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Abstract

Campylobacter jejuniis the leading cause of bacterial-derived gastroenteritis worldwide and can
lead to several post-infectious inflammatory disorders. Despite the prevalence and health impacts
of the bacterium, interactions between the host innate immune system and C. jejuni remain poorly
understood. To expand on earlier work demonstrating that neutrophils traffic to the site of infection
in an animal model of campylobacteriosis, we identified significant increases in several
predominantly neutrophil-derived proteins in the feces of C. jejuni-infected patients, including
lipocalin-2, myeloperoxidase, and neutrophil elastase. In addition to demonstrating that these
proteins significantly inhibited C. jejuni growth, we determined they are released during formation
of C. jejuni-induced neutrophil extracellular traps (NETS). Using quantitative and qualitative
methods, we found that purified human neutrophils are activated by C. jejuni and exhibit
signatures of NET generation, including presence of protein arginine deiminase-4, histone
citrullination, myeloperoxidase, neutrophil elastase release, and DNA extrusion. Production of
NETSs correlated with C. jejuni phagocytosis/endocytosis and invasion of neutrophils, suggesting
that host- and bacterial-mediated activities are responsible for NET induction. Further, NET-like
structures were observed within intestinal tissue of C. jejuniinfected ferrets. Lastly, induction of
NETSs significantly increased human colonocyte cytotoxicity, indicating that NET formation
during C. jejuniinfection may contribute to observed tissue pathology. These findings provide
further understanding of C. jejuni-neutrophil interactions and inflammatory responses during
campylobacteriosis.
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Abstract

Visualization of neutrophil extracellular traps within Campylobacter jejuni infected ferret tissue.
These NETS are co-localized to the crypts in the intestinal tissue, providing key evidence for NET
induced crypt abscess formation. Crypt abscesses have long been seen during C. jejuni infection,
this research provides some of these answers.
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1. Introduction

Campylobacter species are a leading cause of bacterial-derived gastroenteritis worldwide,
impacting ninety-six million people annually (Man, 2011; World Health Organization,
2015). Following consumption of contaminated food or water, Campylobacter jejuni adheres
to the intestinal mucosa, causing inflammation and tissue pathology (Backert, Boehm,
Wessler, & Tegtmeyer, 2013; Stahl & Vallance, 2015). Symptoms of acute
campylobacteriosis typically include inflammatory, bloody diarrhea, abdominal cramps,
fever, and vomiting (Black, Levine, Clements, Hughes, & Blaser, 1988). While infection is
often self-limiting and resolves after several days, numerous post-infectious disorders have
been observed, including Guillan-Barré syndrome (GBS), irritable bowel disease (IBD), and
reactive arthritis (ReA) (Reti, Tymensen, Davis, Amrein, & Buret, 2015). Furthermore, the
rise of antibiotic resistant strains has led the Centers for Disease Control (CDC) and the
World Health Organization (WHO) to classify Campylobacter as a serious threat to public
health (Silva et al., 2011; Young, Davis, & DiRita, 2007).
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Despite the global prevalence and consequences of campylobacteriosis on human health, the
innate immune response to this bacterium is poorly understood when compared to other less
prevalent gastrointestinal pathogens such as Escherichia, Listeria, Shigella, and Vibrio
genera (Young et al., 2007). In both ferret and murine models of campylobacteriosis,
neutrophils are recruited to infected intestinal tissue, leading to accumulation of neutrophil-
derived antimicrobial proteins in the feces and tissue (Nemelka et al., 2009; Shank et al.,
2018). Additionally, recruited neutrophils promote development of crypt abscesses in
hyperinflammatory IL-10~/~ mice infected with C. jejuni (Sun et al., 2013). Taken together,
these observations suggest that neutrophils are particularly important to the development of
disease and resolution of infection, but the neutrophil responses to C. jejuniremain
uninvestigated.

