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Abstract

Background and Aims: In ulcerative colitis [UC], mucosal damage occurs in areas that are
infiltrated with neutrophils.The antimicrobial function of neutrophils relies in part on the formation
of extracellular web-like structures, named neutrophil extracellular traps [NETs]. The formation
and/or clearance of aberrant NETs have been associated with several immune diseases. Here we
investigated the role of NETs in UC-related inflammation.

Methods: The expression of NET-associated proteins was evaluated in colonic biopsies of patients
with Crohn’s disease [CD], UC and in normal controls [NC] by Western blotting, immunofluorescence
and immunohistochemistry. Colonic biopsies of UC patients were analysed before and after anti-
tumour necrosis factor a [anti-TNF-a] treatment. The capacity of neutrophils to produce NETs upon
activation was tested in vitro. UC lamina propria mononuclear cells [LPMCs] were cultured with
NETs in the presence or absence of an extracellular signal-regulated kinase-1/2 [ERK1/2] inhibitor
and inflammatory cytokine induction was assessed by real-time polymerase chain reaction and
enzyme-linked immunosorbent assay. We also characterized the contribution of NETs in dextran
sodium sulfate [DSS]-induced colitis.

Results: NET-associated proteins were over-expressed in inflamed colon of UC patients as
compared to CD patients and NC. Circulating neutrophils of UC patients produced NETs in
response to TNF-a stimulation, and reduced expression of NET-related proteins and diminished
NET formation were seen in patients receiving successful treatment with anti-TNF-«. Treatment of
UC LPMCs with NETs activated ERK1/2, thus enhancing TNF-a and interleukin-1p [IL-1p] production.
NETs were induced in mice with DSS-colitis and in vivo inhibition of NET release attenuated colitis.
Conclusions: Our datashow that NET release occursin UC and suggest arole for NETs in sustaining
mucosal inflammation in this disorder.
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1. Introduction

Ulcerative colitis [UC] is one of the major forms of inflammatory
bowel disease [IBD] in humans.! Although the pathogenesis of this
disorder is largely unknown, a large body of evidence suggests that
UC arises in genetically predisposed individuals because of an ab-
normal immune response against luminal antigens, which leads to
a persistent and uncontrolled inflammation.>? Many immune cells
infiltrate the colon of patients with UC, and among these neutro-
phils are largely present in areas with mucosal damage. Traditionally
known as inflammatory cells given their ability to produce a vast
array of tissue-damaging molecules, neutrophils are also able to
activate pathways that could ultimately promote resolution of the
ongoing inflammation and mucosal healing.’ Neutrophils are the
first immune cells recruited to the site of inflammation, where they
recognize, phagocytize and kill pathogens by producing reactive
oxygen species with antimicrobial potential, releasing lytic enzymes
from their granules, and also by liberating neutrophil extracellular
traps [NETs], a process termed ‘NETosis’,* which can occur with or
without cell death.’ NETs are web-like structures protruding from
the membrane of activated neutrophils, comprising decondensed
chromatin, DNA and antimicrobial peptides. Upon activation of
neutrophils, protein arginine deiminase-4 [PAD4] promotes his-
tone citrullination and this phenomenon is followed by exocytosis
of decondensed chromatin and enzymes, such as neutrophil elastase
[NE] and myeloperoxidase [MPO], which generate the fibrous net-
work of NETs.® Co-expression of granule proteins [e.g. MPO and
NE] and chromatin, primarily citrullinated histone H3 [citH3], is
considered as evidence of NET release.” More recently, NETs have
attracted increased attention in a wide variety of medical conditions
such as cancer, thromboembolism, arteriosclerosis and immune-
mediated diseases.®'° For instance, NETs have been associated with
increased production of pro-inflammatory mediators in systemic
lupus erythematosus [SLE],'"!? and therapies reducing the formation
of NETs attenuated inflammation in animal models of SLE.'>* NET
release is considered a major mechanism for the production of anti-
bodies against citrullinated peptides in rheumatoid arthritis’® and
in patients with anti-phospholipid antibodies.'® NETs are abundant
in secretions of cystic fibrosis patients and are considered to have
detrimental effects on lung epithelium.'”'® There is also preliminary
evidence that NETs can contribute to the impaired healing process
seen in the skin of diabetic patients,'” and increased NET production
has been documented in the peripheral circulation and skin lesions
of psoriasis patients.?? NETs have also been described in colonic mu-
cosal samples of UC patients,?' but their contribution to the inflam-
matory response that occurs in this disease remains to be elucidated.

Here we investigated the role of NETs in the control of mucosal
inflammation in UC. By using both human and mouse models of
colitis, we show that UC-associated inflammation is marked by NET
release and provide evidence that NETs can amplify pathogenic sig-
nals in the gut.

