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Role of Peptidylarginine Deiminase 4 in Neutrophil
Extracellular Trap Formation and Host Defense during
Klebsiella pneumoniae–Induced Pneumonia-Derived Sepsis

Theodora A. M. Claushuis,* Lieve E. H. van der Donk,* Anna L. Luitse,*

Henk A. van Veen,† Nicole N. van der Wel,† Lonneke A. van Vught,* Joris J. T. H. Roelofs,‡

Onno J. de Boer,‡ Jacqueline M. Lankelma,* Louis Boon,x Alex F. de Vos,*

Cornelis van ‘t Veer,* and Tom van der Poll*,{

Peptidylarginine deiminase 4 (PAD4) catalyzes citrullination of histones, an important step for neutrophil extracellular trap (NET)

formation. We aimed to determine the role of PAD4 during pneumonia. Markers of NET formation were measured in lavage fluid

from airways of critically ill patients. NET formation and host defense were studied during pneumonia-derived sepsis caused by

Klebsiella pneumoniae in PAD4+/+ and PAD42/2 mice. Patients with pneumosepsis, compared with those with nonpulmonary

disease, showed increased citrullinated histone 3 (CitH3) levels in their airways and a trend toward elevated levels of NET

markers cell-free DNA and nucleosomes. During murine pneumosepsis, CitH3 levels were increased in the lungs of PAD4+/+

but not of PAD42/2 mice. Combined light and electron microscopy showed NET-like structures surrounding Klebsiella in areas of

CitH3 staining in the lung; however, these were also seen in PAD42/2 mice with absent CitH3 lung staining. Moreover, cell-free

DNA and nucleosome levels were mostly similar in both groups. Moreover, Klebsiella and LPS could still induce NETosis in

PAD42/2 neutrophils. Both groups showed largely similar bacterial growth, lung inflammation, and organ injury. In conclusion,

these data argue against a major role for PAD4 in NET formation, host defense, or organ injury during pneumonia-derived

sepsis. The Journal of Immunology, 2018, 201: 1241–1252.

W
ith a high incidence and significant mortality rate
worldwide, sepsis remains a global health care
problem despite antibiotic treatment and, in the de-

veloped world, access to intensive care facilities (1). Pneumonia is
the most frequent site of origin for sepsis (2). Aerobic Gram-
negative bacteria are the most common pathogens isolated in

patients with nosocomial pneumonia and a frequent cause of sepsis
(1, 3). Klebsiella pneumoniae is especially worrisome in this context,
considering its increasing resistance to antimicrobial agents (3).
Peptidylarginine deiminase 4 (PAD4), an enzyme that catalyzes

citrullination of histones, is expressed by immune cells and localizes in
the nucleus and cytoplasmic granules (4, 5). PAD4 can impact im-
mune cell function in multiple ways: for example, by influencing
hematopoiesis (6), cytokine production (7, 8), and apoptosis (9).
PAD4 has moreover been reported to regulate neutrophil extracellular
trap (NET) formation (10, 11). NETs are released by activated neu-
trophils and consist of DNA, histones, proteases, and antimicrobial
proteins (12). Citrullination of histone 3 (H3) by PAD4 results in
weakening of DNA–histone binding, thereby facilitating the release
of DNA outside the nucleus (10, 13). Although several investigations
have implicated PAD4 in NETosis (10, 11, 14, 15), others have
suggested that PAD4 might not be crucial for this process (16, 17),
and a recent study showed that inhibition of PAD4 does not influence
NETosis despite reduced citrullination of H3 (18).
During sepsis, NETs can be a part of protective immunity

through their capacity to trap and kill bacteria (11) but, in contrast,
can be detrimental to the host via induction of collateral tissue
injury (19) and microvascular thrombosis (19, 20).
Although previous studies have examined NETs in Gram-

negative pneumonia (21–23), the role of PAD4 in NET forma-
tion and the host response during bacterial pneumonia is currently
unknown. We and others have previously shown that the common
Gram-negative respiratory pathogen K. pneumoniae can induce
NET formation in vitro (24, 25) and during pneumonia in vivo
(22, 26). We, in this study, aimed to investigate the role of PAD4
in the formation of NETs, restriction of the infection, and local
and systemic inflammatory and procoagulant responses during
pneumonia caused by K. pneumoniae.
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Materials and Methods
Patients

Patients on the intensive care unit (ICU) with either pneumonia-derived
sepsis or a noninfectious condition without lung pathology were subjected to
a nondirected bronchoalveolar lavage (NBL) within 24 h of admission (27).
NBL fluid was centrifuged for 15 min at 1500 3 g, and supernatants were
stored (27). Patients were included if they were older than 18 y and had at least
two systemic inflammatory response syndrome criteria on the day of ICU
admission (body temperature #36˚C or $38˚C, tachycardia .90 beats/min,
tachypnea .20 beats/min or pCO2 ,4.3 kPA, and leukocyte count ,4 3 109

cells/l or .12 3 109 cells/l) (28). The plausibility of infection was assessed
using a four-point scale (ascending from none, possible, and probable to def-
inite) as described in detail (29). Pneumosepsis was defined as the presence of
pneumonia diagnosed within 24 h after ICU admission with a probable or
definite likelihood, accompanied by at least one additional parameter as de-
scribed in the 2001 International Sepsis Definitions Conference (30). Nonin-
fectious ICU controls had an infection likelihood of none and a normal chest
x-ray. The medical ethical committee of the Academic Medical Center in
Amsterdam approved the conduction of the study (Institutional Review Board
no. NL 34294.018.10) and written informed consent was obtained from all
patients (or legal representative).