Neutrophils are the most abundant leukocytes in humans and have three main antibacterial
functions: (1) phagocytosis of microbes, (2) degranulation of antimicrobial proteins, and (3)
extrusion of neutrophil extracellular traps (NETs) (Kolaczkowska & Kubes, 2013). After
engulfment of the microbe during phagocytosis, neutrophils utilize bactericidal proteins and
enzymes found within lysosomes to degrade the pathogen (Dale, Boxer, & Liles, 2008).
While phagocytosis is an effective method for bacterial clearance, pathogens have developed
mechanisms to invade and/or survive within neutrophils (Copenhaver et al., 2014; Fukuto &
Bliska, 2014). Invasion of phagocytes by bacterial pathogens is typically induced through
bacterial secretion systems. This activity has been observed for C. jejuni during invasion of
host colonic epithelial cells where the bacterium utilizes a flagellar secretion system to
invade and form Campylobacter containing vacuoles (CCVs) (Coburn et al., 2007; Watson &
Galén, 2008). While this work has been done on epithelial cells, the ability of C. jejunito
invade and persist in leukocytes remain uncharacterized. During neutrophil degranulation,
antimicrobial peptides are released into the external environment to limit growth and/or kill
microbes localized to that region of tissue (Kolaczkowska & Kubes, 2013). Similar to
degranulation, NETs are composed of extracellular DNA bound by numerous antimicrobial
granule components that function to both prevent pathogen dissemination throughout the
host while also restricting their growth and viability at the site of induction (V. Brinkmann,
2004; Kolaczkowska & Kubes, 2013). Bacteria have evolved strategies to specifically
counteract NETSs through the production of pathogen-derived DNases, which can degrade
the NET and limit contact with the antimicrobial molecules present within the structure
(Storisteanu et al., 2017).

While NETosis benefits the host by restricting growth and facilitating clearance of
pathogenic microbes, there is increasing evidence that NET components are cytotoxic to
host cells and stimulate inflammation (Saffarzadeh et al., 2012). As a result, NETs have
been linked to numerous inflammatory disorders in humans, including rheumatoid arthritis
(RA), irritable bowel disease (IBD), systemic lupus erythematosus (SLE), and tumor
metastasis (Erpenbeck & Schon, 2017; He, Yang, & Sun, 2018; Papayannopoulos, 2018).
Since several of the post-infectious disorders that occur following Campylobacter infection
resemble these, we hypothesized that NETSs are induced within the intestinal tissue during
infection and may play a role in disease induction and progression.
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While the neutrophil response to C. jejuni remains mostly uncharacterized, work has been
done to understand how other immune cells recognize and respond to the pathogen. Previous
work demonstrated that C. jejuni activates dendritic cells (DCs) through toll-like receptor 4
(TLR4), which led to B cell proliferation and antibody secretion (Kuijf et al., 2010). This
finding was supported by /n vitro experiments utilizing HEK293 TLR4 expressing reporter
cells (Rathinam, Appledorn, Hoag, Amalfitano, & Mansfield, 2009). TLR4 mediates
multiple activities in innate immune cells, including recognition of lipopolysaccharides
(LPS) from Gram-negative bacteria. This recognition initiates a proinflammatory cascade
which includes NF-xB expression and subsequent proinflammatory cytokine secretion. C.
Jejuni expresses lipooligosaccharides (LOS), which are recognized and bound by the
CD14/MD2/TLR4 complex on immune cells (Kuijf et al., 2010). Interestingly, the LOS
structure of C. jejuniis hypothesized to be a molecular mimic of human gangliosides and
has been implicated in the development of GBS. To date, it is unknown whether C. jejuni
LOS is immunogenic to neutrophils during infection. In addition to binding LPS/LOS via
MD-2, TLR4 also coordinates production of immune cell endocytosis, facilitating
internalization of microbes into phagocytes (Tan, Zanoni, Cullen, Goodman, & Kagan,
2015).

In this work, we expand upon earlier observations and demonstrate that neutrophil-derived
proteins are readily detectable in the feces of Campylobacter-infected patients and that these
proteins inhibit C. jejuni growth /n vitro. We also found that C. jejuniinduces NET
production in primary human neutrophils and that C. jejuni stimulates NET production at a
level similar to that of the well characterized NET inducer, S. typhimurium. Further, we
observed that Campy/lobacterinvades and/or is endocytosed by human neutrophils and that,
by using non-invasive flagellar mutants or blocking TLR4-mediated endocytosis, we could
successfully reduce NET induction. This indicates that host-mediated phagocytosis/
endocytosis and bacterial-driven invasion may promote the release of NETs during infection.
To determine whether this response occurs /n vivo, we visualized NETs within weaning-
aged ferret colon tissue during C. jejuniinfection. Lastly, we demonstrate that NETs induced
by C. jejunisignificantly increase colonocyte cytotoxicity, indicating that the production of
NETSs during infection may contribute to the pathology of colon tissue.