2. Materials and Methods

2.1. Patients and samples

Mucosal biopsies were taken from the inflamed areas of nine patients
with colonic Crohn’s disease [CD] and nine patients with UC under-
going colonoscopy for clinically active disease at the Gastrointestinal
Unit of either Tor Vergata University [Rome] or Fondazione IRCCS
Ca Granda, Ospedale Maggiore Policlinico [Milan]. Moreover,
paired biopsies were taken from the inflamed and uninflamed mucosa

of four additional patients with UC. Three additional UC patients
were treated with infliximab [IFX]: each patient received a total of
three IFX infusions [5 mg/kg] at weeks 0, 2 and 6. Six colonic biop-
sies were collected during a flexible sigmoidoscopy from the sigmoid
colon before the first and after the third IFX infusion. In all these
patients, endoscopic improvement was documented after the last IFX
infusion. Additionally, surgical specimens were taken from seven pa-
tients with UC undergoing surgery for a chronic active disease that
was poorly responsive to medical treatment. Surgical specimens were
taken from both involved and uninvolved mucosa. Controls included
biopsies taken from macroscopically and microscopically unaffected
colonic areas of 12 patients who underwent surgery for colon cancer.
Informed consent was obtained from all the patients, and the local
ethics committees approved the study protocol.

2.2. Experimental colitis

All reagents were from Sigma-Aldrich unless otherwise specified.
Eight- to 9-week-old female Balb/c mice received either regular
drinking water [control] or 3% dextran sulfate sodium [DSS]. Both
groups of animals had similar daily fluid intake. Weight changes
were recorded daily and DSS-treated mice were killed at day 8 or
day 5, and tissues were collected for RNA and protein analysis. In
parallel experiments, DSS-treated mice were given intraperitoneally
streptonigrin, a selective PAD4 inhibitor, once a day [streptonigrin:
0.4 mg/kg in 100 pl PBS per mouse],?>?* starting from day 4 after
DSS treatment. Weight changes, stool consistency and rectal bleeding
were recorded daily as previously described,** mice were killed at
day 8, and tissues were collected for histology and mRNA/protein
extraction. All animal experiments were approved by animal ethics
committees, according to Italian legislation on animal experiments.

2.3. Histopathological analysis

Cryosections of mouse colon samples were stained with haema-
toxylin and eosin [H&E], and histological score was measured by
three pathologists with long-standing expertise in colitis, as previ-
ously described.”

2.4. Immunohistochemistry

Immunohistochemistry was performed on archival formalin-fixed
paraffin-embedded colonic sections of five patients with UC and five
normal controls [NC]. Additional sections were prepared from sam-
ples taken from the inflamed and non-inflamed areas of four patients
with UC. Colonic sections of three patients with UC before and after
IFX treatment were also analysed. The sections were deparaffinized
and dehydrated through xylene and ethanol and antigen retrieval
was performed in citrate buffer [pH 6.0] for 20 min in a microwave.
Immunohistochemical staining was performed using a mouse mono-
clonal antibody directed against human PAD4 [1:5000 final dilution;
Novus Biologicals] at room temperature for 1 h followed by a bio-
tin-free horseradish peroxidase [HRP]-polymer detection technology
with 3,3’diaminobenzidine [DAB] as a chromogen [UltraVision kit,
Lab Vision]. The sections were counterstained with haematoxylin,
dehydrated and mounted. Isotype control IgG-stained sections were
prepared under identical immunohistochemical conditions as de-
scribed above, replacing the primary PAD4 antibody with a purified
control isotype [R&D Systems].

2.5. Immunofluorescence
Immunofluorescence was performed on archival frozen sections
of five UC and five NC mucosal specimens and on cryosections of
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colonic samples of mice treated as described above. Samples were
embedded in a cryostat mounting medium [Neg-50 Frozen Section
Medium, Thermo Scientific], snap frozen and stored at -80°C.
Sections 6 um thick were mounted onto superfrost plus glass slides
[Thermo Scientific] and fixed in 4% paraformaldehyde [PFA] for
10 min at 4°C. Slides were washed three times with PBS, and treated
with 0.1% Triton X-100 for 20 min at room temperature [RT].
Blocking was performed with a 10% normal goat serum PBS solu-
tion for 1 h at RT. Slides were then incubated overnight at 4°C with
mouse anti-human MPO [1:100 final dilution; Abcam], rabbit anti-
human NE [1:70 final dilution; Abcam] or rabbit anti-human/mouse
citH3 [1:100 final dilution; Abcam]. After washing three times with
PBS, slides were incubated for 1 h at RT with specific secondary
antibodies coupled with Alexa Fluor Dyes [1:2000 final dilution;
Invitrogen]. Coverslips were mounted on glass slides using ProLong
Gold antifade reagent with DAPI [Invitrogen] to counterstain the
DNA. Images were acquired on a Leica DMI 4000 B fluorescence
microscope [Leica].