Animals

PAD4-deficient (2/2) mice were generated by targeted deletion of padi4,
the gene encoding PAD4, as described (11). PAD42/2 and PAD4+/+ mice
(on a C57BL/6 background) were bred and housed in the Animal Research
Institute Amsterdam facility under standard care. All experiments were
conducted with gender-matched mice between 8 and 12 wk of age. The
Institutional Animal Care and Use Committee of the Academic Medical
Center approved all experiments.

Experimental study design

Pneumonia was induced by intranasal inoculation with K. pneumoniae
serotype 2 (43816; American Type Culture Collection, Rockville, MD; 104

CFUs in 50 ml of isotonic saline) (26). Mice were euthanized 12 or 42 h
postinfection with K. pneumoniae (n = 8 per group); noninfected mice
were sacrificed simultaneously (n = 4 per group). The t = 42 h time point
was performed twice. Pneumonia was moreover induced by intranasal
inoculation with Pseudomonas aeruginosa (strain PA01; 5 3 106 CFUs
in 50 ml of isotonic saline), after which mice were euthanized at 6 or 24 h
(31, 32). In a separate experiment, neutrophil-depleting anti-GR1 (clone
RB6.8C5; rat IgG IgG2b, k) or isotype control Ab anti-phytochrome (clone
AFRC Mac 5.1; rat IgG IgG2b, k) were administered i.p (33). Harvesting of
samples, bacterial quantification, storage, and bronchoalveolar lavage were
performed as described (26).

Electron microscopy

Total lungs of PAD4+/+ and PAD42/2 mice infected for 42 h with
K. pneumoniae were fixed in 0.1 M phosphate buffer with 4% parafor-
maldehyde and 1% glutaraldehyde immediately after sacrifice. Lungs were
embedded using increasing gelatin concentrations up to 12%, and tissue
slides were cut using a cryotome (Cryostar NX70, Thermo Fisher Scien-
tific, Waltham, MA). Sections were stained for citrullinated H3 (CitH3) as
described above. When an infected region was identified based on CitH3
staining, the remaining lung tissue was used for scanning electron mi-
croscopy. To improve scanning electron microscopy analysis, gelatin was
first removed by washing the lung in phosphate buffer at 37˚C followed by
overnight fixation at room temperature. The sample was consequently
dehydrated by washing steps with water and increasing concentrations of
ethanol and, as a final step, hexamethyldisilazane (Sigma-Aldrich, Saint
Louis, MO). After 24 h of drying, the sample was fixed to a holder using
Conductive Carbon Cement (Electron Microscopy Sciences, Hatfield, PA)
and gold coated using a Balzers SCD-040 (Oerlikon Balzers, Balzers,
Liechtenstein). All images were made using a Zeiss Sigma-300 FE scan-
ning electron microscope. Pictures of previously sectioned and CitH3-
stained lungs were correlated to scanning electron microscopy images of the
remaining lung surface using image navigation software (Zeiss, Oberkochen,
Germany). This allowed scanning electron microscopy imaging of the tissue
exactly at the location of CitH3-positive signal. Pictures were taking with a
SE2 detector at 2 and 5 Kv with a working distance of 8.5 mm.

Assays

IL-6, IL-1b, and TNF-a were determined using cytometric beads array
multiplex assay (BD Biosciences, San Jose, CA). CXCL1, CXCL2, and
elastase were determined by ELISA (all R&D Systems, Minneapolis, MN)

as well as thrombin–antithrombin complex (TATc) levels (Affinity Bio-
logicals, Hamilton, Canada). D-dimer formation was determined by
Western blot on lung homogenates by using a rabbit anti-mouse fibrinogen
Ab (MyBioSource, San Diego, CA) at 180 kDa. Positive control for
D-dimer was generated with murine recalcified citrated plasma activated
with Innovin 1:1000 (Baxter, Utrecht, the Netherlands) in the presence of
2 mg/ml recombinant human tissue-type plasminogen activator (Actilyse;
Boehringer Ingelheim) for 1 h at 37˚C. Aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and lactate dehydrogenase (LDH) were
measured using a c702 Roche Diagnostics analyzer (Roche Diagnostics,
Almere, the Netherlands). Nucleosome levels were determined by ELISA
as described (34). In brief, mAb CLB-ANA/60, which recognizes H3, was
used as a capture Ab. Biotinylated CLB-ANA/58, which recognizes an
epitope exposed on complexes of histone 2A, histone 2B, and dsDNA, in
combination with poly-HRP, was used for detection. Cell-free DNA
(cfDNA) was determined in plasma or bronchoalveolar lavage fluid
(BALF); samples were diluted 50- to 100-fold with PBS containing 0.1%
BSA and mixed with an equal volume of 1 mM SytoxGreen (Thermo
Fisher Scientific). Fluorescence was immediately determined by a fluo-
rescence microplate reader (Biotek, Winooski, VT). cfDNAwas quantified
using a DNA sample with a known concentration and background fluo-
rescence of PBS with 0.1% BSA subtracted from all samples.

