1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Immunobiology. Author manuscript; available in PMC 2021 January 01.

-, HHS Public Access
«

Published in final edited form as:
Immunobiology. 2020 January ; 225(1): 151867. doi:10.1016/j.imbi0.2019.11.002.

Neutrophil extracellular traps impair fungal clearance in a mouse
model of invasive pulmonary aspergillosis

Astrid Alflen2, Pamela Aranda Lopez?, Ann-Kathrin HartmannP, Joachim Maxeiner®, Markus
Bosmannd€, Arjun Sharmad¢€, Johannes Plattend, Frederic Ries?, Hendrik Beckert,
Wolfram Rufd, Markus P. Radsak®"

aDepartment of Internal Medicine IIl, University Medical Center of the Johannes Gutenberg
University, Mainz, Germany

bInstitute for Immunology, University Medical Center of the Johannes Gutenberg University,
Mainz, Germany

CAsthma Core Facility, University Medical Center of the Johannes Gutenberg University, Mainz,
Germany

dCenter for Thrombosis and Hemostasis, University Medical Center of the Johannes Gutenberg
University, Mainz, Germany

ePulmonary Center, Department of Medicine, Boston University School of Medicine, Boston, USA

Department of Pulmonary Medicine, University Medical Center Essen — Ruhrlandklinik, Essen,
Germany

Abstract

Neutrophil extracellular traps (NETS) are formed by polymorphonuclear neutrophils (PMN) and
contribute to the innate host defense by binding and killing bacterial and fungal pathogens.
Because NET formation depends on histone hypercitrullination by peptidylarginine deiminase 4
(PAD4), we used PAD4 gene deficient (Pad4~'~) mice in a mouse model of invasive pulmonary
aspergillosis (IPA) to address the contribution of NETS to the innate host defense /n vivo. After the
induction (24 h) of IPA by /¢ infection with Aspergillus fumigatus conidia, Pad4™'~ mice revealed
lower fungal burden in the lungs, accompanied by less acute lung injury, TNFa and citH3
compared to wildtype controls. These findings suggest that release of NETSs contributes to tissue
damage and limits control of fungal outgrowth. Thus inhibition of NETosis might be a useful
strategy to maintain neutrophil function and avoid lung damage in patients suffering from IPA,
especially in those suffering from preexisting pulmonary disease.
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1. Introduction

Aspergillus fumigatus (A. fumigatus) is a ubiquitous mold that is generally benign in
immunocompetent individuals. However, immunocompromised patients suffering from
hematologic disorders, chemotherapy-induced neutropenia or experiencing solid organ or
hematopoietic stem cell transplant are at extreme risk of developing invasive aspergillosis. In
this group of patients, fungal infections, including invasive pulmonary aspergillosis (IPA),
are responsible for significant morbidity and mortality (Chamilos et al., 2006; Kontoyiannis
etal., 2010; Pagano et al., 2010; Pappas et al., 2010). Due to its constant exposure to
airborne A. fumigatus spores or conidia, the lung is a major target organ (Romani, 2004).
Although various drugs are nowadays available for the treatment of this infectious
complication (Stewart and Thompson, 2016), the presence and functionality of
polymorphonuclear neutrophils (PMN) (Stadler et al., 2017) play a major role in overcoming
the disease. Therefore replacement with granulocyte transfusion for patients with
neutropenia seemed a rational approach. Demla et al. summed up, that despite conflicting
data, granulocyte transfusion appears beneficial in the management of this population but
selection criteria for the patients are needed, as well as caution in patients with respiratory
infections (Demla et al., 2016).

In the first interaction with the host A. fumigatus has to overcome different barriers that
protect the healthy, immunocompetent host from infections. Besides the anatomical barriers
to Aspergillus infection, the airway epithelium plays a mayor role in combatting this germ.
A. fumigatus is molecularly recognized by soluble as well as membrane bound receptors
(e.g. dectin-1, toll-like receptors) leading to cellular responses. Besides the initial
involvement of alveolar macrophages, PMN, eosinophils, natural killer (NK) cells,
monocytes and platelets, dendritic cells mediate an adaptive immune response. Nevertheless,
there is no doubt that alveolar macrophages and PMN play a major role in the first line of
defense against this fungal pathogen (Margalit and Kavanagh, 2015). After PMN recognize
the fungus by diverse pathogen recognition receptors, the activation of signal transduction
pathways triggers a number of cytotoxic effector mechanisms in PMN, including reactive
oxygen species (ROS) production by the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase system, the formation of neutrophil extracellular traps (NETS), and the
release of granula-derived proteases and microbicidal peptides (Kolaczkowska and Kubes,
2013).

