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ABSTRACT
Objective  Bleeding ulcers and erosions are hallmarks 
of active ulcerative colitis (UC). However, the mechanisms 
controlling bleeding and mucosal haemostasis remain 
elusive.
Design  We used high-resolution endoscopy and colon 
tissue samples of active UC (n = 36) as well as experimental 
models of physical and chemical mucosal damage in 
mice deficient for peptidyl-arginine deiminase-4 (PAD4), 
gnotobiotic mice and controls. We employed endoscopy, 
histochemistry, live-cell microscopy and flow cytometry to 
study eroded mucosal surfaces during mucosal haemostasis.
Results  Erosions and ulcerations in UC were covered by 
fresh blood, haematin or fibrin visible by endoscopy. Fibrin 
layers rather than fresh blood or haematin on erosions were 
inversely correlated with rectal bleeding in UC. Fibrin layers 
contained ample amounts of neutrophils coaggregated 
with neutrophil extracellular traps (NETs) with detectable 
activity of PAD. Transcriptome analyses showed significantly 
elevated PAD4 expression in active UC. In experimentally 
inflicted wounds, we found that neutrophils underwent 
NET formation in a PAD4-dependent manner hours after 
formation of primary blood clots, and remodelled clots to 
immunothrombi containing citrullinated histones, even in 
the absence of microbiota. PAD4-deficient mice experienced 
an exacerbated course of dextrane sodium sulfate-induced 
colitis with markedly increased rectal bleeding (96 % vs 10 
%) as compared with controls. PAD4-deficient mice failed to 
remodel blood clots on mucosal wounds eliciting impaired 
healing. Thus, NET-associated immunothrombi are protective 
in acute colitis, while insufficient immunothrombosis is 
associated with rectal bleeding.
Conclusion  Our findings uncover that neutrophils 
induce secondary immunothrombosis by PAD4-dependent 
mechanisms. Insufficient immunothrombosis may favour 
rectal bleeding in UC.

INTRODUCTION
Ever since the initial therapeutic studies of Truelove 
and Witts,1 rectal bleeding has been considered as 
an important component of the clinical features 
of patients suffering from severe ulcerative colitis 

(UC). Increased rectal bleeding may require hospi-
talisation and rarely emergency surgical interven-
tions.2 3 In UC, the epithelial lining is breached 
and emergency barriers are immediately required 
before epithelial restitution can be achieved.4 
Emergency barriers need to provide provisional 
control of microbial invasion, avoid loss of blood 
and mucosal tissue fluids and support a timely resti-
tution of mucosal epithelial integrity.5 Colitis can 

Summary box

What is already known about the subject?
	⇒ Rectal bleeding is a significant and worrisome 
feature of active ulcerative colitis (UC) and is 
present in many cases. Here we study the role 
of neutrophil-mediated immunothrombosis 
and extracellular trap formation in damaged 
intestinal mucosae and describe their beneficial 
haemostatic function during flares of UC.

What are the new findings?
	⇒ Activated neutrophils migrate to sites denuded 
of intestinal epithelium, aggregate and 
extrude decondensed chromatin as neutrophil 
extracellular traps (NETs) in a peptidyl-arginine 
deiminase-4 (PAD4)-dependent manner.

	⇒ PAD4-dependent NET formation is closely 
linked to the remodelling of blood clots to 
secondary immunothrombi. PAD4-dependent 
immunothrombosis achieves successful 
mucosal haemostasis and limits rectal bleeding 
in UC and in experimental models of disease.

How might it impact on clinical practice in the 
foreseeable future?

	⇒ The concept of a beneficial role of 
immunothrombosis and extracellular trap 
formation at mucosal surfaces challenges the 
prevailing view of harmful NETs. Therapeutic 
approaches in active UC need to carefully 
balance rather than abrogate the neutrophil 
response.
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be caused by various infectious microorganisms. Additionally, 
non-infectious causes of mucosal damage exist, ranging from 
drug-induced to diet-induced mucosal stress.6 Failure to clear 
instigating factors or repeated challenges in a structurally vulner-
able microenvironment7 favour sustained chronic inflammation 
in UC and the development of flares of acute inflammation. 
Flares often feature rectal bleeding and the presence of large 
numbers of polymorphonuclear granulocytes.8

Neutrophil granulocytes may trespass epithelial layers, 
phagocytise and serve as a first line of defense.9 10 Neutrophil 
granulocytes may further extrude decondensed chromatin deco-
rated with granular and nuclear constituents termed neutro-
phil extracellular traps (NETs).11 Peptidyl arginine deiminase-4 
(PAD4) contributes to chromatin decondensation in the course 
of NET formation in response to select triggers.12–15 NETs tend 
to aggregate,16 contribute to host defense13 and are increas-
ingly appreciated as a prothrombotic element.17 18 We observed 
that granulocytes and NETs represent a dominant element of 
the mucosal surface in UC, especially in areas of erosions and 
ulcerations. In experimental models, we noticed NET formation 
in direct proximity of blood clots and hypothesised a role of 
neutrophils and NETs in the remodelling of blood clots, mucosal 
haemostasis and control of rectal bleeding. In this study, we, 
thus, closely characterised surface remodelling and NET forma-
tion on mucosal erosions in both UC and experimental models, 
determined its functional role in mucosal wound healing and 
acute colitis and its dependence on PAD4.

MATERIALS AND METHODS
Patient and public involvement
Patients suffering from acute UC (n = 36) were recruited from 
the academic IBD centre of the University Hospital Erlangen, 
Germany. Partial Mayo scoring of rectal bleeding was performed 
on a clinical visit. Routine colonoscopy was performed in accor-
dance to standard clinical practice and colon tissue biopsies were 
collected after informed consent in agreement to the approval 
granted by the Ethics Committee of the Friedrich-Alexander-
University Erlangen-Nürnberg. Further clinical information on 
localisation and extent of disease, severity, age, sex and past 
or current therapies are included in the online supplemental 
table S1 and S2. Patients or the public were not involved in the 
design of this study. No additional burden was inflicted to study 
patients as interventions were planned for diagnostic and thera-
peutic reasons.

Endoscopic grading
A total of at least five images per patient derived from different 
areas of the colon were assessed by an experienced endoscopist 
in a blinded fashion for a graded assessment of the frequency 
of mucosal erosions and ulcerations inspired by the Blackstone 
score (0: no visible erosions, 1: less than 10 erosions (< 5 mm 
in size) per 10 cm section, 2: more than 10 erosions (< 5 mm in 
size) per 10 cm section to 3: more than 10 erosions (< 5 mm in 
size) and ulcerations (> 5 mm in size) per 10 cm section).19 The 
section most strongly affected, almost exclusively the rectum 
and sigmoid colon, determined the grading result. Additionally, 
the morphology of all mucosal erosions was analysed and the 
frequency of either fibrin coverage or persistence of fresh blood 
or haematin was assessed in these images. These findings were 
correlated to the clinically assessed partial Mayo score indi-
cating the frequency of rectal bleeding. Of initially evaluated 41 
patients, 36 patients were included. Three were excluded, as no 

endoscopy was performed. Two patients were excluded due to 
regular anticoagulant medication.

Human tissue samples
Colonoscopy was performed according to clinical guidelines 
after informed consent of the patient. Paraffin-embedded tissues 
(10 colon ulcers (including UC and diverticulitis) and 22 samples 
of eroded surface in active UC) were subjected to staining by 
immunofluorescence. All samples were derived from routine 
clinical practice after informed consent in Mainz, Bayreuth and 
Erlangen and a positive ethical review of the local authorities.

Transcriptomic analyses
The Predicting Response to Standardized Pediatric Colitis 
Therapy (PROTECT) study was a multicentre inception cohort 
study based at 29 centres in the USA and Canada providing 
RNAseq analyses of 206 patients with UC. Additionally, 
RNAseq analyses of an independent cohort of the RISK study 
encompassing 55 non-IBD controls, 43 patients with UC and 
92 patients with Crohn’s disease (CD) was analysed based on 
publicly available datasets (PROTECT (GSE109142), RISK 
(GSE117993)).20 Additionally, RNA sequencing was performed 
in-house on murine colon wound tissues as described before.21 In 
short, a total amount of 1 µg RNA per sample was used as input 
material for the RNA sample preparations. Sequencing libraries 
were generated using NEBNext Ultra RNA Library Prep Kit 
for Illumina (New England Biolabs) following the manufactur-
er’s recommendations and index codes were added to attribute 
sequences to each sample. polymerase chain reaction (PCR) was 
performed with Phusion High-Fidelity DNA polymerase (New 
England Biolabs), Universal PCR primers and Index (X) Primer. 
PCR products were purified (AMPure XP system) and library 
quality was assessed on the Agilent Bioanalyzer 2100 system. 
The clustering of the index-coded samples was performed on a 
cBot Cluster Generation System using PE Cluster Kit cBot-HS 
(Illumina) according to the manufacturer’s instructions. After 
cluster generation, the library preparations were sequenced 
on an Illumina platform and paired-end reads were generated 
followed by data analyses as described.21 The newly developed 
dataset is publicly available at the European Bioinformatics Insi-
tute ArrayExpress website (https://www.ebi.ac.uk/arrayexpress/) 
under the accession number (E-MTAB-10824).22 Genes related 
to each topic (clot remodelling, neutrophils, myeloid cells, 
lymphocytes, fibroblasts) were individually selected inspired 
by published studies and gene ontology terms. For cell-related 
genes, specificity of expression was analysed using data assem-
bled by the ImmGen consortium.23