2.6. Induction and isolation of NETs

Neutrophils were isolated from whole blood of UC patients and NC
by negative selection using MACSxpress Beads [Miltenyi Biotec] and
were seeded on eight-well Nunc Lab-Tek II CC2 Chamber Slides
[Thermo Fisher Scientific] [2.5 x 10° cells per well] for 30 min in
RPMI1640 medium at 37°C and 5% CO,. After adhesion, the cells
were either left unstimulated or stimulated with 20 ng/ml tumour
necrosis factor-a [TNF-a, R&D Systems], 20 ng/ml interleukin-
1B [IL-1B, R&D Systems], 25 ng/ml IL-6 [R&D Systems], 100 ng/
ml interferon-y [IFN-y, Peprotech], 100 ng/ml lipopolysaccharide
[LPS, Sigma-Aldrich], 1 pg/ml cytosine-phosphate-guanine [CpG]
oligodeoxynucleotide [Invitrogen] and 50 nM phorbol myristate
acetate [PMA, eBioscience] for 3.5 hs. To isolate NETs, UC neu-
trophils [2 x 10° cells per well] were seeded in six-well plates for
30 min in 1 ml RPMI1640 medium and then stimulated with 50 nM
PMA. After 3.5 h, cells were washed twice with fresh RPMI1640
medium and the NETs were collected by extensively pipetting with
1 ml RPMI1640 medium and centrifuged the resulting supernatant
[20 x g for 5 min].

2.7. In vitro NET visualization

Neutrophils were stimulated as described above and then fixed,
permeabilized and blocked for immunofluorescence staining. Cells
were incubated with mouse anti-human MPO [1:100 final dilution;
Abcam] and rabbit anti-human NE [1:70 final dilution; Abcam] fol-
lowed by specific secondary antibodies coupled with Alexa Fluor
dyes. Coverslips were mounted on glass slides using ProLong Gold
antifade reagent with DAPI to counterstain the DNA. NETs were
counted in four different fields.

2.8. LPMC isolation and culture

Lamina propria mononuclear cells [LPMCs] were isolated as previ-
ously described.? Briefly, fresh surgical colonic specimens of five UC
patients were freed of mucus and epithelial cells in sequential steps
with dithiothreitol [DTT] and ethylenediminetetracetic acid [EDTA]
and then digested with liberase-tm [0.2 mg/ml; Roche] and DNase
I [0.2 mg/ml; Roche]. LPMCs were resuspended [1.5 x 10%ml] in
RPMI1640 supplemented with penicillin [100 pg/ml]/streptomycin
[100 pg/ml] and 10% fetal bovine serum [FBS] heated at 70°C to
avoid NET degradation by nucleases.”” LPMCs were cultured in
the presence or absence of either undigested or digested NETs [1:3

final ratio]. NET digestion was obtained by treating NET DNA with
DNase I [5 pg/ml; Roche] for 1 h at 37°C and checked by visualizing
the digested products on a 1% agarose gel stained with ethidium
bromide [Bio-Rad Laboratories] as an intercalating agent. After
24 h of culture, LPMCs were analysed by flow cytometry or used to
extract RNA, while cell-free supernatants were harvested and ana-
lysed for TNF-a and IL-1 protein content by an enzyme-linked im-
munosorbent assay [ELISA]. To investigate the mechanism by which
NETs stimulate inflammatory cytokine synthesis, UC LPMCs were
stimulated with NETs. After 5-60 min, total proteins were extracted
and analysed for the content of both phosphorylated and total
extracellular signal-regulated kinase-1/2 [ERK1/2], p38 and c-Jun
N-terminal kinase [JNK] by Western blotting. In parallel, LPMCs
were pre-incubated with PD98059 [20 pM; EMD Millipore], a se-
lective inhibitor of ERK1/2, or DMSO [vehicle] for 1 h and then
either left untreated or treated with NETs for 24 h. After this, cell-
free supernatants were used to assess TNF-a and IL-1p protein con-
tent by ELISA. UC LPMCs were also cultured in the presence or
absence of NETs isolated from UC or NC neutrophils. To investigate
whether NET-associated IL-1f contributes to the biological function
of NETs,?® UC LPMCs were pre-incubated with Anakinra, an IL-1
receptor antagonist [100 ng/ml; BioLegend Inc.] and 1 h later stimu-
lated with UC NETs.

2.9. Flow cytometry

To assess cell viability, neutrophils and LPMCs were cultured as in-
dicated above, and the percentage of annexin V and/or propidium
iodide-positive cells was assessed by flow cytometry according to the
manufacturer’s instructions [Immunotech].