PMN sense microbe size and selectively release NETs in response to large pathogens like A.
fumigatus hyphae or large aggregated conidia but not in response to small single conidia
(Branzk et al., 2014). Hereby phagocytosis via dectin-1 acts as a sensor of microbe size and
prevents NET release by downregulating the translocation of neutrophil elastase (NE) to the
nucleus (Branzk et al., 2014). For the formation of NET, ROS trigger the dissociation of NE
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from a membrane-associated complex into the cytosol and activates its proteolytic activity in
a myeloperoxidase (MPO)-dependent manner. In the cytosol, NE first binds and degrades F-
actin to arrest actin dynamics and subsequently translocates to the nucleus (Metzler et al.,
2014). Finally, NETs contain granule proteins and chromatin that together form extracellular
fibers that bind microorganisms. Thereby they are prevented from spreading and a high local
concentration of antimicrobial agents to degrade virulence factors and kill bacteria is
ensured (Brinkmann et al., 2004). Although fungi are able to induce NETS, they do not seem
to be involved in the PMN-mediated killing of Aspergillus and Candida spp. (Gazendam et
al., 2016). However, the ability of NET-dependent fungal killing remains controversial
(Gazendam et al., 2016; Urban et al., 2006).

Besides the crucial role of NET formation in host defense against microorganisms, an excess
or persistence of NET release is potentially injurious to host organs and cells. The
pathogenicity of NET is especially important in pulmonary diseases due to the lung
architecture itself, where tissue damage and impairment in lung function is enhanced. To
date, recombinant human DNase is the only treatment targeting NETs approved for a small
number of pulmonary disorders (Porto and Stein, 2016).

In the present study, we evaluated the role of NETosis in the innate immune responses
elicited by A. fumigatusin a murine model of IPA. We employed PAD4 deficient (Pad4™")
and wildtype mice and analyzed severity and course of infection after 24 h and after one
week. Furthermore, PMN effector functions were analyzed in the absence of PAD4, in
murine and human cells. Therefore, the aim of this study was to assess the impact of NET
formation in fungal clearance and on organ damage.

2. Materials and methods

2.1

2.2.

Mice and fungal strain

Pad4™~ mice were on C57BL/6 J background (Hemmers et al., 2011). All animal
procedures were performed in accordance with the institutional guidelines and approved by
the responsible national authority (National Investigation Office Rheinland-Pfalz, Approval
ID: AZ 23 177-07/G16-1-020E1). The A. fumigatus strain ATCC 46645 was kindly
provided by M. Gunzer (Molecular Immunology, University of Duisburg-Essen, Germany)
and cultured in Aspergiflus minimal medium (Kapp et al., 2014).