Mice
PAD4−/− mice were kindly provided by K Mowen, Scripps Insti-
tute, La Jolla, California, USA and have been described previ-
ously.15 All mice used were on the C57BL/6 background. For 
each individual experiment, age-matched and sex-matched mice 
were used. Mice aged 6–14 weeks were used for experimental 
procedures. In experiments comparing PAD4-deficient mice to 
wild-type, PAD4-proficient littermates were used as controls. All 
mice were kept under specific pathogen-free (SPF) conditions at 
the animal facility of the University of Erlangen. C57BL/6 mice 
raised under gnotobiotic conditions were provided by A Bleich 
and kept in isolators for the course of the experiment performed 
under sterile conditions with control C57BL/6 mice kept under 
SPF conditions in separate cages. Experimental procedures were 
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approved by the local committees of Lower Franconia (AZ 55.2 
2532-2-358).

Experimental models of disease
Acute colitis was induced by the administration of 3–4 % dextran 
sodium sulfate (DSS, 36-50 kD) (MP Biotech, Santa Ana, Cali-
fornia, USA) to the drinking water of mice. Weight and clinical 
features were documented throughout the experiment. If sched-
uled by the experiment, deoxyribonuclease I (DNase I) (5 U/g 
body weight) (Sigma-Aldrich) was injected intravenously each 
day. Endoscopic analysis of the colonic mucosa was performed 
on day 7 of DSS administration. Mice were euthanised if a 
weight loss of 20 % occurred during the course of the disease 
or sacrificed at day 9 for further examinations. COLOVIEW 
high-resolution mouse video endoscopic system (Karl Storz, 
Tuttlingen, Germany) was used for mouse colonoscopy. Colonic 
wounds were inflicted using an endoscopic forceps during mouse 
colonoscopy (size: 3 Fr.) as described previously.24 Colonoscopy 
was performed on a daily basis in order to kinetically evaluate 
the development of the wound area. Wound area calculation was 
performed on screen shots as described.25 Mice were sacrificed 
at the indicated time points and colon tissue was dissected and 
wounds were recovered using a punch biopsy. Samples were 
subjected to further analysis using RNA and protein isolation 
techniques as well as analyses by histochemistry.

Cell isolation procedures
Murine lamina propria mononuclear cells were isolated as 
previously described.26 In brief, colonic tissue was mechanically 
dissected, and intestinal epithelial cells were removed by incu-
bation in ethylenediaminetetraacetic acid (EDTA). Remaining 
tissue was digested in collagenase D (Roche Diagnostics, Mann-
heim, Germany), DNase I (Sigma-Aldrich, Munich, Germany), 
and dispase II (Roche Diagnostics). Digested tissue was passed 
through a 100 µm cell strainer, and the remaining cellular 
content was prepared for flow cytometry using fluorescently 
labelled antibodies directed against CD45, CD11b, Siglec F, 
Ly6C and Ly6G (BioLegend). Human peripheral blood neutro-
phils were isolated from healthy donors after informed written 
consent in agreement with local ethical regulations and sepa-
rated using PanColl (PanBiotech, Germany) density gradient 
centrifugation. Granulocytes were enriched from the erythro-
cyte pellet by consequent dextrane sedimentation (60 min, 1 %, 
Carl Roth, Germany). The purity of neutrophil isolations was 
routinely above 90 %. Murine myeloid cells were sorted by flow 
cytometry from thioglycolate-induced peritoneal cells. These 
were harvested from the peritoneal cavity by peritoneal lavage of 
a Hank's balanced salt solution (HBSS)-EDTA solution 18 hours 
after thioglycolate instillation (3 %) into the peritoneal cavity. 
Cell suspensions were sorted directly into RNA lysis buffer.

Real-time quantitative PCR
Tissue RNA was isolated by directly freezing tissue samples in 
liquid nitrogen in lysis buffer of the peqGOLD Total RNA Kit 
(Peqlab, Erlangen, Germany). RNA quantification was performed 
using Nanodrop technology (Thermo Scientific, Wilmington, 
Delaware, USA). Reverse transcription into complementary 
DNA (cDNA) was performed using the BioRad iScript cDNA 
synthesis Kit (Bio-Rad Laboratories, Munich, Germany). Real-
time quantitative PCR (qPCR) was performed using QuantiTect 
Primer Assays for Actb, Aqp9, Csf2, Csf3, Cxcl5, Cxcr2, Hprt, 
Il1b, Il6, Nos2, Tnfa, Pad2, Pad4, S100a9 (Qiagen, Hilden, 
Germany) and QuantiTect SYBR Green qPCR Kit (Qiagen) on 

the Roche LightCycler system (Roche, Penzberg, Germany). 
Expression was calculated relative to the housekeeping gene 
Hprt using the deltadelta threshold cycle (ΔΔCt) algorithm. Fold 
difference to control treated animals or unstimulated control, 
respectively, was calculated as a ratio to the respective control 
mean.

Immunofluorescence and blotting techniques
Histological staining was performed on paraffin-embedded 
sections with the classical haematoxylin-eosin (H&E) staining 
procedure. Immunofluorescence of cryosections or paraffin-
embedded slides was performed as described below and recorded 
on either a confocal laser scanning-microscope or a standard 
fluorescence microscope (Leica, Germany) using overnight hybri-
disation with primary Abs specific for α-smooth muscle actin 
(Abcam, Cambridge, UK, 1:500), Beta-Catenin (Cell Signalling, 
1:500), E-Cadherin (BD, 1:100), EpCAM (BioLegend, 1:100), 
citrullinated histone H3 (Abcam, 1:200), MPO (Abcam, 1:200), 
C3d (R&D Systems, 1:100). Detection was performed using 
either biotinylated secondary Abs (goat anti-rabbit or anti-rat, 
Abcam, 1:1000) and TSA Fluorescein/Cy3 kits (PerkinElmer, 
Waltham, Massachusetts, USA) or directly labelled Alexa 488 or 
Alexa 555-conjugated goat anti-rat antibodies (Abcam, 1:200–
1:1000). Before examination, the nuclei were counterstained 
with either Hoechst 33342, propidium iodide or SYTOX Green 
(Invitrogen Molecular Probes, Karlsruhe, Germany; BD, Heidel-
berg, Germany). Autofluorescence of blood clots in paraffin-
fixed sections was determined at excitation 488 nm and emission 
525 nm in the absence of Alexa 488/fluorescein isothiocyanate 
(FITC)-based immunofluorescence. Tissue-derived proteins were 
isolated from snap frozen samples using Mammalian Protein 
Extraction Reagent (MPER) complete buffer (Thermo Scientific) 
and mechanical disruption using a ball mill. Protein quantifica-
tion was performed using Bradford reagent (Carl Roth). For dot 
blots, protein lysates were directly administered to nitrocellulose 
membranes. For further analysis, Western blots were performed 
after sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) using ready-made gels (Bio-Rad).

Calculation of ulcerated area
Tissue sections stained with H&E were used for a blinded 
morphometric analysis calculating the area affected by ulcer-
ation relative to the total sectional mucosal surface.

Assessment of fecal bacterial load
Stool samples of gnotobiotic and SPF mice were collected 
before and 18 hours after wound infliction. Stool samples were 
suspended in a weight-normalised amount of sterile phosphate-
buffered saline (PBS). Filtrates were plated on sterile LB agar 
plates without antibiotics, incubated at 37 °C for 24 hours and 
bacterial colonies were counted.

PAD4-dependent plasmin activity assay
Various concentrations of human α2-antiplasmin (Merck Milli-
pore, Darmstadt, Germany) were preincubated with or without 
active PAD4 enzyme (Cayman Chem, Ann Arbor) for 2 hours at 
37 °C in a buffer containing 100 mM Tris-HCl, 160 mM lysine 
and 10 mM CaCl2. Afterwards, human active plasmin enzyme 
was added and incubated for 30 min at 37 °C. The fluorescent 
plasmin substrate N-Succinyl-Ala-Phe-Lys-AMC (Merck Milli-
pore) was then added to each well and the fluorescence intensity 
measured in a Tecan Infinite M200 microplate reader (Tecan, 
Männedorf, Switzerland) with ex/em 345/465 nm at 37 °C over 
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a period of 60 min. Results were analysed using Microsoft Excel 
(Microsoft, Redmond, Washington, USA).