2.10. Western blotting

Samples were lysed on ice in buffer containing 10 mM Hepes [pH
7.9], 10 mM KCl,; 0.1 mM EDTA, 0.2 mM ethylene glycol-bis
[B-aminoethyl ether]-N,N,N’,N’-tetraacetic acid [EGTA] and 0.5%
Nonidet P40 supplemented with 1 mM DTT, 10 mg/ml aprotinin,
10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride [PMSF],
1 mM Na, VO, and 1 mM NaF. Lysates were clarified by centrifuga-
tion and separated by sodium dodecyl sulphate [SDS]-polyacrylamide
gel electrophoresis. Blots were incubated with antibodies against
human PAD4 [1:1000 final dilution; Novus Biologicals] and mouse
PAD4 [1:1000 final dilution; Abcam], MPO [1:1000 final dilution;
Abcam], NE [1:1000 final dilution; Abcam], citH3 [1:1000 final
dilution; Abcam], followed by specific secondary antibodies conju-
gated to HRP [1:20 000 final dilution; Dako]. p-ERK1/2, p-p38 and
p-JNK were detected using a mouse anti-human p-ERK1/2 antibody
[1:500 final dilution; Santa Cruz Biotechnology], rabbit anti-mouse
p-p38 antibody [1:1000 final dilution; EMD Millipore Corporation]
and mouse anti-human p-JNK antibody [1:500 final dilution; Santa
Cruz Biotechnology], respectively, followed by HRP-conjugated sec-
ondary IgG monoclonal antibodies [all used at 1:20 000 final dilution;
Dako]. The reaction was detected with a sensitive ECL kit [Thermo
Fisher|. After analysis, blots were stripped and incubated with the
following internal loading controls: rabbit anti-human total ERK1/2
antibody [1:500 final dilution; Santa Cruz Biotechnology], mouse
anti-human total p38 antibody and mouse anti-human total J]NK
antibody [both at 1:500 final dilution; Santa Cruz Biotechnology],
followed by HRP-conjugated secondary antibodies [1:20 000 final
dilution; Dako]. After analysis, each blot was stripped and incubated
with a mouse monoclonal p-actin antibody [1:5000 final dilution;
Sigma-Aldrich] to ascertain equivalent loading of the lanes.
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Figure 1. Neutrophil extracellular trap [NET]-associated proteins are up-regulated in ulcerative colitis. [A] Total proteins were extracted from the colon samples
of nine normal controls [NC], nine Crohn’s disease [CD] patients and nine ulcerative colitis [UC] patients and analysed for PAD4 by Western blotting. The
blot is representative of three separate experiments in which similar results were obtained. p-Actin was used as a loading control. The right inset shows
quantitative analysis of PAD4/p-actin ratio as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary units [a.u.] [**p < 0.01].
[B] Representative immunohistochemical images showing PAD4-positive cells in colon sections of NC and UC patients. Staining with isotype control IgG is also
shown. Right panel: percentage of PAD4-positive cells. Values are mean + SD [***p < 0.005]. [C] Representative immunohistochemical images showing PAD4-
positive cells in inflamed and non-inflamed colonic mucosa of one UC patient. Right panel: percentage of PAD4-positive cells. Values are mean + SD [**p < 0.01].
[D] Representative Western blot showing NE, MPO and citH3 expression in the colon samples of NC and UC patients. f-Actin was used as a loading control.
The blot is representative of three separate experiments in which similar results were obtained. The right insets show quantitative analysis of NE, MPO and
citH3/B-actin ratios as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary units [a.u.] [¥*p < 0.05, **p < 0.01]. PAD4, protein
arginine deiminase-4; NE, neutrophil elastase; MPO, myeloperoxidase; citH3, citrullinated histone H3.
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2.11. RNA extraction, cDNA preparation and

real-time PCR

RNA was extracted using a PureLink mRNA Mini Kit [Thermo
Fisher Scientific], according to the manufacturer’s instructions.
A constant amount of RNA [1 pg per sample] was reverse tran-
scribed into complementary DNA [cDNA] and this was amplified
using the following conditions: denaturation for 1 min at 95°C;
annealing for 30 s at 58°C for human IL-1p, IFN-y, mouse TNF-«
and lipocalin-2 [LCN2], 59°C for human PAD4, 61°C for mouse
IL-18, 62°C for human TNF-a, transforming growth factor-p1
[TGF-B1] and mouse PAD4, and 60°C for p-actin; and finally 30 s
of extension at 72°C. Primer sequences were as follows: human
PAD4 forward 5'-CAGGGGACATTGATCCGTGTG-3’, reverse
5'-GGGAGGCGTTGATGCTGAA-3'; IL-18 forward 5'-AGAATGA
CCTGAGCACCTTC-3, reverse 5'-GCACATAAGCCTCGTTAT
CC-3’; IFN-y forward 5’-TGGAGACCATCAAGGAAGAC-3/, re-
verse  5'-GCGTTGGACATTCAAGTCAG-3’; TNF-a forward
5’-AGGCGGTGCTTGTTCCTCAG-3', reverse 5'-GGCTACAGGC
TTGTCACTCG-3'; TGF-f1 forward 5'-CGACTACTACGCCAA
GGAGG-3', reverse 5'-GAGAGCAACACGGGTTCAGG-3'; mouse
PAD4 forward 5'-TGACCAATGGATGCAGGACG-3’, reverse
5’-CTCTGTCCCTCGGGGAGTC-3’; LCN2 forward 5'-CCAGGA
CTCAACTCAGAAC-3,reverse 5'-GCTCATAGATGGTGCTGTAC-3';
IL-1p  forward 5'-TCAGGCAGGCAGTATCACTC-3’, reverse
5’-CTAATGGGAACGTCACACACC-3'; TNF-a forward 5'-ACCC
TCACACTCAGATCATC-3', reverse 5'-GAGTAGACAAGGTACAA

-

SO0pm
B

50pm
—

CCC-3'; p-actin [forward 5'-AAGATGACCCAGATCATGTTTGA
GACC-3, reverse 5'-AGCCAGTCCAGACGCAGGAT-3'] was used
as a housekeeping gene. Gene expression was calculated using the
AACt algorithm.