CitH3 and H3 Western blot

Levels of CitH3 and H3 in NBL and BALF were determined by Western
blot. Samples were resolved by SDS-PAGE on 12% polyacrylamide gels
under reducing conditions and proteins were transferred to PVDF mem-
branes. Blots were blocked with 5%milk powder in Tris-buffered saline and
0.1% Tween (pH 7.4) for 2 h at room temperature, incubated with rabbit
anti-CitH3 (1:1500, both anti-human and -mouse; Abcam, Cambridge, U.K.)
or rabbit anti-H3 (1:1000, both anti-human and -mouse; Cell Signaling,
Danvers, MA) overnight at 4˚C, and subsequently incubated with anti-rabbit
IgG-HRP (1:1000; Cell Signaling Technology, Leiden, the Netherlands)
for 2 h at room temperature. Immunoreactive bands were visualized using
an ImageQuant LAS 4000 (Fujifilm, Tokyo, Japan).

Ex vivo NET formation and stimulations

Neutrophils were isolated from the bonemarrow of naive PAD4+/+ and PAD42/2

mice using anti-mouse–Ly6G magnetic beads (Miltenyi Biotec, Bergisch
Gladbach, Germany) in accordance with the manufacturer’s instructions. Iso-
lated mouse neutrophils were resuspended in PBS supplemented with 10 mM
D-glucose at a concentration of 2 3 106 cells/ml, seeded onto poly-L-lysine–
coated (Sigma-Aldrich) glass slides, and stimulated with 1 mg/ml LPS (from
K. pneumoniae; Sigma-Aldrich), 107 CFUs of UV-radiated K. pneumoniae, or
100 nM PMA (Sigma-Aldrich) in the presence of 2 mM calcium for 3 h at 37˚C
and 5% CO2. Samples were fixated with 4% paraformaldehyde (Electron Mi-
croscopy Sciences), washed with Perm/Wash buffer (BD Biosciences, San
Diego, CA), and incubated with rabbit anti-myeloperoxidase (MPO) (Dako,
Santa Clara, CA) and FITC-conjugated secondary Ab. DAPI (Thermo Fisher
Scientific, Eugene, OR) was used to stain DNA. Images were obtained using an
AxioVert fluorescence microscope (Zeiss) and a 203 objective lens and cap-
tured using AxioVision Rel. 4.8 software (Zeiss). Alternatively, NETs were
incubated with citrated whole blood from PAD4+/+ mice for 30 min at room
temperature to assess platelet activation by flow cytometry (see below), or 103

CFUs of Klebsiella for 2 h to assess bacterial growth inhibition.

Flow cytometry

Platelet counts were measured in citrated whole blood by flow cytometry
(FACSCalibur; Becton Dickinson, Franklin Lakes, NJ) using hamster anti-
CD61 mAb (BioLegend, San Diego, CA). Platelet activation was deter-
mined by using rat anti-CD62 mAb (BD Biosciences) and anti-CD63 mAb
(eBioscience, San Diego, CA) in combination with an appropriate IgG
control.

Pathology and immunohistochemistry

The paraffin-embedded left lung and liver were cut into 4-mm sections and
stained with H&E. Slides were coded and scored by a pathologist blinded
for group identity as described (25). Distinct parameters were scored in the
range of 0 (absent) to 4 (most severe). For the lung, these were as follows:
percentage of lung infiltrated, interstitial inflammation, endothelialitis,
bronchitis, edema, pleuritis, bleeding, and presence of thrombi; the scores
of all parameters were added for the total histopathological score, with a
maximum score of 32 (35). For the liver inflammation, necrosis and
presence of thrombi were scored, with a maximum score of 12 (25).

Paraffin sections were stained for the presence of CitH3 with a rabbit
polyclonal Ab directed against CitH3 (1:4000; Abcam) (36) and anti-rabbit
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IgG-HRP (Immunologic, Duiven, the Netherlands) using NovaRED (Vector
Laboratories, Burlingame, CA) and counterstained with hematoxylin.

Additionally, CitH3-MPO double stainings were done as described (37,
38). In short, neutrophils were visualized using a rabbit polyclonal anti-
MPO Ab (1:2500; Dako, Carpinteria, CA), followed by anti-rabbit IgG-
HRP and NovaRED. Then, sections were digitized in a slide scanner,
destained, and restained with anti-CitH3 Ab and NovaRED. After scanning
these slides, (false-color) images were created using ImageJ (U.S. National
Institutes of Health, Bethesda, MD). To determine neutrophil influx in the
lung, sections were stained with anti-mouse Ly6G mAb (BD Pharmingen,
San Diego, CA) as previously described (26). Fibrinogen staining on lung
sections was performed as previously described (39) using a goat anti-
mouse fibrinogen Ab (Accurate Chemical & Scientific, Westbury, NY).
Slides were scanned using an Olympus dotSlide scanner (Olympus, Tokyo,
Japan) to generate TIFF images of the full tissue section. CitH3, Ly-6G,
and fibrinogen positivity was measured using ImageJ; the amount of positivity
was expressed as percentage of the total lung surface area (26, 39).

Statistical analysis

Data are expressed as scatter plots with horizontal lines representing me-
dians. For animal experiments, comparisons between groups were first
performed using a one-way ANOVA on ranks. When significant differences
were present, groups at individual time points were tested using the Mann–
Whitney U test. For analysis of ICU patients, the Mann–Whitney U test
was performed to analyze the difference between the two groups. Analyses
were done using GraphPad Prism 5.01 (GraphPad Software, San Diego,
CA). The p values ,0.05 were considered statistically significant.