2 Methods

2.1 Human fecal ELISA assays for neutrophil-derived proteins.

Residual human fecal samples from standard-of-care testing were obtained from the
University of Nebraska Medical Center’s Department of Pathology and Microbiology
(approval UTK IRB-17-03795-XM). Fecal specimens were evaluated for the presence of
gastrointestinal pathogens using a BioFire FilmArray Gastrointestinal Panel. Samples that
did not contain detectable gastrointestinal pathogens (“uninfected”) and those that tested
positive for only C. jejuni (“infected”) were used for subsequent analyses. Approximately
100 pl of liquid or 100 pg of solid feces were aliquoted into 1.5 mL microcentrifuge tubes
along with 1 mL of diluent (0.1% Tween 20 solution in sterile 1X phosphate-buffered saline
(PBS)). Samples were vortexed for 20 minutes then centrifuged at 12,000 rpm to isolate the
supernatants (Chassaing et al., 2012). From these supernatants, 100 pl was used for
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lipocalin-2 (Lcn2) (R&D Cat. DY1757-05) myeloperoxidase (MPO) (Cayman Cat.
501410), and neutrophil elastase (Ela2) (R&D Cat. DY9167-05) detection ELISAs.
Absorbance values (450 nm) were determined following the manufacturer’s protocol and
concentrations were calculated using a standard curve of known protein concentrations.
Statistical analysis was performed using a Mann-Whitney t-test with Welch’s correction.

2.2 Bacterial cultures and culture conditions.

Campylobacter jejuni 81-176, enterohemorrhagic Escherichia coli (EHEC) 0157:H7, and
Salmonella typhimurium SL1344 were stored at —80°C in MH broth supplemented with
20% glycerol. C. jejuniwas routinely grown on Mueller-Hinton agar containing 10%
sheep’s blood and 10 ug/ml trimethoprim (TMP) at 37°C under microaerobic conditions
(85% N2, 10% CO2, and 5% O2) for 48 hours. Where indicated, C. jejuniwas also grown
on Mueller-Hinton agar containing 10% sheep’s blood, 40 ug/ml cefoperazone, 100 pg/mli
cycloheximide, 10 pg/ml trimethoprim, and 100 pg/ml vancomycin (Campylobacter-
selective). EHECand S. typhimurium were grown on LB agar under similar microaerobic
conditions for 24 hours.

2.3 Analysis of C. jejuni growth in the presence of neutrophil-derived antimicrobial

proteins.

Using the neutrophil-derived antimicrobial proteins, C. jejuni growth was monitored when
incubated with purified human Lcn2 (R&D, Cat. 1757-LC-050), MPO (R&D, Cat. 3174-
MP-250), and Ela2 (Millipore, Cat. 324681-50UG). To examine for Lcn2-dependent growth
inhibition, the minimum inhibitory concentration (MIC) of deferoxamine mesylate (DFOM)
was first determined by adding linearly increasing concentrations from 1 pg/mL to 100
pg/mL to MH broth containing C. jejuni81-176 at an optical density at 600 nm (OD600) of
0.025. Cultures were grown for 12, 24, and 48 hours under microaerobic conditions at 37°C.
Next, linear concentrations of ferric enterobactin from 1 pg/mL to 10 ug/mL were added to
cultures containing DFOM at the MIC until growth was fully restored for 48 hours under
microaerobic conditions at 37°C. Finally, cultures containing both DFOM at the MIC and
ferric enterobactin at a concentration that restored growth, were incubated with linearly
increasing concentrations of Lcn2 from 1 pg/mL to 100 pg/mL added until growth decreased
under microaerobic conditions at 37°C. To examine for the effects of MPO and Ela2 on C.
Jejuni growth, MH broth cultures containing C. jejuni81-176 at an OD600 of 0.025 were
grown in the presence of linearly increasing concentrations of these proteins from 1 pg/mL
to 100 pug/mL for 12, 24, and 48 hours under microaerobic conditions at 37°C.