2.12. ELISA

LPMC culture supernatants were analysed for TNF-« and IL-18 con-
tens using specific ELISA kits [R&D Systems] in accordance with the
manufacturer’s instructions.

2.13. Statistical analysis

Differences between groups were compared using Student’s #-test. All
analyses were performed using GraphPad Prism version 5.00 soft-
ware for Windows [GraphPad Software, www.graphpad.com].

3. Results

3.1. NET-associated proteins are up-regulated in
patients with UC

We evaluated the expression of NET-associated proteins in inflamed
colonic samples of IBD patients and NC. To this end, we initially
assessed expression of PADA4, as this protein acts as a driver of NET
release and PAD4-null mice are unable to make NETs.” Western
blotting analysis and quantification of immunoblots showed that
PAD4 expression was significantly increased in inflamed mucosa

DNA; NE; MPO

DNA; MPO; citH3

Figure 2. Neutrophil extracellular traps [NETs] are evident in inflamed colon of ulcerative colitis [UC] patients. [A] Representative images of double-
immunofluorescence staining of colon sections of normal controls [NC] and UC patients for myeloperoxidase [MPO, red] and neutrophil elastase [NE, green].
Co-localization of MPO and NE [yellow staining] together with DNA [DAPI, blue] is indicative of NETs. [B] Representative images of double-immunofluorescence
staining of colon sections of NC and UC patients for MPO [green] and citrullinated histone H3 [citH3, red]. Co-localization of MPO and citH3 [yellow staining]

together with DNA [DAPI, blue] is indicative of NETs.
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of UC patients as compared to CD patients and NC, while there
was no significant change between CD and NC [Figure 1A].
Immunohistochemistry confirmed such data and showed that PAD4-
expressing cells were abundantly present in the lamina propria of
UC patients as compared to NC [Figure 1B]; interestingly, some of
the PAD4-positive cells exhibited morphological features of neutro-
phils [Figure 1B, insets]. PAD4 was also expressed by epithelial cells
in normal and inflamed conditions, but staining was more intense
in UC [Figure 1B]. In the majority of PAD4-positive cells, staining
was both cytoplasmic and nuclear, thus confirming previous stud-
ies showing that PAD4 can be detected in both compartments.*
Analysis of paired colonic sections of UC patients showed a more
pronounced PAD4 expression in the inflamed areas as compared
to the uninvolved mucosa of the same patients [Figure 1C]. Next,
we evaluated the content of NE, MPO and citH3, three additional

A
1.0 4

components of NETs, by Western blotting. In line with data from
previous studies,?*!32 the expression of each of these proteins was
enhanced in UC as compared to NC [Figure 1D]. Furthermore, a
double-immunofluorescence assay showed that, in UC mucosa, these
proteins co-localized [Figure 2A, B].

3.2. Activated neutrophils of UC patients

produce NETs

In subsequent studies, we tested the capacity of neutrophils to produce
NETs upon activation. Neutrophils were isolated from UC patients
and NC and stimulated iz vitro with various inflammatory cytokines
and bacterial products/components, which are considered to play a
role in UC pathogenesis.? A significant increase of NETs was seen fol-
lowing stimulation of UC neutrophils with TNF-a, LPS and PMA,
while the remaining stimuli were unable to induce NETs [Figure 3A].

Number of NETSs/ counted cells

NC UC NC UC NC UC NC UC NC UC NC UC NC UC NC UC

Unst IL-6  IL-1B TNF-o IFN-y LPS

TNF-a

50pm

—

CpG  PMA

$0pm
—

50pm

Py
DNA; NE; MPO

Figure 3. Neutrophils produce neutrophil extracellular traps [NETs] upon stimulation. [A] Quantitative analysis of NETs released by neutrophils isolated from
peripheral blood of normal controls [NC] and ulcerative colitis [UC] patients in response to IL-6, IL-1p, TNF-o, IFN-y, LPS, CpG and PMA. NETs were counted in
four different fields and data indicate mean + SEM of five independent experiments [*p < 0.05, **p < 0.01, ***p < 0.005]. [B] Representative images of double-
immunofluorescence staining of unstimulated or stimulated [TNF-a, LPS and PMA] neutrophils isolated from peripheral blood of NC and UC patients for
myeloperoxidase [MPO, red] and neutrophil elastase [NE, green]. Co-localization of MPO and NE [yellow staining] together with DNA [DAPI, blue] is indicative

of NETs.
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Induction of NETs was not restricted to UC, as control neutro-
phils produced NETs upon activation [Figure 3A, B]. This suggests
that, in UC mucosa, the increased NET release is not due to a specific
alteration of neutrophils but rather reflects the greater neutrophil in-
flux and chronic stimulation of such cells by inflammatory cytokines.
Furthermore, release of NETs by neutrophils was not secondary to
induction of cell death, as no significant increase in cell death was
seen following stimulation of neutrophils with TNF-a, LPS and
PMA [Supplementary Figure 1].