Results
Evidence of PAD4 activation in BALF of patients
with pneumosepsis

To obtain insight into the activation of PAD4 in the airways of
patients with pneumonia, we measured CitH3 in NBL harvested
from ICU patients with pneumosepsis and ICU control patients
without infection or lung pathology (Table I) by Western blotting.
Although none of the four ICU control patients showed a signal of
CitH3 in their lavage fluid, five of six pneumonia patients had
detectable CitH3 (Fig. 1A, upper panel, and uncropped images in
Supplemental Fig. 1). Increased levels of CitH3 might be related
to NET formation; therefore, we assessed other markers of NET
formation. H3 was also exclusively detected in lavage fluid of
pneumosepsis patients (Fig. 1A, lower panel), and levels of
cfDNA, nucleosomes, and the nucleosomes/cfDNA ratio in lavage
fluid tended to be higher in patients with pneumosepsis than in
ICU controls (Fig. 1B–D). These data suggest that several NET-
derived products, including CitH3, cfDNA, and nucleosomes, are
present in the airways of ICU patients with pneumonia.

K. pneumoniae induces increased neutrophil-derived CitH3

To further assess PAD4 activation during pneumonia, we infected
PAD4+/+ and PAD42/2 mice with the common human respira-
tory pathogen K. pneumoniae via the airways and stained lung
sections for CitH3 (36). K. pneumoniae infection induced citrullination
of H3 in the lung, primarily at the site of infiltration of immune
cells (Fig. 2A, CitH3 stained red). PAD42/2 mice did not show
CitH3-positive areas in their lungs, and also not at sites of im-
mune cell infiltration (Fig. 2A, 2B). To assess whether areas of
H3 citrullination colocalized with neutrophils and other NET
components (11), we costained with neutrophil marker MPO.
CitH3 colocalized with MPO in lung tissue slides of PAD4+/+

mice infected with Klebsiella, suggesting CitH3 was neutrophil-
derived. In PAD42/2 mice, lung sections only stained positive
for MPO (Fig. 2B). Neutrophil influx in the lung (as determined
by Ly6G staining) was not impaired in PAD42/2 mice, which
even had slightly more neutrophils present in the lung 12 h
postinfection (Supplemental Fig. 2). To ensure neutrophils were
the major source of CitH3 in the lungs during pneumonia, we
depleted wild-type (WT) mice of neutrophils prior to infection

with Klebsiella using an anti-GR1 Ab (33). Neutrophil depletion
was confirmed in peripheral blood and was associated with an

enhanced bacterial growth in the lungs when compared with mice

treated with a nondepleting control Ab (Supplemental Fig. 2).

Lungs of neutrophil-depleted mice did not stain positive for

CitH3 (Fig. 2C). These data indicate that K. pneumoniae–

induced pneumonia induces neutrophil-derived CitH3. In

contrast to findings in the lung, we found no evidence for H3

citrullination in the livers of PAD4+/+ (or PAD42/2) mice

(Supplemental Fig. 2).

Visualization of CitH3-positive areas during K. pneumoniae–induced
pneumonia by electron microscopy

To assess whether CitH3 correlated with NET formation, we used
scanning electron microscopy to visualize the lungs of PAD4+/+

mice infected with K. pneumoniae. This was done by combining

light microscopy and electron microscopy. Lung sections were

first cut and stained for CitH3, and subsequently, the remaining

lung tissue was visualized with scanning electron microscopy and

images of CitH3 staining were matched to scanning electron mi-

croscopy images using navigation software to allow for localiza-

tion of CitH3-positive sites. In areas of CitH3-positive staining

(arrow in Fig. 3A), bronchi were frequently obstructed and

Klebsiella bacteria were abundantly seen (Fig. 3B–D). Within and

at the periphery of these obstructed bronchi, Klebsiella bacteria

were frequently seen surrounded and captured by threadlike

strands, likely NETs (Fig. 3D).

PAD4-independent NETosis is present during
K. pneumoniae–induced pneumonia

To assess whether PAD4 inhibition reduced NET formation, the
lungs of infected PAD42/2 mice were also assessed by scanning

electron microscopy. To our surprise, similar NET-like structures

were seen in PAD42/2 mice (Fig. 3E, 3F) abundantly surrounding

Klebsiella bacteria at sites of immune infiltration. No ultrastruc-

tural differences between strands capturing bacteria in WT versus

PAD42/2 mice were detected. Moreover, although CitH3 was not

detectable in BALF of PAD42/2 mice (Fig. 4A, 4B and uncropped

images in Supplemental Fig. 1), H3 levels were not significantly

Table I. Baseline characteristics of ICU patients

ICU Controls Pneumosepsis

Patients admissions, n (%) 4 6
Gender male, n (%) 3 (75%) 5 (83.3%)
Age (y), mean (SD) 48 (14.1) 59 (7.5)
Diagnosis
Intracranial hemorrhage 1 (25%)
Spinal cord surgery 1 (25%)
Upper GI bleeding 1 (25%)
Abdominal trauma 1 (25%)
Hospital-acquired

pneumonia
2 (33.3%)

Community-acquired
pneumonia

4 (66.7%)