2.4 Isolation of primary human neutrophils.

To obtain human neutrophils, 10 mL of blood was drawn from healthy donors into
heparinized Vacutainer tubes and mixed 1:1 with sterile 1X phosphate buffered saline (PBS)
(approval UTK IRB-18-04604-XP) (Akhtar, Chaudhary, & He, 2010). After mixing, 10 mL
of lymphocyte separation medium (Corning, Cat. 25-072-CV) was underlaid. Following
centrifugation at 1400 rpm for 30 minutes, the top layers were aspirated off, leaving the red
blood cell and neutrophil pellet. Pellets were resuspended in 20 mL Hanks’ Balanced Salt
Solution 1x (Gibco, Cat. 14025076) and 20 mL 3% dextran in 0.9% NaCl. After incubating
at room temperature for 20 minutes, the upper layer was transferred to a new tube.
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Following centrifugation at 400 x g for 5 minutes and aspiration of the supernatant, the
pellet was washed with 20 mL ice-cold 0.2% NaCl and 20 mL ice-cold 1.6% NaCl two
times. Following the final aspiration, the neutrophil pellet was resuspended in 10 mL RPMI
1640 1x (Corning, Cat. 10-040-CV). Neutrophil viability and counts were performed
through Trypan blue stain (Lonza, Cat. 17-942E). Neutrophil purity was determined to be
approximately 95% by flow cytometry analysis of CD11b" (Biolegend, Cat. 101212) and
CD66b™ (Biolegend, Cat. 305104).

2.5 Analysis of C. jejuni NET induction by flow cytometry.

To examine for NET induction, C. jejuni, EHEC, and S. typhimurium were grown
microaerobically at 37°C for 24 to 48 hours on MH media. Bacteria were resuspended in
RPMI 1640 and incubated with neutrophils for three hours under microaerophilic conditions
at an equal MOI of 50:1 (bacteria:neutrophil). Following incubation, these reactions were
aliquoted into wells of a 96-well plate and centrifuged at 400 x g. Pelleted cells were washed
three times with sterile 1x PBS cells before incubation with Live/Dead NIR stain (Thermo,
Cat. L10119) for 25 minutes at room temperature. After incubation, cells were blocked with
1% goat serum for 10 minutes, then incubated with CD11b (Biolegend, Cat. 101212)
myeloperoxidase (Biolegend, Cat. 347201), CD63 (Biolegend, Cat. 353007), and Cit-H3
(Novus, Cat. NB100-57135SS and Biolegend, Cat. 406403) antibodies for 30 minutes
(Zharkova et al., 2019). Cells were subsequently fixed in fixation buffer (Biolegend, Cat.
420801) for 10 minutes at room temperature and stored at 4°C until flow cytometry analysis.
TLR4 was blocked with 50 pl of TLR4 neutralizing antibody (InvivoGen, Cat. pab-hstlr4)
and incubated for one hour. Flow cytometry preparation was performed as stated above.
Samples were analyzed using an LSR Il flow cytometer and data was processed using
FlowJo software. Statistical analysis was performed using unpaired t tests and significance
inferred at p < 0.05.