3.3. Successful treatment of UC with IFX is

associated with diminished presence of NETs in

the gut

Since the above data indicate that TNF-a promotes NET release,
we assessed whether, in UC, the IFX-mediated therapeutic benefit
was associated with changes in NET production. To this end, PAD4
expression was analysed by immunohistochemistry in intestinal co-
lonic samples from UC patients before and after successful induction
therapy with IFX. PAD4-positive cells were significantly reduced by
IFX [Figure 4A]. Consistently, IFX treatment reduced expression of
additional NET-associated proteins [Figure 4B].

ucC

3.4. NETs enhance the production of TNF-a and IL-1p

in UC LPMCs through ERK/MAPK activation

Next, we examined whether NETs contribute to amplify inflamma-
tory signals in UC. To this end, UC LPMCs were cultured in the
presence or absence of NETs. Treatment of UC LPMCs with NETs
significantly enhanced IL-1p and TNF-a RNA transcripts, while
there was no increase in IFN-y and TGF-f1 transcripts [Figure SA].
Consistently, NETs significantly increased IL-1p and TNF-a protein
secretion [Figure 5B]. Induction of these two cytokines probably re-
flects the stimulatory effect of NETs on LPMCs, as no increase in
IL-1f and TNF-a and production was seen in UC LPMCs treated
with NETs digested by DNase I [Figure 5B]. No change in LPMC via-
bility was documented following treatment with NETs [Figure 5CJ.
The inducing effect of NETs on inflammatory cytokines was specific
for UC NETs as no change in the production of IL-1p and TNF-a
was seen when UC LPMCs were cultured in the presence of NC
NETs [Figure 5D]. As a recent study has shown that UC NETs con-
tain bioactive IL-1p,%® we next evaluated whether the inducing effect
of UC NETs on inflammatory cytokines was dependent on IL-1§.
For this purpose, UC LPMC were pre-incubated with Anakinra
for 1 h and then treated with UC NETs. Anakinra abrogated the
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Figure 4. Infliximab therapy reduces the colonic presence of neutrophil extracellular traps [NETs] in ulcerative colitis [UC] patients. [A] Representative
immunohistochemical images showing protein arginine deiminase-4 [PAD4]-positive cells in colon sections of UC patients before and after infliximab therapy.
Staining with isotype control IgG is also shown. Right panel: percentage of PAD4-positive cells. Values are mean + SD [**p < 0.01]. [B] Representative double-
immunofluorescence staining of colon sections of UC patients, before and after infliximab therapy, stained for myeloperoxidase [MPO, green] and citrullinated
histone H3 [citH3, red]. Co-localization of MPO and citH3 [yellow staining] together with DNA [DAPI, blue] is indicative of NETs.
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stimulatory effect of UC NETs on TNF-a without changing IL-1p
protein secretion [Figure 5D].

To investigate the mechanisms by which NETs stimulate inflam-
matory cytokine production, we evaluated the expression of active
forms of mitogen-activated protein kinases [MAPKs] in UC LPMCs
treated or not with NETs by Western blotting. ERK1/2 phosphor-
ylation but not activation of p38 and JNK was enhanced by NETs
[Figure 6A]. Treatment of UC LPMCs with a specific inhibitor of
ERK1/2 activation [PD98059] significantly reverted the positive ef-
fect of NETs on IL-1p and TNF-a production [Figure 6B].

3.5. Inhibition of NET formation ameliorates DSS-
induced colitis

Next, we determined whether PAD4 expression was increased in an
experimental mouse model of colitis, namely DSS-induced colitis.
PAD4 RNA transcripts were significantly increased in inflamed colon
of mice with DSS-colitis but not in control mice [Supplementary
Figure 2A].