Assessment of transglutaminase activity in colon wounds
The transglutaminase substrate 5-(Biotinamido)pentylamine 
(Merck Millipore) was dissolved in sterile PBS and injected 
intraperitoneally at a concentration of 100 mg/kg body weight 
in wild-type and PAD4−/− mice immediately before colon wound 
infliction.27 After 6 hours, the tissue was harvested, frozen and 
cut. Wound sections were fixed and stained with a fluorescent 
streptavidin conjugate (Dylight 488, Thermo Fisher). After 
counterstaining with Hoechst, imaging was performed using a 
standard fluorescence microscope (Leica, Germany). Relative 
fluorescence intensity in the wound clot area was assessed by 
digital image analyses. D-dimer concentration in colon wound 
homogenates was measured using the Abbexa D-dimer ELISA 
kit (Cambridge, UK) according to manufacturer’s instructions.

Flow cytometric analysis of the cellular composition of colon 
wounds
Three to four colonic wounds per mouse were inflicted using an 
endoscopic forceps during mouse colonoscopy and colon tissue 
was isolated after 18 hours. The wound area was punched out 
using a 3 mm biopsy punch and wounds and the residual non-
wounded colon tissue were retained in separate tubes. Lamina 
propria leukocytes (LPL) and intraepithelial leukocytes (IEL) 
were isolated separately from both tissue fractions using the 
Lamina Propria Dissociation Kit for mouse (Miltenyi Biotec, 
order no. 130-097-410). Briefly, the tissue was cut into small 
pieces, incubated with predigestion solution at 37 °C for 2×20 
min with vigorous shaking and then filtered through a 100 µm 
cell strainer. The filtrate containing the IEL fraction was kept 
on ice while the remaining tissue pieces were incubated with 
HBSS without Ca2+ and Mg2+ + 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) at 37 °C for 20 min 
with vigorous shaking. After repeated filtration, the tissue pieces 
were enzymatically digested for 30 min at 37 °C and subse-
quently shredded using the gentleMACS Dissociator (Miltenyi 
Biotec). The remaining LPLs were transferred into a fresh tube 
and centrifuged in parallel with the IEL filtrate to pelletise the 
cells. The pelletised LPL and IEL fractions were purified using a 
Percoll Cytiva density gradient and washed with flow cytometry 
buffer in a final step. After staining with fluorophore-coupled 
antibodies, flow cytometric analysis was performed using a 
LSRFortessa Cell Analyzer and FlowJo software (BD Biosci-
ences, Franklin Lakes, New Jersey, USA).

DNase-mediated digestion of wound clots in-vitro
Colon wounds were inflicted on wild-type mice as described 

above. After 18 hours, mice were sacrificed and wound clots 
were picked from the excised colon. The clots were trans-
ferred into chamber slide wells containing PBS and stained with 
Hoechst and SYTOX Green for 30 min at room temperature. 
Subsequently, DNase I (1 U/mL) was added to the wound clots 
and incubated at 37 °C for 20 hours. Microscopic imaging was 
performed at three time points before and after addition of 
DNase.

Assessment of neutrophil–blood clot interactions in vitro
Citrated human whole blood was recalcified on glass cover slips 
using 10 mM CaCl2 in accordance with standard protocols. 
After 1 hour of incubation at 37 °C, a well of a defined size was 
punched in the centre of the blood clot. Neutrophil suspensions 
(5×105 cells per well) were seeded in this well in the presence 

of 5 mM SYTOX Green in autologous serum. After 180 min, 
samples were fixed in 4 % paraformaldehyde (1 hour or over 
night) and stained according to the following protocol. Samples 
were carefully washed with PBS and subjected to a blocking solu-
tion (PBS + 10 % fetal calf serum (FCS) + 1 % bovine serum 
albumine (BSA)). Overnight-incubation with primary antibody 
in blocking solution ensued. A directly labelled secondary anti-
body 1:200 in PBS was incubated for 2 hours. Hoechst and/or 
SYTOX Green (5 mM) was used for chromatin staining.

Live-cell imaging
Human neutrophil suspensions in a HEPES-buffered Roswell 
Park Memorial Institute (RPMI)-based medium supplemented 
with 2 % autologous human serum and nucleic acid stains were 
incubated for 1.5 hours at 37 °C with selected inhibitors or 
solvent controls. Cells were then seeded in 48-well plates and 
imaged using a Keyence microscope with temperature and gas-
control at 37 °C and 5 % CO2. Wells were previously prepared to 
contain a mixture of high-melting and low-melting agarose gels 
in the centre of the well mixed with human autologous serum 
(20 %) of the respective donor. Serum was used either native or 
heat-inactivated (30 min, 56 °C). Repetitive automated imaging 
using the Keyence microscope allowed the study of the kinetics 
of NET formation at the edge of the agarose gel.

Confocal laser-scanning microscopic analysis of colon tissues 
and mucosal ulcers
Immunothrombi formed on top of mucosal wounds were manu-
ally picked and put on glass slides followed by immunostaining as 
presented above. Wounded areas were excised from the colon of 
sacrificed mice using a punch biopsy. The samples were mounted 
as a whole on top of glass slides, fixed and subjected to immu-
nostaining as presented above. Stained samples were subjected 
to confocal laser-scanning microscopy (Leica SP5) and z-stacks 
were acquired. Further image processing was achieved by Leica 
and Image J software.

Statistical analysis
Data were analysed as indicated in the figure legends using 
the unpaired Student t-test using Microsoft Excel (Microsoft, 
Redmond, Washington, USA) or an analysis of variance with 
post-hoc Tukey honestly significant difference (HSD) tests, 
as well as Fisher’s exact test for 2×2 contingency tables and 
Wilcoxon rank-sum test, as indicated. Correlation of ordinal 
and metrically scaled parameters was performed using non-
parametric Spearman rank-order correlation test.

RESULTS
Bleeding in active UC is controlled by successful formation of 
fibrin on mucosal erosions
Epithelial barrier dysfunction characterises UC, especially 
during flares of disease. In this setting, many patients experience 
marked rectal bleedings. We observed that patients with endo-
scopically active UC exhibit abundant mucosal erosions, while 
intensity of rectal bleeding strongly varies (figure 1A and B). We 
assessed both rectal bleeding as reported on clinical visits (partial 
Mayo score) as well as endoscopic features of disease. There was 
an increased frequency of mucosal erosions and ulcerations in 
patients suffering from rectal bleeding (figure 1B). However, the 
presence of erosions did not necessarily prompt rectal bleeding. 
Mucosal haemostasis was successfully established even in active 
UC, when the erosions were completely covered by fibrin 
(figure 1C). However, incomplete coverage by fibrin correlated 
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with increased rectal bleeding. Increased occurrence of fresh 
blood or haematin on the surface of mucosal erosions correlated 
with clinical rectal bleeding (figure 1D). These findings suggested 
a haemostatic function of fibrin layers in active UC.

Eroded colonic mucosa features blood clots which are 
remodelled to a fibrin layer rich in aggregated granulocytes 
and NETs
As the mechanisms controlling mucosal haemostasis in UC 
are incompletely understood, we assessed the morphology 
of mucosal erosions by microscopy in subsequent studies. We 
studied erosions covered with blood or haematin and those 
covered with whitish fibrin (figure 2A and D). The surface of 
blood-covered erosions featured homogenous blood clots. Inva-
sion of neutrophils from the edge of the blood clot was observed 
(figure 2B). MPO+ neutrophils at the edge of the autofluores-
cent blood clot were present in aggregates showing interspersed 
decondensed chromatin and featured citrullinated histone H3 
(H3cit) as evidence for PAD activity (figure 2C). We speculated 
that infiltrating neutrophils and the associated PAD activity 
might be directly involved in the remodelling of the clot to a 
haematoxylin-affine amorphous fibrin layer. Fibrin-covered 
erosions also showed ample amounts of infiltrating neutrophils 
(figure  2D). We identified fibrin layers in active UC and on 
colonic ulcers to be rich in CD15+ neutrophils and myeloperox-
idase (figure 2D–E, online supplemental figure 1A). Moreover, 
the fibrin layer on eroded surfaces was characterised by extra-
cellular chromatin devoid of nuclear morphology displaying 
citrullinated histone H3 (H3cit), typical of NETs (figure  2F, 
online supplemental figure 1B). At the edge of blood clots on 
blood-covered erosions, single neutrophils were observed which 
also displayed H3cit. While H3cit was largely absent in MPO+ 

cells in the lamina propria (online supplemental figure 1A,B), 
strong H3cit immunopositivity and hence PAD activity was 
found within fibrin layers in direct proximity to aggregated 
granulocytes (figure 2F). Transcriptomes showed the increased 
presence of PAD4 in the inflamed mucosa of colonic CD, ileo-
colonic CD and UC in two independent patient cohorts in both 
male and female patients alike, whereas PAD2 was reduced in 
active disease (figure 2F and G). Subsequent studies revealed that 
Padi4 expression is restricted mostly to innate immune cells of 
the myeloid lineage, especially neutrophil and eosinophil granu-
locytes (online supplemental figure 2A), while it is not detected 
in intestinal epithelial cells. Taken together, histone citrullination 
and formation of NETs is associated with increased presence of 
PAD4 in severe intestinal inflammation in IBD and occurs mostly 
in fibrin layers which cover mucosal ulcerations.