Mouse model of IPA

Mice were anesthetized and received 107 A. fumigatus conidia /.t as described previously
(Prufer et al., 2014). To assess the severity of infection, mice were sacrificed 24 h after
induction of IPA. For the analysis of blood and bronchoalveolar lavage fluid (BALF), blood
samples were collected and lungs were flushed with 1 mL PBS. Cells in the blood and
BALF were analyzed by an animal blood counter (scil animal care company). The albumin
amount in the BALF was quantified by standard enzyme-linked immunosorbent assay
(ELISA) (Bethyl Laboratories). For the detection of inflammatory mediators in the BALF,
tumor necrosis factor TNF-a ELISA (Ready-SET-Go, eBioscience) was performed and
bead-based immunoassays were used (Bio-Plex Pro mouse cytokine bead-based
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immunoassay, Bio-Rad). The results of the immunoassay were quantified by the Luminex
XMAP/Bio-Plex 200 System with Bio-Plex Manager Software 5.0 (Bosmann et al., 2014).
IL-27p28 was analyzed by an ELISA kit (R&D Systems) according to the instructions of the
manufacturer. For the measurement of citH3, cell-free samples (300 g, 5 min, 4 °C) were
subjected to plates coated with anti-H3Cit (abcam #ab5103, 4 ug/ml) followed by the
secondary antibody and substrate of the Cell Death Detection ELISAPLYS kit, v12 (Roche/
Sigma-Aldrich). Optical densities (OD, 405 nm) were measured with an Opsys MR Dynex
microplate reader. To determine the /in7 vivo fungal burden (Prifer et al., 2014), lungs were
homogenized mechanically and serial dilutions were plated on Sabouraud 4 % glucose agar
(Carl Roth). After 24 and 48 h colony-forming units (CFU) were enumerated. Some lungs
were paraffin embedded and sections were stained with hematoxylin and eosin (H&E) to
assess inflammatory responses and Grocott-Gomori silver stain to visualize fungi. In order
to analyze the inflammation H& E-stained tissue sections were examined in blinded fashion
for peribronchial, perivascular, tissue inflammation and overall pulmonary inflammation and
were scored on a scale from 0 to 4 (Reuter et al., 2014). As control for the IPA mouse
model, neutropenic mice were utilized. Therefore, in some mice PMN depletion was
induced by /Zp. injection of anti-Gr-1 antibody (150 ug, clone RB6-8C5) one day before
infection (Alflen et al., 2017).

Invasive lung function in mice

One week after induction of IPA, wildtype and Pad4~/~ mice were administered serially
increasing doses of methacholine (MCh), and airway hyperresponsiveness was measured, as
previously described (B6hm et al., 2015). Afterwards, bronchoalveolar lavage was
performed to yield lung-infiltrating immune cells and sections of lung tissue were stained
with H&E to identify inflammatory cells as described above.

2.4. Analysis of PMN functions in vitro

2.4.1. Murine white blood cells (WBC)—Heparinized blood was incubated twice (7
min and 3 min) with ammonium-chloride-potassium (ACK) lysing buffer for the lysis of red
blood cells. WBC were then resolved in the medium, incubated with indicated stimuli for 2
h at 37 °C. WBC activation was measured by flow cytometry for oxidative burst,
degranulation (increase in CD11b surface expression), CD62 L shedding (decrease in CD62
L expression) as well as phagocytosis, to represent PMN effector functions.

2.4.2. Murine bone marrow PMN—PMN were enriched from the bone marrow (BM)
of mice by magnetic cell sorting using biotin-labeled Ly-6 G/C specific antibodies (clone
RB6-8C5) and SA-beads (Miltenyi) (Prifer et al., 2014). PMN were incubated with
indicated stimuli at 37 °C for 4 h for degranulation, shedding and phagocytosis. Oxidative
burst was assessed as fluorescence kinetics over a time period of 3 h.

2.4.3. Human peripheral blood PMN—Human studies were performed after obtaining
informed consent from healthy volunteer donors and were approved by the local ethics
committee according to the institutional guidelines (Landesarztekammer Rheinland-Pfalz,
Approval no. 837.258.17 (11092)). PMN were isolated by dextran sedimentation and
Histopaque® centrifugation as described previously (Alflen et al., 2018). Some PMN were

Immunobiology. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alflen et al.

Page 5

preincubated with a PAD4 inhibitor (GSK484, Sigma-Aldrich) 10 uM for 30 min at 37 °C
(Lewis et al., 2015). Cells were activated with indicated stimuli. PMN functions (oxidative
burst, degranulation, CD62 L shedding, viability) were assessed as described previously
(Alflen et al., 2018).