To better characterize the contribution of NET release in DSS-
colitis, we evaluated expression of PAD4 and citH3 during the course
of colitis. Induction of such proteins was already evident by day
4, a time point at which no body weight loss was seen, suggesting
that NETs can play a role in the initiation of colitis in this model
[Supplementary Figure 2B, C]. To further address this issue, DSS-
treated mice were given streptonigrin, a selective PAD4 inhibitor,
on day 4, and then followed until day 8. During the experimental
procedures, there were neither visible toxic effects of the drug nor
changes of animal behaviour. Streptonigrin alone did not affect mu-
cosal architecture and epithelial integrity in normal animals [data not
shown|. Because PAD4 promotes citrullination of histone H3,’ we
verified the activity of streptonigrin by assessing citH3 expression
by Western blotting and immunofluorescence. A marked reduction
of citH3 was seen in the intestine of streptonigrin-treated mice as
compared to DSS control animals [Figure 7A, B]. DSS-treated mice

A
UC LPMC
Unst NETs
60

518 30

receiving intraperitoneal streptonigrin showed reduced colonic in-
flammation compared to DSS-treated mice, as indicated by the di-
minished weight loss, rectal bleeding and diarrhoea [Figure 7C].
Moreover, histological examination of colonic samples as well as
blinded histological scoring of colitis showed that streptonigrin was
effective in attenuating the DSS-driven colonic inflammation [Figure
7D] and reducing LCN-2, TNF-a and IL-1p RNA expression [Figure
7E].

4. Discussion

This study aimed to investigate the role of NETs in the control of
mucosal inflammation in UC. Our data indicate that expression of
both PADA4, a driver of NET release, and citH3 was increased in in-
flamed colon of UC patients as compared to NC. This confirms and
expands on data from studies showing an increased abundance of
NET-related proteins in UC?!' and up-regulation of protein citrul-
lination in human IBD colonic biopsies.** Analysis of cell sources of
PAD4 revealed that this protein was over-produced in both epithe-
lial and lamina propria cells, some of which showed morphological
features indicative of neutrophils. In contrast, no difference in PAD4
expression was seen between CD patients and NC, suggesting that
induction of PAD4 in UC is not an epiphenomenon of the mucosal
inflammation. Moreover, in UC, PAD4 was more expressed in in-
flamed mucosa than in uninvolved areas of the same patients, clearly
indicating that induction of this protein is associated with the on-
going inflammation and does not rely on the current therapy. While
this manuscript was in preparation, Angelidou et al. reported en-
hanced expression of NET components in UC but not CD mucosa.?

In line with data from previous studies, we also show that UC
samples contain enhanced levels of MPO and NE,*** two additional
components of NETs. Although these proteins can be secreted and
act independently of NETs, our immunofluorescence analysis in-
dicates that both MPO and NE co-localize with DNA and citH3,
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Figure 6. Neutrophil extracellular traps [NETs] enhance the production of IL-18 and TNF-a through an ERK-dependent mechanism in ulcerative colitis [UC] lamina
propria mononuclear cells [LPMCs]. [A] UC LPMCs were either left untreated or treated with NETs for different time points [5, 10, 30 and 60 min]. Representative
Western blot showing the expression of total and active [phosphorylated] forms of ERK1/2, p38 and JNK. B-Actin was used as a loading control. [B] PD98059, a
specific inhibitor of ERK1/2 activation, reverts the stimulatory effect of NETs on TNF-a and IL-1p production. IL-1p and TNF-a protein expression was determined

by ELISA. Data are mean + SEM of four experiments [*p < 0.05, **p < 0.01].

020z 111dy £z uo Jasn eoipawolg ealy £o8)ol|qig elebia ) 10] BwOoy Ip BlSISAIUN A] $S190ES/Z../9/E L AoeNsge-a]oe/00[-0009/Ww0o dno"olwapeoe//:sdiy Wolj Papeojumo(]


http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjy215#supplementary-data

NET release and UC

781

A

DSS DSS+Strepto
. %]
15kDa p P . g | CitH3 2
S50pm
42kDa P | CE— I S S (i —

DSS+Strepto

DNA; citH3
C
110 1 -@- CTR
105 A
100 4 — CTR+Strepto
£ 951
= 90 1 —&— DSS -
=
.20 85 A
§ 80 - —¥- DSS+Strepto % g 4::'7
75 1 R 6 °
J = 5
70 2 4 n
T T T T T T T T %b 3 -
1 2 3 4 5 6 7 8 5
2 2 mm
Days é 1
0 T .
DSS DSS+
Strepto
5
[
2 4 2
g <
23 8
g =
82 b
R E
w
0
CTR CTR+ DSS DSS+ CTR CTR+ DSS DSS+
Strepto Strepto Strepto Strepto
E
s T : 5
<z <% 'z
Z 2 z ¢ i
T3 283 E &3
S =53 LR
6z o Z £
= R = = E=
- - —
0
DSS DSS+ DSS DSS+ DSS DSS+
Strepto Strepto Strepto
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further supporting the hypothesis that NET release occurs in the ac-
tive phases of UC.