Mucosal damage leads to the formation of red blood clots 
subject to remodelling to neutrophil-rich fibrin layers 
characterised by marked PAD4-activity
Based on these findings, we hypothesised that neutrophils take 
part in the remodelling of red blood clots on mucosal erosions to 
fibrin layers. In order to dynamically model healing of mucosal 
ulcers in vivo, we inflicted colonic wounds in mice by endoscopy 
using a grasping forceps (figure 3A): directly after wounding, a red 
blood clot forms on the mucosal wound, which was remodelled to 
a whitish fibrin layer hours after wounding (figure 3A). 18 hours 
after wounding, a breach of the epithelial lining was still appreci-
ated on the microscopic level (figure 3B). As observed previously 
in humans, the wound bed was covered by both amorphous mate-
rial and aggregated MPO+ neutrophils (figure 3B and C). The fibrin 
layer was further intensely fibrinogen-positive, indicative of fibrin 
polymerisation (figure 3D), featured PAD activity as evidenced by 

Figure 1  Bleeding in active UC is controlled by successful formation of fibrin on mucosal erosions. (A) Patients experiencing flares of UC often 
suffer from rectal bleeding, typically assessed by the partial Mayo score (0: none, 1: visible blood with stool (< 50 %), 2: visible blood with stool (> 
50 %), 3: passing blood alone). Patients suffering from flares of UC underwent routine endoscopy. Representative endoscopic images of patients with 
various degrees of rectal bleeding are depicted. (B) Clinically observed rectal bleeding coincided with the enhanced presence of mucosal erosions 
on endoscopy as graded by an experienced endoscopist in a blinded fashion inspired by the Blackstone score (0: no visible erosions, 1: less than 10 
erosions (< 5 mm in size) per 10 cm section, 2: more than 10 erosions (< 5 mm in size) per 10 cm section to 3: more than 10 erosions (< 5 mm in 
size) and ulcerations (> 5 mm in size) per 10 cm section). The section most strongly affected determined the grading result (Spearman’s rho: 0.38, * 
p < 0.05). additionally, the morphology of mucosal erosions was analysed and the frequency of either fibrin coverage or persistence of fresh blood 
or haematin was assessed in these images supported by digital image analysis. (C) Presence of erosions did not necessarily prompt rectal bleeding, 
rather complete coverage by fibrin on all mucosal erosions achieved haemostasis. Less efficient fibrin coverage was observed in patients suffering 
from rectal bleeding as assessed by partial Mayo score (spearman Rho: 0.73, **** p < 0.0001). (D) Persistent presence of blood or haematin on 
erosions was associated with clinical rectal bleeding (spearman Rho: 0.73, **** p < 0.0001). The study cohort included 36 patients suffering from 
active UC with varying degrees of rectal bleeding. UC, ulcerative colitis.
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H3cit (figure  3E) and displayed the presence of C3d, indicating 
complement activity (figure 3F). By flow cytometry, we assessed the 
relative amounts of various immune cells to both wound surface and 
lamina propria. Both surface and lamina propria showed a strikingly 
increased infiltration of CD11b+ myeloid cells as compared with 
adjacent healthy mucosa. Both surface and lamina propria showed 
significant increases of CD11b+Ly6G+ neutrophils: especially the 
wound surface showed a striking enrichment of up to 73 % of all 
infiltrating CD11b+ myeloid cells being neutrophils (figure  3G), 

while CD11b+Ly6CintLy6G-SiglecF+ eosinophils were scarce 
(figure 3H). The wound surface of both blood-covered and fibrin 
covered-erosions was additionally analysed in a top view perspec-
tive by confocal microscopy. Aggregated neutrophils and NETs were 
observed in direct proximity to blood clots. Ultimately, the blood 
clots were completely remodelled to H3cit-positive layers (figure 3I). 
We further quantified PAD activity in colonic wounds and detected 
markedly elevated H3cit in wounds (figure  3J and K). Remodel-
ling of the blood clot on eroded surfaces thus leads to a fibrin layer, 

Figure 2  Eroded colonic mucosa features blood clots which are remodelled to a fibrin layer rich in aggregated granulocytes and NETs. During 
colonoscopy of active UC, biopsies were taken specifically from either (A–C) blood clot-covered or (D–F) fibrin-covered erosions and analysed by 
endoscopy and microscopy as indicated. Representative endoscopic images of (A) blood/haematin-covered and (D) fibrin-covered colon erosions of 
patients suffering from active UC are shown. (B) Representative low-power and high-power images are provided (scale bars: 100 µm). We identified 
marked infiltration of neutrophils into the blood clot and adjacent amorphous haematoxyline-affine material. Samples from (E) fibrin-covered erosions 
showed a strong abundance of aggregated neutrophils (scale bars = 100 µm). (C, F) Immunofluorescence of such biopsies is shown using either MPO 
or H3cit-directed primary antibodies. (C) Aggregates of MPO+ neutrophils were present at the edge of the autofluorescent primary blood clot (488/525 
nm). In this area, decondensed chromatin and H3cit was detected. Combined and single channel analyses are presented (scale bars = 100 µm). 
(F) Fibrin visible on the endoscopic level is rich in H3cit and aggregated MPO+ neutrophils. As depicted, H3cit is rather restricted to the fibrin layer 
(representative of n = 22 biopsies studied). (G–H) Publicly available datasets of RNAseq-based transcriptomics of large cohorts of patients suffering 
from icCD (1), colCD (2) or UC (3) were reanalysed for expression of PAD2 and PAD4, respectively. Fold change as compared with non-diseased 
controls is depicted. colCD, colonic Crohn’s disease; H3cit, citrullinated histone H3; icCD, ileocolonic Crohn’s disease; MPO, myeloperoxidase; NETs, 
neutrophil extracellular traps; PAD, peptidyl-arginine deiminase; UC, ulcerative colitis.
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characterised not only by fibrin polymerisation but also by the 
activity of complement and a significant contribution of neutrophil 
granulocytes, which aggregate, form NETs and show marked PAD 
activity.

To underline this crucial contribution of innate immune cells 
to the remodelling of the wound surface, we introduced the term 
immunothrombus to define a primary blood clot, which has been 
remodelled by innate immune cells.17

An increased neutrophil-related transcriptional signature 
coincides with the increase of clot remodelling-associated 
transcripts
To further characterise the dynamic process of wound healing and 
wound-bed remodelling on a transcriptional level, we performed 
RNA sequencing of colon wounds at defined time points of 6, 24 
and 48 hours after wounding as compared with healthy tissue. 
Specifically, we assessed dynamic changes in expression over time 