2.4.4. PMN activation and analysis—PMN were treated with zymosan 10 pg/ml,
lipopolysaccharides (LPS) 1 pg/ml, A. fumigatus conidia 106/ml and analyzed for activation
after indicated time periods. For flow cytometric analysis of degranulation and shedding,
gates were set on CD11b"3M and CD62L'°W PMN, respectively. Phagocytosis was assessed
by simultaneous incubation with Fluoresbrite™ Polychromatic Red 1.0 um Microspheres
(Polysciences, 5.7 x 107 particles/ml) and PE intensity was measured (Prifer et al., 2014).
Phagocytosis of A. fumigatus conidia was evaluated after coincubation of PMN with PE-
labeled conidia (0.5 x 108/ml) at 37 °C or 4 °C as negative control, respectively. Oxidative
burst activity was detected by reactive oxygen intermediates that oxidized non-fluorescent
dichloro-fluorescein diacetate (DCFH-DA, Sigma-Aldrich, 8,3 nM) into green fluorescent
DCF (Haselmayer et al., 2007). Kinetics were measured with a fluorescence reader
(SpectraFluor 4, Tecan) and values were gained as mean fluorescence intensity (MFI)
(Prufer et al., 2014), or single measurements were performed by flow cytometry. To obtain
the specific fluorescence index (SFI), an index was calculated by MFI activated PMN / MFI
medium PMN. Viability was assessed using CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (Promega) as described previously (Alflen et al., 2018). As viability
control rhGM-CSF (R&D systems) 10 ng/mL was used and cyloheximide (Sigma-Al-drich)
100 pg/ml treated samples represented dead cells.

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 5.0a for Mac OS X,
GraphPad Software). For comparison between two groups a Mann-Whitney U test was used.
Comparisons of multiple groups were performed by one-way and two-way ANOVA with
Bonferroni’s posttest. For all analyses, p < 0.05 was considered as statistically significant.

3. Results

3.1.

The impact of PAD4, which is essential for hypercitrullination of histones and thereby for
the formation of NET, was assessed in a murine model of IPA (Fig. 1A). PAD4 deficient
(Pad4'~) and wildtype mice received Aspergillus fumigatus conidia intratracheally (i.t,) on
day 0. After 24 h, the severity of the infection was assessed in final examinations by
analyzing blood, bronchoalveolar lavage fluid (BALF) and lungs. Some mice were observed
for one week of IPA, invasive lung function analyses were performed and the experiments
were completed by the final examinations described above.

PAD4 deficiency improves fungal clearance 24 h after IPA

One day after the induction of IPA, some mice were sacrificed, lungs were homogenized,
serially diluted, plated on agar, incubated and monitored for 24 h (Fig. 1B) and 48 h (Fig.
1C). Pad4™"~ mice revealed lower fungal burden in the lungs compared to wildtype mice,
which was assessed as colony forming units (CFU) (Fig. 1B and C). To assess if less
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effective fungal clearance was caused by changes in PMN recruitment, we analyzed PMN
counts. However, Pad4 '~ and wildtype mice showed similar PMN recruitment in the blood
(data not shown) as well as into the lung tissues (Fig. 1D). Pulmonary inflammation was
analyzed in a blinded fashion and an inflammation score was assessed. Inflammation was
also separately studied for perivascular, peribronchial and tissue inflammation, where no
differences were seen in any of these separate studies (data not shown). We also analyzed
fungal burden by visualizing A. fumigatus via Grocott-Gomori silver stain. While it was
hard to detect A. fumigatus conidia in wildtype and Pad4~/~ animals, neutropenic control
mice suffered from massive burden of hyphae (data not shown).

Since reduced fungal burden in Pad4 '~ mice as compared to wildtype mice was not
associated with an altered PMN recruitment, PMN functions were investigated. As expected,
Pad4™'~ mice, showed significantly lower amounts of citrullinated histone H3 (citH3) in the
BALF of infected animals, compared to wildtype mice (Fig. 1E). Therefore, we further
investigated how the deficiency of PAD4 and thereby the lack of NET formation affects the
course of IPA.

PADA4 deficiency reduces lung damage 24 h after IPA

Lower amounts of citH3 in the BALF of Pad4~ mice (Fig. 1E) were accompanied by
unaltered PMN recruitment into the lung tissue (Fig. 1D), therefore BALF was also analyzed
for the abundance of these innate immune cells. Very few PMN were observed in the BALF
of control mice, which received H,0 .z, but infected Pad4 '~ and wildtype mice showed
similar numbers of PMN in the BALF (Fig. 2A). We were not able to detect any statistically
significant differences in PMN recruitment into the alveolar space between the two mouse
strains (Fig. 2A). Higher fungal burden in the lungs, without difference in the numbers of
PMN in any compartment (blood, BALF, lung tissue) was thereby most likely facilitated by
the existence of NET formation. Interestingly, Pad4~/~ mice displayed significantly less
acute lung injury compared to wildtype mice, which was assessed by measuring albumin
concentration in the BALF as a surrogate marker for the disruption of alveolar-capillary
barrier integrity (Fig. 2B).