Causative pathogen
Aspergilles species 1 (16.7%)
Streptococcus pneumoniae 3 (50%)
Unknown 2 (33.3%)

APACHE IV score, median
(IQR)

70.8 (61.3–75.5) 68.5 (63–74)

Mechanical ventilation, n (%) 4 (100%) 6 (100%)
Shock, n (%) 1 (25%) 2 (33.3%)
28-d mortality, n (%) 2 (50%) 4 (66.7)

APACHE, Acute Physiology and Chronic Health Evaluation; GI, gastrointestinal;
IQR, interquartile range.
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different in both mouse strains (Fig. 4A, 4B). We also determined
cfDNA, nucleosome, MPO, and elastase levels in BALF and
plasma harvested 42 h postinfection. PAD42/2 mice showed
slightly lower cfDNA levels in BALF (Fig. 4C, p , 0.05 versus
PAD4+/+ mice); however, nucleosome, MPO, and elastase levels
were similar between groups (Fig. 4D–F). PAD42/2 and PAD4+/+

mice had similar numbers of neutrophils in BALF (64.1 [60.2]
versus 80.9 [56.5] 3 104/ml [median with interquartile range],
respectively). Klebsiella pneumosepsis resulted in increased
plasma concentrations of cfDNA, nucleosomes, MPO, and elas-
tase; none of these markers were different between PAD42/2 and
PAD4+/+ mice (Fig. 4G–J). Together, these results suggest that
NETosis can occur by a PAD4-independent mechanism during
K. pneumoniae–induced pneumosepsis.

NET formation can occur in the absence of PAD4

As in vivo data suggested that NETs can still be formed in the
absence of PAD4, neutrophils were isolated from PAD42/2 and
PAD4+/+ mice and stimulated to induce NETs. PAD4+/+ neutro-
phils stimulated with PMA, LPS, or UV-radiated Klebsiella pro-
duced NET-like structures with positive staining for both DNA
and MPO (Fig. 5). In line with findings in vivo, these structures
were also seen upon stimulation of PAD42/2 neutrophils (Fig. 5,
with overview photos in Supplemental Fig. 3). These data also
indicate that ex vivo, NET formation induced by K. pneumoniae
or bacterial components can still occur in the absence of PAD4.

PAD4 deficiency does not affect bacterial growth in
K. pneumoniae–induced pneumonia and sepsis

To study a possible role of PAD4 in limiting bacterial growth during
K. pneumoniae–induced pneumonia and sepsis, we determined
bacterial numbers at the primary site of infection (lungs) and
distant body sites (blood, spleen, and liver) in infected PAD4+/+

and PAD42/2 mice. At 12 h, when bacteria had not yet dissemi-
nated, PAD42/2 mice had minimally increased bacterial loads in

the lung, as compared with PAD4+/+ mice (Fig. 6A, p , 0.05). At
42 h, however, PAD4+/+ and PAD42/2 mice had similar bacterial
loads in the lungs and distant organs (Fig. 6A–D). Moreover,
NETs generated from PAD42/2 and PAD4+/+ neutrophils showed
similar growth inhibition of Klebsiella ex vivo (Fig. 6E).
We additionally used a different model of Gram-negative

pneumonia, infection with P. aeruginosa, to assess the role of
PAD4 on host defense. This infection results in an acute infection
that is subsequently cleared (31, 32). Also using this model of
Gram-negative infection, PAD4+/+ and PAD42/2 mice showed
comparable bacterial loads (Supplemental Fig. 2).

PAD4 deficiency does not impact lung inflammation during
K. pneumoniae–induced pneumonia

PAD4 can directly influence cytokine expression and thereby
modulate lung inflammation during pneumonia (7, 8). Pneumosepsis
resulted in strong increases in lung cytokine (TNF-a, IL-1b, and
IL-6) and chemokine (CXCL1 and CXCL2) levels; however, no
differences were detected between PAD4+/+ and PAD42/2 mice
(Fig. 7A–E). We also scored the extent of lung inflammation,
making use of a scoring system that incorporates the main his-
tological features of pneumonia (26). Infection resulted in lung
pathology consistent with pneumonia, but no differences were
found between PAD4+/+ and PAD42/2 mice (Fig. 7F, 7G). These
data indicate that PAD4 does not influence the local inflammatory
response during Klebsiella pneumonia.

PAD4 deficiency does not influence sepsis-induced distant
organ damage

PAD4 mediated NETs have been implicated in liver damage (19,
40). The model of Klebsiella pneumosepsis is associated with
hepatocellular injury, as reflected by elevated plasma levels of
AST and ALT (26). Consistently, liver tissue showed areas of
inflammation and necrosis, which, however, were equally present
in both mouse strains at 42 h postinfection (Fig. 7H, 7I). Likewise,

FIGURE 1. CitH3, cfDNA, and nucleosome concentrations in the airways of critically ill patients with pneumosepsis or noninfectious nonpulmonary

disease. (A and B) ICU patients without infection or lung disease (n = 4) and pneumosepsis patients (n = 6) were subjected to an NBL within 24 h after ICU

admission. (A) CitH3 (upper panel) and H3 (lower panel) were assessed by Western blotting. (B) cfDNA and (C) nucleosome levels in NBL. (D) Ratio

nucleosome/cfDNA. Data are presented as scatter dot plots and horizontal lines represent median. Groups were compared using Mann–Whitney U test as

data were not normally distributed.
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FIGURE 2. CitH3 is induced in the lung during pneumonia, mainly at sites of immune cell infiltration, and absent in PAD42/2 mice. (A) CitH3 staining

of lung sections (original magnification 340) of (Ai and Aii) naive and (Aiv–Avi) Klebsiella-infected (t = 42 h) PAD4+/+ or PAD42/2 mice. (Aiii)