Figure 3  Mucosal damage leads to the formation of red blood clots subject to remodelling to neutrophil-rich fibrin layers characterised by marked 
PAD-activity. Colonoscopy was performed in mice and mucosal wounds were induced using an endoscopic forceps. (A) Top Left: forceps during 
endoscopy; top right: forceps with biopsy; bottom right: red blood clot on the mucosal wound directly after wounding; bottom left: whitish fibrin 
covers the mucosal wound 6 hours after wounding. The red blood clot was remodelled. (B) H&E staining of sections of mucosal ulcers (18 hours after 
injury) display an amorphous layer rich in granulocytes at the surface of the mucosal ulceration. An overview of a cross-section (left) and a high-power 
magnification (centre) is presented, as well as an image of healthy mucosa (right). (C) The remodelled layer covering the wound bed is positive for 
MPO as evidenced by immunofluorescence. MPO staining shows fiber-like constitution, indicative of a partially extracellular localisation, colocalised 
to DNA. (D) The remodelled layer is also characterised by fibrin deposition, as evidenced by fibrinogen immunofluorescence (top) as compared with 
control (bottom) (scale bars = 100 µm). (E) H3cit is preferentially detected in the wound surface, also featuring (F) cleaved complement C3d. (G) Flow 
cytometric analysis of healthy and wound tissue 18 hours after wounding. Both the LPL fractions and the IEL fractions of wounds were analysed. In 
wound tissues, CD11b+Ly6G+ neutrophils are the dominant cell type in the IEL fraction, whereas the lamina propria features large populations of both 
CD11b+Ly6G+ neutrophils and CD11b+Ly6Chi monocytes. (H) Quantification of the cellular composition of colon wounds and adjacent healthy colon 
tissue (n = 18 wounds studied, *** p < 0.001, Student’s t-test, ** p < 0.01, Student’s t-test, * p < 0.05, Student’s t-test). (I) Colonic wounds were 
mounted on glass slides as a whole and subjected to epifluorescence analysis after immunostaining of H3cit (in red) and Hoechst (in green) staining. 
The wound surface of two different wounds both derived from wild-type mice is presented. Left: a wound with persistent presence of the primary 
blood clot. A cell-rich layer in proximity to the blood clot characterised by H3cit-positive chromatin threads separates the blood clot from the adjacent 
mucosa. Centre: a remodelled colonic ulcer surface, covered by H3cit+ chromatin. Right: no H3cit is detectable on healthy mucosa. Images are 
representative of > 10 colonic wounds studied. (J) Western blot analyses of colonic wounds and healthy mucosa collected 18 hours after wounding 
were performed. (K) Densitometry of Western blots as in (J) shows increased presence of H3cit in the wound bed as compared with healthy control 
tissues (** p < 0.001, Student’s t-test, 3 independent experiments performed). Loading control: β-Actin. All scale bars = 100 µm. H3cit, citrullinated 
histone H3; IEL, intraepithelial lymphocyte; LPL, lamina propria leucocyte; MPO, myeloperoxidase; PAD, peptidyl-arginine deiminase.
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of preselected genes functionally associated to haemolysis and 
fibrinolysis, clot remodelling, as well as immune cell-associated 
signatures related to neutrophils, myeloid cells, lymphocytes and 
fibroblasts. Clot remodelling-associated transcripts, for example, 
Hp, Tgm1, Plaur, Serpine1, Serpinf2 and Hmox1 showed 
strongly increased abundance as soon as 6 hours after wounding 
(figure  4A). Interestingly, increased abundance of neutrophil-
related transcripts, for example, Csf3, Clec4e, S100a9, Cxcr2 
and Padi4 coincided with clot remodelling-associated transcripts 
(figure 4B). A myeloid cell-related gene set reached its maximum 
in abundance at 24 hours after wounding (figure 4C), whereas 
lymphocyte-related transcripts peaked at 48 hours (figure 4D). 
Fibroblast-related transcripts showed less marked alterations in 
abundance as compared with the aforementioned immune cell 
compartments (figure  4E). Taken together, abundance in clot 
remodelling-related genes coincides with a neutrophil-related 
gene signature, whereas myeloid and lymphocyte-related signa-
tures increase at later time points after wounding (figure 4F). 
Findings from RNA sequencing studies were corroborated by 
selective qPCR analyses of colon wounds and adjacent healthy 
mucosa at 24 hours post wounding. Specifically, Padi4 mRNA 

was increased in colonic wounds, while Padi2 mRNA was not 
(online supplemental figure 2B).

Deficiency of PAD4 disturbs blood clot remodelling on 
mucosal ulcerations and delays mucosal wound healing
Next, we assessed the functional contribution of immuno-
thrombi in vivo. We made use of PAD4-deficient mice. We 
observed striking morphological differences in the wound 
healing process in PAD4-deficient mice as compared with 
controls. In the absence of PAD4, H3cit was strongly reduced 
in the wound surface (online supplemental figure 3A) and less 
decondensed chromatin was present. Functionally, the remodel-
ling of the ulcerated surface was disturbed (figure 5A, video 1): 
red blood clots persisted more often as analysed 6 hours after 
wounding and led to a continued sanguinary appearance on 
endoscopy (figure 5B). Following the delayed remodelling of the 
wound surfaces, the timely restitution of the mucosal integrity 
was delayed in the absence of PAD4 as compared with wild-
type controls. This was evidenced by repeated endoscopy and 
morphometry (figure 5C and D). H&E staining of colon wound 

Figure 4  An increased neutrophil-related transcriptional signature coincides with the increase of clot remodelling-associated transcripts. RNA-
sequencing was performed studying the transcriptome of healthy colon and wound tissue from three defined time points after wounding (6 hours, 
24 hours, 48 hours after wounding, n = 3 wounds per time point). Expression was analysed as a fold-change in relation to the healthy state. An 
expression time course for each gene set (clot remodelling-related, neutrophil-related, myeloid cell-related, lymphocyte-related, fibroblast-related) 
is provided. The area between the minimal and maximal differentially expressed genes of each gene set is coloured. Additionally, the mean of each 
gene set and exemplary single gene time courses are depicted for the genes indicated. A heat map of the entire topic-related gene set studied is 
provided visualising the log2 fold change in colour (increase in red, decrease in blue). (A) Expression of clot remodelling-related genes is most strongly 
increased 6 hours after wound infliction. (B) Neutrophil-related genes – among these Padi4 – are also most strongly increased 6 hours after wound 
infliction. (C) Expression of myeloid cell-related genes show a slower increase within the first day of healing peaking at 24–48 hours. (D) The profile 
of lymphocyte-related genes peaks at 48 hours after damage. (E) Expression of fibroblast-related genes shows only a moderate increase over time. (F) 
Summarised depiction of the expression profiles shown in (A)–(E) over time. Please appreciate the sequential dynamics of the designated profiles.
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sections evidenced the persistence of blood clots on the wound 
in the absence of PAD4 (figure 5E), whereas in wild-type controls 
remodelling to a neutrophil-rich immunothrombus occurred 
regularly. Neutrophil chemoattraction to the wound surface was 
not disturbed as evidenced by MPO staining (figure 5F). Further 
whole mount immunofluorescence demonstrated that neutro-
phil chemoattraction persisted in the absence of PAD4, while 
histone citrullination and chromatin decondensation was mark-
edly disturbed (figure 5G, online supplemental figure 3A). Flow 
cytometric analyses corroborated the strong and equally effec-
tive chemoattraction of neutrophils to the wounds in the absence 
of PAD4 (figure 5H). Additionally, no significant alterations in 
the influx of other myeloid cells were observed (figure 5I).

Immunothrombosis occurs on mucosal erosions even in the 
absence of bacteria
Immunothrombi on colonic wounds were subject to bacterial 
invasion in mice: both in wild-type and PAD4-deficient mice 
invasion of the wound surface by bacteria was detected using 
16s-rRNA eubacteria-directed fluorescent probes. Obvious 
tissue infiltration into deeper layers of the intestinal mucosa by 
bacteria was not observed (online supplemental figure 3B). We 
aimed to understand, whether microbial invasion was important 
for NET formation in immunothrombi. Gnotobiotic C57BL/6 
mice were used and wounds were inflicted under sterile condi-
tions. Bacteria could not be detected in the murine faeces of 
treated mice even 18 hours after the endoscopic procedure 

Figure 5  Deficiency of PAD4 disturbs blood clot remodelling on mucosal ulcerations and delays mucosal wound healing. Mini-colonoscopy was 
repetitively performed after physical wounding of the colon mucosa. (A) Representative endoscopic imaging of colon wounds 6 hours after wounding 
performed in PAD4−/− and wild-type (WT) mice display the disturbed remodelling of the blood clot on the ulcer surface in PAD4−/− mice. Please 
appreciate the persistent sanguinous appearance of wounds in PAD4−/− mice. (B) Quantification of the fraction of wounds displaying a sanguinous 
morphology covering the wounds (** p < 0.05, Fisher’s exact test for 2×2 contingency tables). (C) Wound bed size was measured on repeated 
endoscopic examinations. Wounds in PAD4-deficient mice had a delayed kinetic of wound healing (* p < 0.05, Student’s t-test). (D) Time course of 
mucosal healing as evidenced by representative endoscopic images of colon wounds performed in PAD4−/− and WT mice (n = 24 wounds per group 
(* p < 0.05, Student’s t-test)). (E) H&E staining of colonic wound sections from WT and PAD4−/− mice after 18 hours shows a remodelled blood clot 
in the WT colon, characterised by a high abundance of invading granulocytes throughout the fibrin layer. In contrast, the PAD4−/− wound clot still 
contains the primary blood clot with granulocytes only present at the clot edge (scale bars: low power = 200 µm, high power = 100 µm). The same 
wound as in (E) was subjected to immunofluorescence. (F) Staining of MPO shows neutrophil infiltration throughout the clot in WT mice. The wound 
from PAD4−/− mice features MPO+ cells surrounding the unstained sanguinous core (scale bars: low power = 200 µm, high power = 100 µm). (G) 
Epifluorescence analyses of the colon ulcer surface of PAD4−/− and WT mice displayed the reduced presence of H3cit in PAD4−/− mice as well as the 
persistence of the primary blood clot (marked by the asterisk). High-power insets are presented on the right. Counterstaining with sytox green. (H) 
Flow cytometric analyses of cellular infiltrates of wound tissues from WT and PAD4−/− mice 18 hours after wounding are presented. Both genotypes 
exhibit a marked infiltration of CD11b+Ly6G+ neutrophils to the wound site. Especially in the epithelial fraction representing the ulcer surface, 
CD11b+Ly6G+ neutrophils are strongly enriched in both groups. (I) Comparative quantification of the cellular composition of WT and PAD4−/− wound 
tissue as assessed in (H) shows no significant differences in the cellular composition with regard to the examined leucocyte populations (n = 18 
wounds from two independent experiments evaluated). H3cit, citrullinated histone H3; MPO, myeloperoxidase; PAD, peptidyl-arginine deiminase; WT, 
wild-type.
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(figure 6A). We compared the course of wound healing in gnoto-
biotic C57BL/6 mice and mice raised under SPF conditions. 
We detected regular formation of blood clots and successful 
remodelling to immunothrombi on colonic wounds, even in 
the absence of microbiota (figure  6B). Neutrophils infiltrated 
the colonic wound surface in both gnotobiotic C57BL/6 mice 
and in SPF mice as evidenced by H&E staining (figure 6C) and 
formed immunothrombi. However, submucosal oedema and 
submucosal leucocyte infiltration were significantly reduced in 
gnotobiotic mice as compared with SPF mice (figure  6D and 
E). MPO+ cells infiltrated the wound surface in both gnotobi-
otic and SPF mice alike, whereas submucosal MPO+ cells were 
significantly reduced in gnotobiotic mice (figure  6F1). Both 
PAD (H3cit) activity (figure 6G and J) and complement (C3d) 
activity (figure  6H and K) persisted in immunothrombi, even 
under gnotobiotic conditions. Thus, neutrophil recruitment to 
wound surfaces, PAD activity and complement activity persist in 
the absence of microbiota.