Next, we hypothesized whether the differences in fungal clearance affect the release of
inflammatory mediators in the lungs. The Pad4~/~ mice showed a lower amount of TNF-a in
the BALF compared to the wildtype mice, whereas the control animals had no detectable
quantities of TNFa (Fig. 2C). However, the difference between Pad4/~ and wildtype mice
was not statistically significant. Furthermore, Pad4~/~ and wildtype mice exhibited a
differential cytokine profile during IPA. While the amounts of cytokines such as GM-CSF,
IL-1B, IL-10 and IL-6 were lower in Pad4~'~ compared to the wildtype mice (Fig. 2D-G),
MCP-1 and M-CSF were elevated in Pag4 ™~ animals (Fig. 2H-I). Overall, 22 cytokines
where analyzed by a bead-based immunoassay, some showing only minor differences.
Furthermore, trends for higher amounts in wildtype mice were observed for G-CSF, GRO-a.,
IFN-vy, IL-12p70, IL-17A, IL-23, IP-10, MIP-1a, MIP-2, RANTES and TNFa.. Similar
cytokine amounts where observed for Eotaxin, IL-18, IL-7 and MIP-1p in the two mice
strains. MCP-3 was present in higher concentration in Pad4'~ mice (data not shown).
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3.3. Other PMN functions of Pad4~'~ mice are not altered in vitro

NET formation has been described to be an important effector function of PMN,
nevertheless defective NET formation in Pad4 '~ mice resulted in improved fungal clearance
during IPA and in reduced acute lung injury in this study (Figs. 1 and 2). Therefore, we were
interested if other PMN functions, especially those contributing to fungal killing are more
pronounced in compensating PADA4 deficiency.

White blood cells (WBC) from lysed blood of Pag4~ and wildtype mice were activated
with indicated stimuli and PMN functions were analyzed by flow cytometry. Whereas
enhanced phagocytosis of PE-labeled A. fumigatus conidia was detectable after incubation
at 37 °C for 2 h compared to control samples at 4 °C, phagocytosis did not vary between
wildtype and Pad4™'~ mice (Fig. 3A). Furthermore, WBC were incubated with fungal
stimuli, zymosan and A. fumigatus conidia, and with the bacterial compound
lipopolysaccharides (LPS). After 2 h WBC were analyzed for oxidative burst, degranulation
— enhanced CD11b surface expression — and CD62 L shedding representing PMN effector
functions. While these different compounds lead to WBC activation, no significant
differences were observed between WBC from wildtype and Pad4 '~ mice (Fig. 3B-D).
PMN functions where also analyzed in purified murine PMN enriched from bone marrow.
Again, no differences were observed after activation with mentioned stimuli in PMN from
wildtype and Pad4~'~ mice (data not shown).

3.4. Human PMN functions are not altered after PAD4 inhibition

To evaluate the effects of PAD4 deficiency in a human setting, PMN functions from healthy
human donors were analyzed after the incubation with a PAD4 inhibitor. PMN were
preincubated for 30 min with a PAD4 inhibitor (GSK 484, 10 uM) and phagocytosis of PE-
labeled A. fumigatus conidia was analyzed after 1 h. Whereas enhanced phagocytosis of PE-
labeled A. fumigatus conidia was detectable after incubation at 37 °C compared to control
samples at 4 °C, we did not detect any differences in phagocytic activity between inhibitor-
treated and control cells (Fig. 4A). Human PMN were furthermore activated with zymosan,
A. fumigatus conidia and LPS. Degranulation and shedding were analyzed by flow
cytometry, detecting activation of PMN, but again we did not discover any significant
differences in CD11b and CD62 L surface expression between PADA4 inhibitor-treated and
control cells (Fig. 4B—C). Oxidative burst from PMN was analyzed after activation with the
same fungal and bacterial substances and with or without PAD4 inhibitor pretreatment.
Zymosan, A. fumigatus conidia and LPS induced the activation of PMN, but this was
independent of pretreatment with the inhibitor (Fig. 4D). Since an extension of the short life
span of PMN is also essential for their antimicrobial activity, their viability after activation
with the above mentioned stimuli was assessed. As expected, the activation of PMN
prolonged their viability, but the inhibition of PAD4 did not affect this PMN function (Fig.
4E). Therefore, PAD4 inhibition in human PMN does not result in differential regulation of
PMN functions other than NET formation /n vitro.

