
uted to the reduction of the inflammatory response. In
addition, our data are in agreement with reduced labelling
for macrophages (F4/80) in lungs of mice treated with the
peptide, indicating a decreased activation and migration of
these cells to the injured site. The local treatment with dex-
amethasone did not interfere with the production of
CXCL1 (KC) and only partially affected CCL2 (MCP-1) as
well as leukocyte migration to the lung tissue. Furthermore,
we demonstrated that the peptide Ac2-26 effectively inhib-
ited both collagen deposition as well as labelling of o-SMA
in lungs of silicotic mice. This phenomenon can be corre-
lated to the inhibition of pro-fibrotic cytokine generation
such as TGF-f and TNF-o. Previous studies showed that
ANXAT1 has a regulatory effect on the production of inflam-
matory cytokines such as TNF-o. and IL-18 through inhibi-
tion of NF-xB activation (Sudlow etal., 1996; D’Acquisto
etal., 1997). In line with this observation, ANXA1 and the
derived peptide Ac2-26 were shown to suppress proliferation
and activation of the human epithelial cell line A 549
(Croxtall et al., 1998b).
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Figure 5
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Immunohistochemical localization of a-SMA-positive cells in the lung sections of mice challenged with saline (A), silica (B), silica treated with
dexamethasone (25 pg per mouse) (C) and silica treated with Ac2-26 peptide (200 ug per mouse) (D). Treatment was performed for seven
consecutive days, starting 6 h post-silica challenge (10 mg). The analyses were made 1 day after the last administration, on day 8 after silica
challenge. The inset shows negative control in which primary antibody was omitted. Scale bar = 200 pM.

Silica particles are able to stimulate directly lung fibro-
blasts (Arcangeli et al., 2001; Baroni et al., 2001), which are
considered as a crucial source of extracellular matrix compo-
nents (collagen) and pro-fibrotic cytokines (such as CCL2)
(Galindo etal., 2001; Hao etal., 2003). As fibroblasts are
important cells in the development of lung fibrosis triggered
by particles of silica, we assessed the direct action of peptide
Ac2-26 on these cells. Contrary to our expectations, treat-
ment with the peptide did not alter the proliferation rate of
fibroblasts when they were stimulated with IL-13 and TGF-§,
but inhibited, in a concentration-dependent manner, the
production of collagen and CCL2 (MCP-1). These results are
in line with data obtained from in vivo experiments, which
showed a reduction of both collagen and CCL2 (MCP-1) in
the lung tissue. These findings suggest that the peptide
Ac2-26 exerts a suppressive effect on lung fibroblast activa-
tion, but not on proliferation, leading to inhibition of the
generation of inflammatory mediators and extracellular
matrix components. Thus, in this way, the peptide can reduce
the fibrosis induced by silica.

ANXA1 and peptide Ac2-26 exert their inhibitory effect
on leukocyte migration through an interaction with the
GPCRs, belonging to the family of FPR (Walther et al., 2000b;
Hayhoe et al., 2006), which are present on the cellular mem-
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brane of leukocytes (Perretti et al., 2002). Glucocorticoids
induce the expression of ANXA1 and FPRs on monocytes and
polymorphonuclear leukocytes (Goulding etal., 1990;
Damazo et al., 2006; Sawmynaden and Perretti, 2006). As the
peptide Ac2-26 had a marked inhibitory effect on the produc-
tion of collagen and CCL2 (MCP-1) by lung fibroblasts in
vitro, we assessed the involvement of FPR1 and FPR2 receptors
in this response. For the first time, the mRNA expression for
both types of FPR was detected in lung fibroblast under basal
conditions. Moreover, an increase in the mRNA expression
for FPR1 and FPR2 receptors was detected after stimulation
with IL-13. Further investigations are needed to clarify this
response.

Using lung fibroblasts from mice with deleted FPR1 or
FPR2, we assessed the production of collagen and CCL2
(MCP-1) by these cells after stimulation with IL-13 or TGF-.
Our data revealed that cells from FPR17~ mice when treated
with peptide Ac2-26 showed no reduction in collagen and
CCL2 (MCP-1) production, a response different from that
noted with WT cells. In contrast, the peptide inhibited
the production of CCL2 (MCP-1) by fibroblasts from
FPR27- mice, although it did not affect the production of
collagen in these fibroblasts. These results indicate
that FPR1 and FPR2 mediate inhibition of lung fibroblast
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Activation of cultured lung fibroblasts recovered from ANXA1T WT (ANXAT**) mice. Production of collagen (upper panels) and CCL2 (MCP-1)
(lower panels) after stimulation with IL-13 (40 ng-mL™") (A, C) and TGF-B (10 ng-mL™") (B, D). Cells were exposed to peptide Ac2-26 (1-30 uM)
1 h before stimulation, and the analyses performed in the supernatant 24 h later. Values represent data from four to five independent experiments.
Means were significantly different as analysed by anova. (A) F-value = 4.59 (P < 0.0031); (B) F-value = 2.65 (P = 0.0468); (C) F-value = 3.4

(P < 0.00025) and (D) F-value = 4.45 (P < 0.0037).

Table 2

mRNA expression of FPRT and FPR2 on lung fibroblasts recovered
from WT (C57BI6) mice

AACt (real-time PCR)

Stimulus FPR2
Medium 25.79 £ 0.04 28.53+0.23
IL-13 27.75 +0.10* 30.98 + 0.34*
TGF-B 25.98 £ 0.04 29.14+£0.25

Cells were stimulated with IL-13 (40 ng-mL™") and TGF-B
(10 ng-mL™") for 24 h. Values are presented as mean + SEM of
triplicates. n = 4. *P < 0.05 compared with the respective non-
stimulated control group.

activation by peptide Ac2-26. However, only FPR1 seems to
mediate the peptide’s inhibitory effect on the production
CCL2 (MCP-1). This clearly indicates that peptide Ac2-26
acts by different mechanisms to down-regulate lung fibro-
blast activation.

Taken together, our findings show that peptide Ac2-26
acts on FPR1 and FPR2 leading to a reduction in fibrotic
and chemotactic cytokines, which results in inhibition of
leukocyte migration and collagen deposition in the lung
parenchyma. Thus, the improvement in fibrosis and inflam-
mation leads to a restoration of lung function in silicotic
mice, indicating a pharmacological association that could
possibly lead to the development of a therapeutic agent for
silicosis.
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