Video 1  Proctoscopy was performed in PAD4−/− and wild-type 
littermates 6 hours after inducing wounds with an endoscopic forceps 
and the morphology of the ulcer surface was studied by video mini-
endoscopy. Note the remodelling of the clot to whitish fibrin in wild-
type mice, whereas a sanguinous morphology persists in PAD4−/− mice.

Figure 6  Immunothrombosis occurs on mucosal erosions even in the absence of bacteria. Colonoscopy was performed in mice and mucosal wounds 
were induced using an endoscopic forceps system in SPF and gnotobiotic wild-type C57BL/6 mice under sterile conditions. (A) Faecal bacterial load 
was assessed by 24 h-culture of faecal homogenates on lb agar plates. Gnotobiotic mice remained sterile throughout the experiment. (B) Mini-
colonoscopy was performed 6 and 18 hours after wounding. Representative endoscopic images of colon wounds show that remodelling of the wound 
bed surface occurs in a similar fashion independently of the colonic microbiota. (C) H&E staining of wounded colon tissue sections shows infiltration 
of leucocytes to the wounded colon and submucosal oedema in both SPF and gnotobiotic mice. (D) Submucosal oedema thickness was quantified 
in cross sections in SPF and gnotobiotic mice (N: 11–14 wounds per group, *** p < 0.001, Student’s t-test, bars represent the means) (E) scatter 
plots of leucocyte numbers infiltrating the submucosa quantified in cross sections in SPF and gnotobiotic mice (** p < 0.01, Student’s t-test, bars 
represent the means). (F) Marked infiltration of MPO+ neutrophils to both wound bed and submucosa in SPF and gnotobiotic mice was observed by 
immunofluorescence, (G) H3cit was preferentially detected in wound beds of SPF and gnotobiotic mice as compared with the adjacent mucosa as 
studied by immunofluorescence. Dashed lines indicate the ROI of the immunothrombus area. (H) Complement activation as studied by C3d staining in 
both SPF and gnotobiotic mice was prominent in the wound bed area in both groups. (I) MPO+ cells in the submucosa were quantified in images as in 
(F) (N: 8–10 wounds per group, * p < 0.05, Student’s t-test, mean ± SD are depicted). Dashed lines indicate the ROI of the immunothrombus area. The 
solid line indicates the intact border of the wound (J) H3cit+ speckles per ROI in the wound bed and adjacent mucosa were quantified in images as in 
(G) (N: 3–7 wounds per group, *** p < 0.001, Student’s t-test, mean ± SD are depicted) (K) C3d relative fluorescence intensity per ROI in the wound 
bed and adjacent mucosa was quantified in images as in (H) (N: 5–10 wounds per group, *** p < 0.001, Student’s t-test, mean ± SD are depicted, 
scale bars = 100 µm). H3cit, citrullinated histone H3; MPO, myeloperoxidase; ROI, region of interest; SPF, specific pathogen-free.
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We then devised in vitro systems to assess the interaction of 
neutrophils with preformed blood clots. First, we induced a blood 
clot on glass cover slips (online supplemental figure 4A, B). We then 
applied neutrophil suspensions to a punched hole. Interestingly, 
neutrophils accumulated at the edge of the sterile blood clot and 
formed NETs as evidenced by decondensed chromatin and H3cit 
(online supplemental figure 4B), even in the absence of microorgan-
isms. Over time, the blood clot destabilised and hampered further 
functional analyses and imaging. We asked whether soluble factors 
might activate this neutrophil response. Thus, an agarose gel loaded 
with 20 % autologous serum was created in culture dishes (online 
supplemental figure 4C). Addition of neutrophil suspensions led to 
an accumulation of neutrophils at the edge of the agarose gel. At 
the edge, neutrophils in high cellular densities extruded decondensed 
chromatin (online supplemental figure 4D) in response to autologous 
serum (videos 2 and 3). Inhibition of PADs by BB-Cl-amidine did not 
hamper accumulation of neutrophils at the edge of the agarose gel 
(online supplemental figure 4DE, video 4). However, NET forma-
tion was abrogated, when PADs were inhibited, irrespective of the 
use of native or heat-inactivated serum (online supplemental figure 
4FG, videos 3–6). Hence, neutrophils respond to coagulated blood 
and form PAD-dependent NETs at high cellular densities in response 
to soluble factors, even in the absence of microbiota.

PAD4-mediated immunothrombosis controls mucosal 
haemostasis in acute DSS-induced colitis
The formation of immunothrombi is not limited to physically 
inflicted mucosal wounds. We also observed neutrophil aggrega-
tion and NETs in the course of chemical damage to the colonic 
mucosa. We employed the acute DSS-induced model of colitis, 
which features epithelial erosions and bleeding. H&E staining 
of colon sections shows the marked infiltration of leucocytes to 
the bowel wall and an abundance of granulocytes in the lumen 
(figure  7A). Specifically, in the lumen in direct proximity to 
blood, large amounts of MPO+ neutrophils can be detected 
(figure  7B). Immunoblots were performed, which detected 
the increased presence of H3cit in the inflamed colon on day 
8 of acute DSS-induced colitis (figure 7C and D). In line with 

analyses of human tissues, we found MPO+ neutrophil aggre-
gates and H3cit preferentially on the surfaces of ulcerated 
mucosae (figure  7E). To assess the functional role of PAD4-
mediated immunothrombosis in this model, we again made 
use of PAD4-deficient mice. PAD4-deficient mice featured an 
aggravated, accelerated course of acute DSS-induced colitis: 
PAD4-deficient mice suffered from an increased weight loss 
(figure  7F) and enhanced lethality (figure  7G). Additionally, 
colon length was reduced (figure 7H). Strikingly, PAD4-deficient 
mice displayed increased bleeding mucosal ulcerations compared 
with wild-type counterparts as assessed by endoscopy (figure 7I, 
video  7). In fact, 96 % of PAD4-deficient mice displayed 

Video 2  Neutrophils were cultured in RPMI supplemented with 2 % 
autologous serum in culture dishes previously prepared with an agarose 
gel in the centre prepared without autologous serum as control. The 
edge of the gel was imaged by live-cell microscopy (37 °C, 5 % CO2). 
This video displays high cellular densities at the gel edge, with only low 
amount of NET formation. Video time course 12 hours.

Video 3  Neutrophils were cultured in RPMI supplemented with 2 % 
autologous serum in culture dishes previously prepared with an agarose 
gel in the centre containing 20 % autologous serum. The edge of the 
gel was imaged by live-cell microscopy (37 °C, 5 % CO2). This video 
displays neutrophils in high cellular densities at the edge of the serum-
containing agarose gel which preferentially form NETs at the edge of 
the gel. Video time course 12 hours.