3.5. NET formation does not result in permanent lung damage after IPA

Since PAD4 deficiency in mice improved the course of IPA after 24 h, we hypothesized if
the superior course of this infectious disease in Pad4'~ mice results in better longterm
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outcome regarding lung function one week after IPA. Invasive lung function analysis was
therefore performed one week after the induction of IPA by challenging infected or control
mice /.t with increasing doses of methacholine. Besides increased airway resistance (RI)
along with escalating concentrations of methacholine in all mice, the lung function test did
not detect any significant differences in airway resistance in wildtype and Pag4 '~ animals
(Fig. 5A). Furthermore, BALF was analyzed. The amount of WBC had dramatically
decreased one week after infection (Fig. 5B) compared to results after one day (Fig. 2A),
therefore the fraction of PMN was not detectable anymore. The amounts of albumin in
BALF appeared somewhat lower after one weeks as compared to 24 h. No differences in
albumin were observed between wildtype and Pac4 '~ mice at this late phase of IPA (Fig.
5C). Similar as after 24 h of IPA, pulmonary inflammation did not vary between wildtype
and Pad4'~ mice after one week of IPA (Fig. 5D). We also compared the inflammatory
response after one day and one week of IPA. After one week the previously higher amounts
of IL-27 in wildtype compared to Pad4'~ mice were not detectable anymore (data not
shown).

4. Discussion/Conclusion

In this study, we demonstrate that the presence of PAD4, which has been described as major
player for the formation of NETosis plus neutrophil cytoplasts (Krishnamoorthy et al.,
2018), impairs fungal clearance in a mouse model of IPA and contributes to acute lunge
injury, assessed by albumin load in the BALF (Matute-Bello et al., 2011) 24 h after
infection. NETs are composed of DNA, histones and granular proteins such as NE and
MPO. In direct interaction with epithelial and endothelial cells it has been shown that
histones and MPO are responsible for NET-mediated cytotoxicity (Saffarzadeh et al., 2012).
Hence, NETS contribute to a vicious cycle of lung injury and inflammation. They are
considered to be degraded by DNase enzymes and macrophages, that internalize and remove
DNA, as well as other cellular debris. A balance between NETosis and NET clearance is
therefore essential for effectively clearing infectious agents with minimal damage to the
lungs (Cheng and Palaniyar, 2013) that seems to be disrupted in PAD4 deficiency. During
infection and inflammation in the lungs, various cells (e.g. endothelial, epithelial, immune
cells) express inflammatory cytokines, chemokines, and growth factors to recruit monocytes
(e.g., MCP-1) and PMN (e.g., IL-8, or KC/MIP-2 as murine homologous, respectively) into
the airway lumen (Cheng and Palaniyar, 2013). Therefore the improved course of IPA in
PAD4 deficiency, which is accompanied by a differential cytokine profile, might be due to a
more pronounced monocytic inflammatory response in Pad4~'~ mice, compared to wildtype
mice (Fig. 2C-I), since these immune cells also play an important role in innate antifungal
immunity in the lung and are capable of direct fungal spore elimination (Espinosa et al.,
2014). Furthermore reduced levels of IL-17A in PAD4 deficiency might be due to the
existence of cytoplasts, since enucleated neutrophil cytoplasts activate lung dendritic cells
and trigger antigen-specific IL-17A production from naive CD4"* T cells (Krishnamoorthy et
al., 2018). Interestingly, the differences in the course of infection did not result in permanent
lung damage as analyzed by lung function test and overall was not apparent any more one
week after infection (Fig. 5). Previous studies showed that wildtype mice suffer from clinical
signs of pneumonia, but all animals survive the infection and the development of A.
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fumigatus conidia to hyphae nearly fails to appear (Alflen et al., 2017; Stadler et al., 2017).
Since PMN sense microbe size and selectively release NETS in response to large pathogens
like A. fumigatus hyphae or large aggregated conidia but not in response to small single
conidia (Branzk et al., 2014), the presence of NET formation may play only a minor role in
healthy individuals like wildtype mice. The less effective course of IPA in wildtype
compared to Pad4'~ mice seems to be rather a retarded clearance of fungal compounds
because the differences are absent after one week. Nevertheless, some NET formation takes
place in the wildtype mice suffering from IPA, since citH3 is detectable and is the most
likely contribution to the pronounced acute lung injury in wildtype compared to Pad4 '~
mice.