2.6 Western blot analysis of NET products.

After the NET induction protocol described above, cells from three healthy volunteers were
lysed with Laemmli buffer with beta-mercaptoethanol and boiled for 10 minutes. 10 pl
whole cell lysate samples were loaded onto a 12.5% SDS-PAGE gel and run for 1.25 hours
at 140V at room temperature. Separated proteins were transferred to nitrocellulose
membranes (GE Healthcare, Cat. 10600011) for 1.5 hours at 0.25A using a semi-dry transfer
apparatus. Membranes were blocked in 5% milk in TBS-T for 60 minutes shaking. To probe
for proteins of interest, 1:5000 dilution rabbit anti-human Lcn2 (Invitrogen, Cat. 702248),
1:5000 dilution mouse anti-human Ela2 (R&D, Cat. MAB91671), 1:5000 dilution goat anti-
human MPO (R&D, Cat. AF3174), 1:1000 dilution rabbit anti-human PAD4 (Thermo, Cat.
PA5-12236), 1:5000 dilution rabbit anti-human Cit-H3 (Novus, Cat. NB100-57135SS) and
1:500 dilution mouse anti-human B-actin (Biolegend, Cat. 643801) were incubated on
individual membranes for 1 hour at room temperature with shaking. Membranes were
subsequently washed three times with filtered TBS-T for 5 minutes each. Proteins of interest
were detected using a 1:2000 dilution of appropriate horseradish peroxidase conjugated
secondary antibodies in 15 mL 5% milk in TBS-T and incubated for 45 minutes at room
temperature with shaking. Membranes were then washed three times with filtered TBS-T,
shaking for 5 minutes each. After the final wash, membranes were developed with a solution

Cell Microbiol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callahan et al.

Page 7

containing 5 mL peroxide and 5 mL luminol/enhancer solution (Thermo, Cat. 34580) and
incubated for 5 minutes at room temperature with shaking. A C. jejuni negative control was
also performed to ensure there was no cross-reactivity and no detection of proteins was
noted. Chemiluminescent bands were imaged using the ChemiDoc-It Imager and
densitometry measurements were made using ImageJ software. Statistical analysis was
performed using unpaired t tests and significance inferred at p < 0.05.

2.7 Analysis of C. jejuni NET induction by SYTOX assay.

Following the C. jejuniNET induction described above, cells were added to wells of black
96-well plates (Invitrogen, Cat. 655077-25) and centrifuged at 400 x g. Supernatants were
discarded and 1.0 pM SYTOX Green (Invitrogen, Cat. S7020) was added to each sample and
incubated under microaerobic conditions at 37°C for one hour (Volker Brinkmann, Laube,
Abu Abed, Goosmann, & Zychlinsky, 2010). After incubation, cells were centrifuged at 400
x g and the supernatant was discarded. The cells were washed once with 1x PBS and then
resuspended in 100 pl 1x PBS. SYTOX fluorescence was measured at 504/523 nm using a
BioTek plate reader. Statistical analysis was performed using unpaired t tests and
significance inferred at p < 0.05.

2.8 Visualization of C. jejuni NET induction by fluorescence microscopy.

C. jejuni NET induction described above occurred on poly-I-lysine coated glass coverslips
(Corning, Cat. 354085) for three hours at 37°C under microaerobic conditions (\Volker
Brinkmann et al., 2010). Following three 1x PBS washes, coverslips were incubated with a
goat anti-myeloperoxidase (R&D, Cat. AF3174) and donkey anti-goat Alexa Fluor 405
(AbCam, Cat. Ab175664). Coverslips were also incubated with a mouse anti-neutrophil
elastase (R&D, Cat. MAB91671) and goat anti-mouse Alexa Fluor 594 (Biolegend, Cat.
405326). After three 1x PBS washes, coverslips were incubated with 1.0 pM SYTOX Green
(Invitrogen, Cat. S7020). Finally, after three 1x PBS washes, coverslips were placed on glass
slides with a drop of Mowiol mounting medium (Sigma, Cat. 81381-50G) and kept in the
dark at 4 °C until fluorescent microscopy was performed. Ten fields of each sample
condition were visualized using a Nikon E600 Eclipse at the Advanced Microscopy and
Imaging Center at the University of Tennessee. For statistical analysis, three individual
neutrophil isolations were performed and stained as described above. Of those, 100 fields
were observed for the presence of fluorescent NETSs. Statistical analysis was performed
using unpaired t tests and significance inferred at p < 0.05.