Video 4  Neutrophils were cultured in RPMI supplemented with 2 % 
autologous serum in culture dishes previously prepared with an agarose 
gel in the centre containing 20 % autologous serum in the presence 
of the PAD-inhibitor BB-Cl-amidine (20 µM). The edge of the gel was 
imaged by live-cell microscopy (37 °C, 5 % CO2). This video displays 
neutrophils in high-cellular densities at the clot edge. BB-Cl-amidine 
blocks NET formation at the edge of the gel. Video time course 12 hours.

 on July 14, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2021-324725 on 3 D
ecem

ber 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://dx.doi.org/10.1136/gutjnl-2021-324725
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282561492001
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282563892001
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282563894001
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282561492001
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282563892001
https://players.brightcove.net/2696240571001/default_default/index.html?videoId=6282563894001
http://gut.bmj.com/


2425Leppkes M, et al. Gut 2022;71:2414–2429. doi:10.1136/gutjnl-2021-324725

Inflammatory bowel disease

continued rectal bleeding as compared with 10 % in wild-type 
littermates (figure 7J). This was also corroborated by complete 
blood counts: DSS induced a significantly more pronounced 
reduction in haematocrit (figure  7K) and haemoglobin levels 
in PAD4-deficient mice as compared with wild-type controls 
(figure 7L). Analyses of sections of the distal colon demonstrated 
that DSS treatment led to a severe disruption of the epithelial 
surface and often a complete loss of the crypt architecture of 
the mucosa. These severe mucosal changes were more extensive 
in colons of PAD4-deficient mice as compared with wild-type 
(online supplemental figure 5AB). In analyses by immunofluo-
rescence, we observed that wild-type mice mostly showed intact 

mucosal surfaces. PAD4-deficient samples, however, showed 
more areas denuded of epithelium as visualised by β-catenin and 
E-cadherin staining (online supplemental figure 5C). In acute 
DSS-induced colitis, we noted that wound-associated epithelia 
begin to cover areas with crypt loss. Interestingly, the disturbed 
remodelling of the ulcerated surface and disrupted immuno-
thrombosis in PAD4-deficient mice hampered epithelial restitu-
tion by wound-associated epithelial cells (online supplemental 
figure 5DE): Significantly less distorted mucosa was covered by 
wound-associated epithelia in the absence of PAD4. Specified 
wound-associated epithelial cells characterised by the elevated 
expression of claudin-4 form at the edge of the residual epithe-
lial lining and bridge the ulcerated surface over time. The length 
of the claudin-4-positive layer of wound-associated epithelia 
at the edge of forceps-induced colonic wounds was reduced in 
PAD4-deficient mice as compared with wild-type (online supple-
mental figure 5F, G). Additionally, we assessed the composition 
of myeloid cells which infiltrate the bowel wall in the course of 
DSS-induced colitis by flow cytometry and immunofluorescence. 
Here, CD11b+Ly6Chi and CD11b+Ly6Clo myeloid cells, eosin-
ophils and neutrophils characterise the inflammatory infiltrate. 
However, this approach misses neutrophils in the colon lumen 
(figure 7A and B, online supplemental figure 6A, B). Both PAD4-
deficient and wild-type neutrophils robustly migrate to the intes-
tinal lamina propria and are abundant in the colon lumen in 
the course of DSS-induced colitis. MPO immunofluorescence 
of cross-sections takes luminal neutrophils into account and 
demonstrated a significant increase of infiltrating neutrophils 
in PAD4−/− mice (online supplemental figure 6C) versus wild-
type control. Overall, PAD4−/− mice displayed more infiltrating 
neutrophils as a consequence of increased mucosal ulcerations 
in these mice.

PAD4 affects clot remodelling by reducing serpin activity 
resulting in a mature immunothrombus covalently cross-
linked by transglutaminases
The effect of PAD4 on enhanced stability of immunothrombi 
may be attributed in part to chromatin of NETs. We thus asked 
whether DNase I-treatment might recapitulate the observations 
of PAD4-deficiency in DSS-induced colitis. Daily administration 
of DNase I in the course of acute DSS-induced colitis did not 
significantly alter clinical parameters of disease severity: Weight 
loss (online supplemental figure 7A), colon length (online 
supplemental figure 7B) and the fraction of mice with rectal 
bleeding were unaffected by this intervention (online supple-
mental figure 7C). On the microscopic level, a slight protection 
from colonic ulceration was observed in DNase I-treated mice 
(online supplemental figure 7DE). We further characterised 
the kinetics of DNase I-mediated digestion of colonic immuno-
thrombi. Colonic immunothrombi picked from colonic wounds 
and NETs generated from isolated neutrophils were subjected 
to DNase I treatment in vitro (online supplemental figure 6F): 
While NETs generated from isolated neutrophils were quickly 
dismantled by DNase I in the course of 90 min, DNase I-me-
diated digestion of colonic immunothrombi was less efficient. 
After 20 hours, a reduction in DNASYTOX was noted in DNase 
I-treated immunothrombi. However, DNase I did not dismantle 
the clot and Hoechst could still bind the immunothrombus. 
Thus, DNase I treatment does not phenocopy PAD4-deficient 
mice in the DSS-induced colitis model and only inefficiently 
digests colonic immunothrombi.

We further assessed PAD4-mediated functions beyond chro-
matin decondensation in our models. PAD4 has been shown to 

Video 5  Neutrophils were cultured in RPMI supplemented with 2 % 
autologous serum in culture dishes previously prepared with an agarose 
gel in the centre containing 20 % heat-inactivated autologous serum. 
The edge of the gel was imaged by live-cell microscopy (37 °C, 5 % 
CO2). This video displays neutrophils in high cellular densities forming 
NETs at the edge of the gel. Video time course 12 hours.

Video 6  Neutrophils were cultured in RPMI supplemented with 2 % 
autologous serum in culture dishes previously prepared with an agarose 
gel in the centre containing 20 % heat-inactivated autologous serum in 
the presence of the PAD-inhibitor BB-Cl-amidine (20 µM). The edge of 
the gel was imaged by live-cell microscopy (37 °C, 5 % CO2). This video 
displays neutrophils in high cellular densities at the edge of the gel. 
BB-Cl-amidine blocks NET formation at the edge of the gel. Video time 
course 12 hours.
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inhibit serine protease inhibitors by inactivating core P1 argi-
nine residues in the reactive centre loop of multiple serpins28 
with complex theoretical consequences to the coagulation and 
fibrinolysis cascade (online supplemental figure 8A). Indeed, 
in vitro studies showed the inhibition of α2-antiplasmin and 
increased plasmin activity in the presence of PAD4 (online 
supplemental figure 8B). We analysed the net effect of PAD4 
downstream of coagulation and fibrinolysis by assessment of 

D-dimers in colonic wounds. Interestingly, the relative amount 
of D-dimers was significantly reduced in PAD4-deficient wounds 
as compared with wild-type controls (online supplemental figure 
8C). D-dimer formation requires cross-linking of fibrin by trans-
glutaminases, for example, FXIIIa (online supplemental figure 
8D). We thus assessed, whether PAD4 alters the amount of trans-
glutaminase activity in colonic wounds. We injected a biotin-
labelled transglutaminase substrate prior to wounding in both 

Figure 7  PAD4-mediated immunothrombosis controls mucosal haemostasis in acute DSS-induced colitis. Acute colitis was induced in mice by 4 
% DSS in the drinking water for 7 days. (A) H&E staining and (B) immunofluorescence of MPO of murine colonic wounds at day 9 shows a massive 
destruction of the epithelial cell layer with abundant neutrophils in the colon lumen (scale bars = 100 µm). (C) Colon tissue lysates from day 9 of 
acute DSS-induced colitis and untreated controls were analysed by an immuno-dot blot technique. The amount of citrullinated histone H3 and hence 
PAD activity is markedly increased under inflammatory conditions. β−actin immunoblot serves as a loading control (representative of 3 independent 
experiments with a total of n = 12 samples). (D) Semiquantitative image density analyses of immuno-dot blots as in (C) reveal a significantly higher 
H3cit expression in DSS-colitis tissue compared with healthy tissue (* p < 0.05, Student’s t test). (E) Immunofluorescence of MPO (top), EpCAM 
and H3cit (bottom) performed on cryosections of colonic tissue samples derived from day 9 of acute DSS-induced colitis (4 %) shows the increased 
presence of MPO in the inflamed mucosa with H3cit restricted to the eroded area with a breached epithelial lining (as seen by lack of EpCAM staining 
(top part of the lower micrograph)) (representative of n > 10 samples, scale bar = 100 µm). (F) Weight (in %) of mice subjected to 4 % DSS in the 
drinking water was measured during the course of the experiments comparing PAD4-deficient (PAD4−/−) mice and PAD4-proficient littermates (WT). 
Please appreciate the accelerated weight loss in PAD4−/− mice. (G) Lethality of mice, interpreted by the number of mice suffering a weight loss of > 
20 %, was strongly increased in the PAD4−/− group (*** p < 0.001, Fisher’s two-tailed exact test). (H) At the time of sacrifice, colon length of mice 
was measured. A reduced length is typical of increased inflammation. A reduced colon length was observed in PAD4−/− mice as compared with WT 
littermates after DSS treatment. (I) Rectal bleeding is a typical hallmark of severe acute DSS-induced colitis, detectable on both clinical assessment 
(left) and on analyses by endoscopy of affected mice (right). This was evident more often in PAD4−/− mice. (J) The number of mice suffering from 
persistent rectal bleeding was strongly increased in PAD4−/− mice subjected to DSS as compared with wild-type littermates (*** p < 0.001, Fisher’s 
two tailed exact test, n: number of mice suffering from rectal bleeding, N: total number of mice studied). Complete blood count was performed on 
day 10 of DSS-induced colitis. (K) Haematocrit and (L) haemoglobin were measured in the blood of WT and PAD4−/− mice subjected to drinking water 
containing DSS or not (H2O). when subjected to DSS, PAD4−/− mice exhibited significantly more blood loss than WT mice, whereas untreated mice 
showed no differences (** p < 0.01, Student’s t test). DSS, dextrane sodium sulfate; MPO, myeloperoxidase; PAD, peptidyl-arginine deiminase; WT, 
wild-type.
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wild-type and PAD4-deficient mice and assessed transglutami-
nase activity in immunothrombi by streptavidin-linked fluores-
cence microscopy. Transglutaminase activity in immunothrombi 
on colon wounds was significantly reduced in the absence of 
PAD4 (online supplemental figure 8E, F).