Several studies showed, that PADA4 is dispensable in different diseases and contributes to
organ damage. Though PAD4 is required for NET formation in response to A. fumigatus,
PADA4-dependent NETosis is not required for A. fumigatus killing either /n vitro or during
infection (Clark et al., 2018), and PAD2/PAD4 inhibition alleviates LPS-induced pulmonary
dysfunction by preventing vascular leakage and improves survival in a mouse model of
lethal endotoxemia. /n vitro it was demonstrated, that LPS-activated PMN produce citH3
and derived NETSs increase the permeability of endothelial cells (Liang et al., 2018). Apart
from that, the pathogenicity of NET is especially important in pulmonary diseases due to the
lung architecture itself, in which cases tissue damage and impairment in lung function is
enhanced (Porto and Stein, 2016). NETosis furthermore contributes to age-related organ
damage since PAD4 promotes organ fibrosis and dysfunction (Martinod et al., 2017).
Therefore, especially patients with an existing lung damage like cystic fibrosis, asthma and
chronic obstructive pulmonary disease (COPD) (Porto and Stein, 2016) might be at risk of
an irreversible and severe lung damage after additionally experiencing IPA and therefore
benefit from a therapy that targets and inhibits NET formation to prevent further lung injury.

The differential course of infection in Pag4 '~ and wildtype mice was not caused by altered
PMN recruitment, and PMN functions other than NET formation were not compensatory
increased, whether in murine PMN of Pad4~/~ and wildtype mice ex vivo, nor in isolated
human PMN after PAD4 inhibition. Unfortunately, obtaining sufficient numbers of purified
murine PMN is only possible with bone marrow derived PMN. However, functions of
peripheral blood and bone marrow PMN might be different. Furthermore, it should be noted,
that the exact mechanisms of fungal killing in mice can actually be different from those
observed in humans, since human PMN have distinct Killing mechanisms for Candidaand
Aspergillus for both their conidia and their hyphae (Gazendam et al., 2016).

Another limitation of our study is, that NET formation was exclusively assessed by
measuring citH3, which may not totally reflect NETosis since several signaling mechanisms
have been identified to induce this PMN function (Kenny et al., 2017). Although studies in
mice strongly suggest, that PAD4 deficiency leads to decreased citH3 and inability of PMN
to form NETs (Martinod et al., 2013), our conclusion is based on these data, without any
other testing of NET formation.

In conclusion, our study highlights the negative contribution of NET release in fungal
infection in a vulnerable organ such as the lung. Inhibition of NET formation might
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therefore be a useful strategy to avoid lung damage in immunocompromised patients,
especially in those suffering from preexisting pulmonary disease.
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Fig. 1.