Quantification of CitH3 staining expressed as scatter dot plot of four to six mice per group. Horizontal lines represent median. *p , 0.05. (Avi) Increased

magnification (original magnification 3400) of CitH3 staining during infection in PAD4+/+ mice. Arrow indicates CitH3-positive area identified with

scanning electron microscopy in (B). (B) Digital overlay of double staining of CitH3 and MPO in lung sections (original magnification 3100) of infected

PAD4+/+ and PAD42/2 mice 42 h postinfection with Klebsiella. CitH3 in green, MPO in red. (Biii) Increased magnification of double staining of CitH3 and

MPO in lung sections of infected PAD4+/+ mice. (C) CitH3 staining of lung sections (original magnification 3100) of IgG control–treated or anti-GR1

(aGR1)–treated (neutropenic) mice 24 h postinfection with Klebsiella.
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plasma concentrations of AST and ALT were equally elevated in
PAD42/2 and PAD4+/+ mice at 42 h postinfection (Fig. 7J, 7K).

As a general marker of organ damage, we measured plasma LDH,

which was similarly increased in PAD42/2 and PAD4+/+ mice
during Klebsiella pneumosepsis (Fig. 7L). These data indicate that

PAD4 deficiency does not influence distant organ injury during

pneumosepsis.

Influence of PAD4 deficiency on platelet activation and
activation of coagulation

NET components are potent activators of platelets and coagu-
lation [e.g., histones activate platelets via TLRs 2/4 (41) and

cfDNA activates the intrinsic pathway of coagulation (41)].

We therefore investigated the contribution of PAD4 to plate-

let activation during pneumonia-derived sepsis. Klebsiella

pneumosepsis was associated with platelet activation, as re-

flected by enhanced P-selectin and CD63 expression on circu-
lating platelets; this was reduced in PAD42/2 mice, especially at

42 h postinfection (Supplemental Fig. 4). PAD4 deficiency, how-

ever, did not seem to mitigate sepsis-induced thrombocytopenia

(Supplemental Fig. 4).
To further assess how PAD4 influences platelet activa-

tion, we incubated whole blood from naive PAD4+/+ mice with

(PMA-induced) NETs from either PAD42/2 or PAD4+/+ mice.
Although NETs induced platelet activation compared with
unstimulated neutrophils, no differences were found between the
effects of NETs from PAD42/2 or PAD4+/+ mice (Supplemental
Fig. 4).
To investigate the role of PAD4 in activation of coagulation, we

assessed fibrin deposition and D-dimer formation in lungs and
TATc levels in plasma and lungs postinfection with Klebsiella.
Infection with Klebsiella resulted in activation of coagulation in
lung and plasma (Supplemental Figs. 1, 4). However, there were
no significant differences in any of the coagulation readouts be-
tween groups (Supplemental Figs. 1, 4), apart from lower TATc
levels at baseline in the lungs of PAD42/2 mice (Supplemental
Fig. 4). These results indicate that although PAD4 deficiency re-
duces platelet activation, it does not appear to affect thrombocy-
topenia nor activation of coagulation during K. pneumoniae.
Previous investigations on the role of PAD4 on NET formation
have reported partially conflicting results. Inhibition of PAD4 by
genetic depletion or Cl-amidine–reduced PMA (42) or LPS
(11, 43, 44) induced NET formation by murine neutrophils;
however, NET formation by human neutrophils, induced by
multiple stimuli including PMA and bacteria, was unaffected by
PAD4 inhibition (18).

FIGURE 3. Scanning electron

microscopy visualization of NET-

like structures in the lung during

pneumosepsis. (A) CitH3 staining of

lung tissue harvested 42 h after

Klebsiella infection of PAD4+/+

mice; arrow indicates where CitH3

stained positive during staining.

Original magnification 340. (B–D)

Areas of CitH3-positive signal vi-

sualized with scanning electron mi-

croscopy. (B) Obstructed lung bronchus

with infiltrate; box indicates area

shown enlarged in (C). (C) Higher

magnification of obstructed lung

bronchus; box indicates area shown

enlarged in (D). (D) Higher magni-

fication of obstructed lung bronchus

showing Klebsiella captured within,

surrounded by threadlike structures.