Taken together, neutrophils make use of PAD4 to stabilise the 
eroded surface in part by NETs and by the remodelling and matu-
ration of the fibrin clot and thus favour epithelial restitution.

DISCUSSION
Rectal bleeding and bloody diarrhoea are major hallmarks of 
acute flares of UC.29 Early mucosal healing is a valuable goal to 
improve long-term clinical outcomes30 but initiation of mucosal 
healing in ulcerative lesions remains elusive. In this study, we 
uncovered a role for neutrophils and PAD4 in controlling rectal 
bleeding and regulating mucosal haemostasis in human IBD and 
experimental models of disease. Our endoscopic and micro-
scopic studies in human UC show that successful haemostasis is 
associated with remodelling of blood clots31 to fibrin layers as 
an important step towards mucosal healing. Remodelling of the 
wound surface is guided by innate immune cells, mostly neutro-
phils. We thus propose the term immunothrombus to define a 
blood clot which has been remodelled by innate immune cells.17 
We identified extracellular chromatin, aggregated neutrophils 
and PAD4 activity in immunothrombi, which cover mucosal 
ulcerations and erosions in UC. Erosions, ulcerations, blood, 
neutrophils and fibrin are positively associated with severe 
disease.32 33 However, we observed that blood/haematin coverage 
of erosions rather than fibrin coverage is associated with rectal 
bleeding, consistent with the role of fibrin as a protective emer-
gency barrier. This reconciles these seemingly paradox observa-
tions: fibrin and neutrophil-rich immunothrombi occur in severe 
disease, yet provide protection in this setting by stabilising the 
damaged mucosa and successfully achieving haemostasis before 
epithelial restitution can occur.

We closely studied the kinetics of mucosal injury over time 
in mice.25 34 We detected that blood clots are remodelled in the 
course of hours to whitish immunothrombi by innate immune 
cells with highly prevalent neutrophils and PAD4-dependent 
NETs. In line with a protective function of PAD4-mediated NETs 
and immunothrombosis, PAD4-deficient mice suffered from an 
aggravated course of acute DSS-induced colitis with marked 
rectal bleeding and consecutively reduced haematocrit and 
haemoglobin levels. This further corroborated the role of PAD4 
to support mucosal haemostasis and control rectal bleeding in 

colitis. Commensal bacteria are capable of infiltrating immuno-
thrombi to a certain extent, as observed by fluorescent in-situ 
hybridisation. While microorganisms may stimulate neutrophils 
to undergo NET formation under specific settings,11 especially 
with regard to possible UC-related pathobionts,35 our study shows 
that PAD4 activity and complement activation persist in immuno-
thrombi on colonic wounds, even in the absence of microbiota. 
In fact, neutrophils were strongly stimulated by coagulated blood 
and heat-insensitive components of serum to aggregate and form 
NETs. Neutrophils formed marked PAD4-dependent NETs in 
high cellular densities36 at the edges of the clots. Inhibition of 
PAD enzymes inhibited NET formation in high cellular densities 
at the edge of serum-containing agarose gels. These observations 
are in line with previous studies on the role of NETs in various 
diseases. While initial studies of NETs focused on their role in 
host defence against microorganisms,11 13 following studies high-
lighted the role of NETs in the course of thrombotic diseases18 37 
and noninfectious inflammation.38–41 In our experiments, defi-
ciency of PAD4 led to a failure to remodel blood clots on the 
mucosal surface, delayed colonic wound healing and aggravated 
colitis with a failure to control rectal bleeding. What is the mecha-
nistic role of PAD4 in the remodelling of the blood clot to a stable 
immunothrombus? PAD4 mediates chromatin decondensation of 
neutrophils in the course of NET formation as observed in direct 
proximity to blood clots. Extracellular chromatin of NETs can 
occlude vessels42 and may serve as a scaffold for further platelet 
aggregation37 and activation of Factor XII.43 In our experiments, 
however, DNase I-treatment did not favour rectal bleeding as 
might have been expected if extracellular chromatin alone was 
responsible for clot stability. However, DNase I only inefficiently 
dismantled colonic immunothrombi in vitro. As large size, limited 
penetration of the large immunothrombus as well as DNase-
insensitive sodium or calcium salts of DNA44 might limit DNase 
I efficacy in this model, an important role of extracellular chro-
matin in immunothrombi cannot be excluded or suggested by 
these experiments. Nonetheless, we chose to look for additional 
effects of PAD4 beyond NET formation. On a molecular level, 
PAD4 mediates the modification of peptide-bound arginine to 
citrulline. Apart from effects on the structure of chromatin,14 the 
function of various proteases and their inhibitors including serine 
proteases,28 metalloproteases45 46 and calpains47 is modified by 
PAD4 and might be of relevance in the process of immunothrom-
bosis.17 18 In line with findings by Tilvawala et al28 we detected 
that serine proteases with a central P1 arginine in the reactive 
centre loop, for example, α2-antiplasmin, were inactivated by 
PAD4 in vitro. Inhibition of multiple serpins of the coagulation/
fibrinolysis balance resulted in an overall reduced amount of 
fibrin turnover in the absence of PAD4. Reduced levels of D-di-
mers in colonic wounds were detected in PAD4-deficient mice. 
Interestingly, in the absence of PAD4 transglutaminase activity 
and thus covalent cross-linking of the immunothrombus by trans-
glutaminases was reduced. This is in line with a model, in which 
PAD4-mediated inhibition of serpins, for example, antithrombin, 
is required for effective thrombin-mediated activation of the 
transglutaminase Factor XIIIa and subsequent stabilisation of the 
immunothrombus. Analyses of the colon mucosa during DSS-
induced colitis demonstrate that epithelial restitution of eroded 
surfaces is disturbed in the absence of PAD4. Gene expression 
analyses did not detect Padi4 in intestinal epithelial cells arguing 
for an indirect effect of reduced stability of the immunothrombus 
and the eroded surface in the absence of PAD4 which thus 
hampers epithelial restitution.

Neutrophils have been observed and studied in colitis for 
many years: neutrophils have been implicated as drivers of 

Video 7  Proctoscopy was performed in mice on day 7 of acute 
DSS-induced colitis (4 %) and monitored by video-endoscopy. Please 
appreciate the increased rectal bleeding and increased amount of 
ulcerations in PAD4−/− mice as compared with controls.
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mucosal inflammation in IBD.8 Specifically, it has been proposed 
that NET formation should be therapeutically inhibited.32 48 49 
Infection-induced or autoimmunity-induced overabundance of 
NET formation or defective clearance may, indeed, damage the 
host, especially small vessels,42 50–52 in particular in the presence 
of UC-associated pathobionts.35 53 In contrast, mixed results were 
reported in experimental models studying neutrophil depletion 
approaches in colitis in the past.54 55 Phagocyte dysfunction 
is implicated in the setting of monogenic IBD in childhood.56 
Moreover, neutropenia of diverse origin may result in the devel-
opment of neutropenic enterocolitis.57 In the setting of glycogen 
storage disease type Ib, chronic enteritis may develop that can be 
successfully treated by G-CSF infusions.58 This further highlights 
the protective potential of neutrophils in mucosal inflamma-
tion. We provide a novel perspective to this topic by describing 
the haemostatic function of neutrophils, NETs and immuno-
thrombosis on ulcerations and erosions in active colitis. Our 
study provides an explanation for the increased bleeding as a 
consequence of granulocyte depletion, which has been reported 
previously.54

Taken together, we have shown that neutrophils make use of 
PAD4 to remodel blood clots to immunothrombi on mucosal 
ulcerations rich in NETs. Immunothrombi function as an emer-
gency barrier in the setting of epithelial disruption. Our find-
ings indicate that PAD4-dependent immunothrombi support 
mucosal wound healing and prevent bleeding of ulcers in severe 
IBD. Thus, these data suggest that the neutrophil response in 
active UC should be carefully balanced, rather than completely 
abrogated.
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