PAD4 deficiency improves fungal clearance 24 h after IPA. (A) To study IPA in a murine
model, mice were infected /.z with 107 A. fumigatus conidia and were mechanically
ventilated for 2 min. Severity and course of infection was analyzed after 24 h by different
read outs, as well as after one week by additionally performing invasive lung function tests.
(B) 24 h after infection fungal burden in the lungs was analyzed in Pad4~/~ and wildtype
mice, after homogenizing lungs, plating and culturing them on agar for 24 h. Fungal burden
was assessed as colony forming units (CFU). Depicted are the cumulative results (mean plus
SD) of two independent experiments (wildtype n = 7, Pad4~ n = 8). (C) Representative
CFU samples after culturing them for 48 h from wildtype and Pad4~/~ mice are depicted.
(D) Pulmonary inflammation was evaluated in a blinded fashion by H.B. on H&E stained
lung tissue sections 24 h after IPA. Depicted are the results (mean plus SD) of one
independent experiment out of two (wildtype n = 5, Pad4™~ n = 4). (E) 24 h after IPA BALF
was analyzed for citH3 by an ELISA at an optical density (OD) of 405 nm. Depicted are the
cumulative results (mean plus SD) of two experiments (wildtype n = 9, Pad4/~ n = 10). (*)
indicates a significant difference (p < 0.05) by Mann-Whitney U'test.
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Fig. 2.

PA?D4 deficiency reduces lung damage 24 h after IPA. 24 h after the induction of IPA,
Pad4™!~ and wildtype mice were analyzed. (A) PMN recruitment to the BALF, (B) BALF
albumin and (C) TNFa amount was assessed. Depicted are the cumulative results (mean
plus SD) of one (H,O-treated wildtype n = 3, Pad4 '~ n = 3) or two independent experiments
(A. fumigatus-treated wildtype n = 9, Pad4”~ n = 10). (*) indicates a significant difference
(p < 0.05) by one-way ANOVA with Bonferroni’s posttest. (D—I) BALF samples were
pooled (each a total of 3 samples from wildtype n = 9 and Pad4™'~ n = 10 out of 2
independent experiments) and inflammation was analyzed by a customized 22-plex
ProcartaPlex and measured with BioPlex 200. Depicted are mean plus SD.
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Other PMN functions of Pad4™~ mice are not altered 7 vitro. WBC were isolated from
blood of Pad4~~ and wildtype mice. For phagocytosis of fungal compounds cells were
incubated with PE-labeled A. fumigatus conidia at 37 °C for 2 h, samples incubated at 4 °C
served as negative control. (B) Oxidative burst activity was assessed as SFI after activating
cells with respective stimulus, as well as (C) degranulation (CD11b surface expression) and
(D) CD62 L shedding. Cumulative results (mean plus SD) of five independent experiments
are depicted. A two-way ANOVA with Bonferroni’s posttest detects no significant difference
(p < 0.05) between WBC from wildtype and Pad4 '~ mice.
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Fig. 4.

Human PMN functions are not altered after PAD4 inhibition. Human PMN from healthy
donors were isolated and activated as indicated. Some cells were preincubated for 30 min
with a PADA4 inhibitor. (A) For phagocytosis of fungal compounds cells were incubated with
PE-labeled A. fumigatus conidia at 37 °C for 1 h, samples incubated at 4 °C served as
negative control. (B) degranulation (CD11b surface expression) and (C) CD62 L shedding
were assessed by flow cytometry after 1 h. (D) Oxidative burst activity was analyzed as
fluorescence kinetics and results after 2 h are depicted. (E) Viability was measured using a
cell proliferation assay, and employing GM-CSF as viability control and cycloheximide
treated samples represented dead cells. Cumulative results (mean plus SD) of three
independent experiments are depicted. A two-way ANOVA with Bonferroni’s posttest
detects no significant difference (p < 0.05) between PAD4 inhibitor treated and untreated

PMN.
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NET formation does not result in permanent lung damage after clearance of IPA. Some
Pad4™!~ and wildtype mice were analyzed one week after the induction of IPA. (A) Invasive
lung function tests were performed after administering serially increasing doses of
methacholine (MCh), and airway hyperresponsiveness was measured as airway resistance
(RD). (B) Recruitment of WBC into the airways and (C) albumin amount in the BALF were
assessed. (D) Pulmonary inflammation was evaluated in a blinded fashion by H.B. on H&E
stained lung tissue sections (5 randomly chosen samples per wildtype and Pad4/~) one
week after IPA. Depicted are the cumulative results (mean plus SD) of two independent
experiments (H,O-treated wildtype n = 8 and Pad4™'~ n = 12, A. fumigatus-treated wildtype

n=8and Pad4 '~ n=12).
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