(E and F) Scanning electron micros-

copy images of PAD42/2 mice, 42 h

after Klebsiella infection, also showing

Klebsiella surrounded by threadlike

structures.
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Discussion
PAD4 has been implicated as an important regulator of NET
formation by mediating chromatin decondensation through
hypercitrullination of H3 (10). However, other mechanisms can
contribute to the release of NETs and controversy remains
about the relative importance of PAD4 in NETosis (15, 16, 18,
45, 46). In this study, we show that although PAD4 is activated
in the airways during human and murine pneumosepsis, NET
formation can still occur independently of PAD4, and PAD4
has only a modest, if any, effect on other host responses im-
plicated in sepsis pathogenesis in mice with pneumonia-derived
sepsis caused by the common human pathogen K. pneumoniae.
Previous studies have shown NET components in plasma of

sepsis patients or increased NET release by isolated neutrophils
ex vivo (47, 48). In this study, we show that ICU patients with
pneumonia had detectable CitH3 in their airways, together with
high levels of cfDNA and nucleosomes. Of note, ICU patients
without lung infection or pathology also had high cfDNA and
nucleosome concentrations in NBL in the absence of detectable
CitH3 (or H3), suggesting that either citrullination of H3 is not
required for NETosis or that cfDNA and nucleosomes are not or
are only partially derived from NETs. We combined these observa-
tional data in patients with investigations in an established model of
Gram-negative pneumonia-derived sepsis by K. pneumoniae to show

that CitH3 in the lungs originates from infiltrating neutrophils and
is generated by a PAD4-dependent mechanism. By carefully
matching scanning electron microscopy images with (neutrophil-
derived) CitH3-positive areas in light microscopy, we visualized
NET-like structures surrounding Klebsiella bacteria in infiltrated
lung tissues, which is in accordance with a previous study (22).
Remarkably, however, PAD42/2 mice had similar NET-like
structures surrounding bacteria at sites of immune cell infiltra-
tion. Using electron microscopy, we found that not all bacteria
were captured in these strands and the strands varied in thickness
from 5 to 50 nm and sometimes branched into different direc-
tions. This suggests that the threadlike structures are not fibrin,
which can vary in tissues from 50 to 400 nm. It is moreover not
likely that these strands are mucus, as mucus shows a denser
network with numerous branching when assessed with scanning
electron microscopy (49). We cannot exclude that part of these
structures are in fact of bacterial origin, as there is increasing
evidence for dynamic tubular sheaths formed by the Type VI
secretion system of K. pneumoniae (50, 51). These structures are
however not well described in lung tissues and, as large regions,
are covered with fibrils of various sizes, branching off into dif-
ferent directions, we assume that most of the threadlike strands
are NETs. Moreover, other parameters associated with NET
formation were not or were only modestly influenced by PAD4

FIGURE 4. Markers of NET formation in lung and plasma during pneumosepsis. (A–J) PAD4+/+ and PAD42/2 mice were euthanized before or 42 h

postinfection with K. pneumoniae via the airways. (A) Western blot of CitH3 and H3 in BALF. (B) Quantification of Western blot. (C) cfDNA, (D) nu-

cleosome, (E) MPO, and (F) elastase levels in BALF. (G) cfDNA, (H) nucleosome, (I) MPO, and (J) elastase levels in plasma. Data are presented as scatter

dot plots of eight mice per group for infected mice and four mice per group for uninfected mice. Horizontal lines represent medians. Western blot shows

comparison of five versus five mice. *p , 0.05 versus PAD4+/+ mice. n.d., not detectable.
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deficiency, with reduced cfDNA in the BALF of PAD42/2 mice
during Klebsiella pneumosepsis when compared with WT mice
but no differences in plasma cfDNA levels or nucleosome,
MPO, or elastase levels in BALF or plasma. Furthermore,
stimulation of PAD42/2 neutrophils with various ligands, in-
cluding LPS and Klebsiella, resulted in NET formation that was
indistinguishable from the response of PAD4+/+ neutrophils.
Together, these data suggest NETosis during K. pneumoniae–
induced pneumonia occurs through a PAD4-independent
mechanism.
Previous investigations on the role of PAD4 on NET formation

have reported partially conflicting results. Inhibition of PAD4
by genetic depletion or Cl-amidine–reduced PMA (42) or LPS
(11, 43, 44) induced NET formation by murine neutrophils; how-
ever, NET formation by human neutrophils, induced by multiple
stimuli, including PMA and bacteria, was unaffected by PAD4
inhibition (18). We found no effect of PAD4 elimination on ex
vivo NET formation by mouse neutrophils induced by PMA,
LPS, or Klebsiella. Differences between our findings and those
of others could in part be explained by PAD4-independent ef-
fects of Cl-amidine (52, 53) that might influence NET release.
Alternatively, as PAD42/2 mice did show reduced in vitro NET
formation in other studies (11, 44), differences in methods for
inducing NETosis might play a more crucial role. These dif-
ferences include source of LPS, type of neutrophil isolation
(EasySep Mouse Neutrophil Enrichment and density gradients
versus Ly6G magnetic beads), or time (4 versus 3 h) and method
of stimulation.
Besides PAD4, other mechanisms can contribute to NETosis,

including elastase, MPO, production of reactive oxygen species,
autophagy, and activation of p38 MAPK and Raf–MEK–ERK
signaling pathways (18, 22, 45, 46, 54–57). It appears that these
different pathways are not absolutely required for NET forma-
tion in general. For instance, Straphylococcus aureus can induce
NETosis in human neutrophils independent of NADPH oxidase
(58). In mice, neutrophil elastase was not important for NET
formation during murine venous thrombosis in vivo or upon
stimulation with noninfectious stimuli in vitro, whereas PAD4
was (59). In contrast, elastase-deficient mice were unable to