Studies in other systems have shown that NETs can be formed
not only in response to microbial peptides but also as a consequence
of neutrophil stimulation with inflammatory cytokines, nitric oxide,
monosodium urate crystals and various autoantibodies, and cell-cell
interaction between neutrophils and platelets or activated endothe-
lial cells.**** Our data support these findings, as we were able to
show that neutrophils isolated from peripheral blood of UC pa-
tients responded to LPS and TNF-a with enhanced formation of
NETs. Consistently, TNF-a blockade with IFX markedly reduced
colonic expression of PAD4 and the presence of NETs in UC pa-
tients. These data may appear surprising, as PAD4 content did not
differ between NC and CD, despite TNF-a being over-produced in
CD mucosa.* One possibility is that the prevalent induction of NET
release in UC, but not in CD, is secondary to the preferential accu-
mulation of neutrophils in the mucosa of UC patients. Accordingly,
the reduced formation of NETs seen in infliximab-treated patients
could be, at least in part, due to a decreased neutrophil infiltration
of the mucosa. Further work is needed to better address this issue
as well as to examine whether there is a cell-specific regulation of
PAD4 in the gut and which function PAD4 exerts in additional cell
types [e.g. epithelial cells] other than neutrophils. In this context,
it is known that PAD4 deiminates histones H2A, H3 and H4 and,
hence, influences expression of several genes involved in cell growth
and death.* Moreover, PAD4 regulates expression/activity of several
proteins [e.g. inhibitor of growth 4, p300 and histone deacetylase 2],
which are important in control of the DNA damage repair response,
protein misfolding and protein inactivation.*-*

Because, in UC, NETs were predominant in mucosal areas with
active inflammation, we next explored the possibility that such
structures can contribute to amplify the local inflammation. Indeed,
treatment of UC LMPCs with NETs increased the production of in-
flammatory cytokines, such as IL-1p and TNF-a. In contrast, there
was no significant change in the induction of TGF-B1, thus excluding
the possibility that the inducing effect of NETs on IL-1p and TNF-
a is secondary to suppression of counter-regulatory mechanisms. It
is unlikely that induction of inflammatory cytokines in UC LPMC
cultures following treatment with NETs is due to contaminants, as
pre-treatment of NETs with DNase abolished the stimulatory effect
of NETs on IL-1f and TNF-a synthesis. Our data indicate that UC
NET-driven inducing effect on TNF-a secretion by UC LPMCs re-
lies on NET-associated IL-1f, as the addition of Anakinra to UC
LPMC cultures abrogated such an effect. Surprisingly, Anakinra did
not affect UC NET-stimulated IL-1p secretion, thus suggesting the
existence of an alternative, IL-1p-independent mechanism that con-
trols the biological function of NETs in our cell system. This later
finding appears to conflict with data published by Angelidou et al.,
who showed that UC NETs induce the production of pro-IL-1p in
control peripheral blood mononuclear cells [PBMCs| through an
IL-1p-dependent mechanism.?® This discordance could rely on the
fact that different cell sources of IL-1B were used in the two studies
[i.e. PBMCs vs LPMCs]. It is also noteworthy that we measured the
mature form of IL-1p while Angelidou et al. restricted their analysis
to pro-IL-1p, which is converted in mature IL-1p by caspase 1, an
enzyme largely activated in inflamed tissue of IBD patients.*

Identification of cell sources of IL-1f and TNF-a in our system is
beyond the scope of this study. However, it is conceivable that anti-
gen-presenting cells [APCs] can contribute to such synthesis, as these
two cytokines are predominantly made by CD14-expressing APCs
in UC**! and previous studies have shown that NETs stimulate

macrophage lines to release inflammatory cytokines.’** Analysis of
the basic mechanism underlying induction of inflammatory cytokines
by NETs revealed that UC LPMCs treated with NETs exhibited en-
hanced phosphorylation of ERK1/2 and pharmacological inhibition
of such a kinase with PD98059 significantly reduced NET-induced
inflammatory cytokine production. In such experiments, PD98059
was used at a final concentration of 20 uM, a dose previously shown
to selectively inhibit ERK1/2.5*

To translate our data in vivo, we used an acute model of DSS-
induced colitis, showing immune-morphological similarities with
UC. Expression of PAD4 and citH3 protein was increased in the
colon of mice receiving DSS and this induction occurred at early
time points, suggesting a potential role of NETs in the patho-
genesis of colitis. Therapeutic administration of streptonigrin, a
highly potent PAD4 inhibitor, which blocks histone H3 citrulli-
nation, to colitic mice decreased expression of pro-inflammatory
cytokines and neutrophil-related genes and attenuated colonic
inflammation. These data are consistent with results of previous
studies showing that Cl-amidine, a pan-PAD inhibitor, inhibits
DSS-colitis and colitis-associated tumorigenesis in mice.*>*¢ It is
known that streptonigrin can exert PAD4-independent immu-
noregulatory and antimicrobial activity, and therefore we cannot
exclude the possibility that the anti-inflammatory effect of the
drug documented in this study may also rely on such activities.
Moreover, the detrimental effect of abnormal NET release in the
gut is supported by a recent paper showing that inhibition of
PAD4 reduces tissue damage and mortality in a mouse model of
necrotizing enterocolitis.’”

In conclusion, this study shows excessive formation of NETs in
UC and suggests a role for NETs in amplification of the inflamma-
tory cascade in this disorder. Therefore, compounds interfering with
NET release could be useful for dampening the detrimental immune
response in UC.
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