form NETs in a pneumonia model that made use of a different
Klebsiella strain used in this study (22), whereas our current data
indicate no role for PAD4 in this study. In fulminant sepsis
models induced by S. aureus, Escherichia coli, or LPS, PAD4
deficiency reduced NET release in the liver (12, 40). In accor-
dance, a recent study in human neutrophils clearly showed that
different stimuli rely on different upstream pathways to induce
NETosis (18). Of note, we could not detect CitH3 in liver tissue,
which is in agreement with an earlier study by our group that
showed that this model of Klebsiella sepsis is not associated with
NET formation in liver (26).
Studies investigating the role of PAD4 in infection have used

either PAD42/2 mice or the pan-PAD inhibitor Cl-amidine
(60). PAD42/2 mice were more susceptible to skin infection
caused by a mutant group A Streptococcus lacking an extra-
cellular DNAse but not when infected by WT group A Strep-
tococcus (11). PAD4 deficiency influenced neither host
defense during abdominal sepsis induced by cecal ligation and
puncture (20) nor influenza infection (61). Other studies using
PAD42/2 mice did find reduced coagulation (19) and liver
damage (19, 40) after injection of S. aureus or E. coli but did
not report on antibacterial defense. Several studies found
beneficial effects of Cl-amidine treatment on mortality after
cecal ligation and puncture (62–64); the difference with results
obtained with PAD42/2 mice may be related to aspecific PAD
inhibition by Cl-amidine (52, 53). Overall, current data do not
support an important direct role for PAD4 in host defense
during sepsis.
PAD4 has been reported to influence inflammation by modu-

lating cytokine expression (7, 8). During pneumosepsis, PAD4
deficiency did not modify cytokine levels, suggesting that in this
setting the influence of PAD4 on cytokine production is inferior to
other regulators of cytokine production.
PAD4 inhibition had a small but significant effect on platelet

activation during pneumosepsis. To further investigate this, we
assessed whether PAD4-mediated NET formation influences
platelet activation by incubating blood from naive PAD4+/+ mice
with NETs generated from PAD42/2 or PAD4+/+ neutrophils.
Platelet activation was similar between groups, indicating that

FIGURE 5. Ex vivo NET formation does not rely on PAD4. PAD4+/+ and PAD42/2 neutrophils were stimulated with medium control, LPS, PMA, or

UV-radiated Klebsiella for 3 h. NETs were visualized with immunofluorescence of MPO (in green) or DNA (DAPI staining in white).
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the quality of NETs derived from PAD4+/+ and PAD42/2

neutrophils is similar with regard to the capacity to activate
platelets. Possibly, citrullinated histones are capable of induc-
ing platelet activation.
The use of viable bacteria in our model of Klebsiella-induced

pneumonia and sepsis can result in increased variation within
groups. This is especially seen at later a time point, when the
interaction between bacterial growth and the immune response
can differ for each mouse. Although this variation can hamper
interpretation of the results, this model has extensively been
used to show significant differences between groups despite
variation (26, 65, 66). Moreover, we have quantified the effect
of PAD4 on bacterial loads in two separate (t = 42) pneumo-
sepsis experiments, resulting in a larger sample size and enabling us
to draw conclusions regarding the effect of PAD4 on host defense.

Moreover, additional experiments using a different Gram-negative
bacterium, P. aeruginosa, also showed no effect of PAD4 on host
defense.
PAD4 has been implicated as a mediator of both host defense

and collateral tissue damage during severe infection. Pneumonia
is the most frequent cause of sepsis. We used a model of
pneumonia-derived sepsis with a common human pathogen that is
associated with a gradually growing bacterial load eventually
resulting in dissemination (unlike fulminant sepsis models),
allowing analyses of both early protective innate immunity and
late detrimental host responses. We found evidence for PAD4
activation during human and murine pneumosepsis. NETs could,
however, still be formed despite PAD4 deficiency, and PAD4 did
not influence host responses in infected mice. Our data argue
against a role for PAD4 in the pathogenesis of sepsis.

FIGURE 6. PAD4 deficiency does not strongly impact bacterial growth or dissemination during pneumosepsis. (A–D) PAD4+/+ and PAD42/2 mice were

infected with K. pneumoniae via the airways and euthanized at 12 or 42 h. Bacterial counts were determined in the lungs (A), blood (B), liver (C) and spleen

(D). (E) PAD4+/+ and PAD42/2 neutrophils were isolated from bone marrow and NETs were induced with PMA, after which Klebsiella was added and

growth was assessed after 2 h. Data are presented as scatter dot plots of eight mice or replicates per group for ex vivo and t = 12 and 16 mice per group for

t = 42 (pooled data of two experiments using eight mice per group). Horizontal lines represent medians. *p , 0.05.
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FIGURE 7. PAD42/2 mice have unaltered lung inflammation and distant organ damage during pneumosepsis. (A–G) PAD4+/+ and PAD42/2 mice were

infected with K. pneumoniae via the airways. (A) IL-6, (B) IL-1b, (C) TNF-a, (D) CXCL1, and (E) CXCL2 levels in lung homogenates. (F) Total lung

histopathology scores. (G) Representative photographs of H&E-stained lung sections. (H) Representative photographs of H&E-stained liver sections.

Original magnification 340. (I) Total liver histopathology scores. Plasma levels of AST (J) and ALT (K) (markers for hepatocellular injury). (L) Plasma

levels of LDH (general cell injury marker). Data are presented as scatter dot plots of eight mice per group for infected mice and four mice per group of

uninfected mice. Horizontal lines represent medians. Differences between PAD4+/+ and PAD42/2 mice were not statistically significant.
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