2.9 Analysis of C. jejuni internalization by neutrophils.

C. jejuni and neutrophils were incubated at an MOI of 10:1 for 1, 2, and 3 hours at 37°C
under microaerobic conditions. Additionally, neutrophils where indicated were incubated
with 2uM cytochalasin-D (CD) (Sigma, Cat. C8273-1MG) or 50 pl of TLR4 neutralizing
antibody (Invivogen, Cat. pab-hstlr4). Following incubation, cells were incubated in 100 pl
RPMI 1640 containing 10% FBS and 100 pg/mL gentamicin sulfate (Negretti & Konkel,
2017). This concentration of gentamicin was determined as the highest concentration that
killed extracellular bacteria but did not kill internal bacteria or negatively impact neutrophil
viability. After treatment, neutrophils were washed three times with 1x PBS to remove
remaining antibiotic and neutrophils were lysed with 0.1% Triton X-100 for 5 minutes to
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release intracellular bacteria. Three 1x PBS washes were then performed to remove excess
Triton X-100. Cell pellets were resuspended in MH broth and serial dilutions were plated on
Campylobacterselective media. Cultures were grown for two days at 37°C under
microaerobic conditions and CFUs were counted. Statistical analysis was performed using
unpaired t tests and significance inferred at p < 0.05.

2.10 Infection of ferrets with C. jejuni.

As previously described, C. jejuni81-176 was grown on MH + TMP and Gram strained to
ensure culture purity prior to inoculation (Shank et al., 2018). This culture was streaked on
Campylobacter-selective media and incubated at 37°C under microaerophilic conditions for
48 hours. Suspensions of C. jejuni81-176 were made in sterile PBS and diluted to an
OD600 of 2.0. Three male ferrets were anesthetized with isoflurane and inoculated via
orogastric tube with 5 mL of C. jejuni 81-176 inoculum - an infectious dose of 1.5 x 10°
CFU - which was combined with 5 mL of 5% sodium bicarbonate buffer prior to
administration (UTK IACUC protocol #2519). Additionally, three male ferrets were mock
infected with 5 mL of sterile 1X PBS which was combined with 5 mL of 5% sodium
bicarbonate buffer prior to inoculation. Morphine was administered intraperitoneally to each
ferret one-hour following inoculation and ferret blood was collected from the vena cava into
EDTA-treated vacutainers at three days post infection. Neutrophils were isolated by density
gradient centrifugation and ACK osmotic red blood cell lysis (Akhtar et al., 2010). Ferrets
were subsequently sacrificed by cardiac puncture of barbiturate.

2.11 Histologic analysis of ferret intestinal tissue during C. jejuni infection.

The terminal 1 cm of the ferret colon was removed following sacrifice, and the lumen was
washed five times with 1 mL of sterile, cold 1X PBS. Tissue was placed in 10% buffered
formalin and fixed for 4 hours at room temperature. Fixed tissue was embedded in formalin,
and 4 um sections were stained with hematoxylin and eosin (H&E). Stained slides were
visualized through bright-field microscopy, and representative images are presented.
Inflammation scoring was performed as described in a blind manner, noting edema, presence
of blood, hyperplasia, loss of goblet cells, epithelia raggedness, and neutrophil infiltration
(Lebeis, Powell, Merlin, Sherman, & Kalman, 2009). Statistical analysis was performed
using unpaired t tests and significance inferred at p < 0.05.

2.12 Immunofluorescence staining of ferret colonic tissue for NETs.

Ferret colon tissues were stained for the presence of NETS as previously described
(Brinkmann et al., 2016; Doster et al., 2018). Tissues were deparaffinized and incubated in R
universal Epitope Recovery Buffer (Electron Microscopy Sciences) at 50°C for 90 minutes.
Samples were then rinsed in deionized water three times followed by washing with TRIS-
buffered saline (TBS, pH 7.4). Samples were permeabilized for 5 minutes with 0.5% Triton
X100 in TBS at room temperature followed by 3 washes with TBS. Samples were then
blocked with TBS with 10% BSA for 30 minutes prior to incubation with 1:50 dilutions of
rabbit poly-clonal anti-neutrophil elastase antibodies (MilliporeSigma, Cat. 481001). The
following day, samples were washed in TBS followed by repeat blocking with blocking
buffer for 30 minutes at room temperature before incubation with 1/00 dilution of Alexa
Fluor® 488 conjugated donkey anti-rabbit 1gG (Invitrogen) for 4 hours at room temperature.
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Samples were then washed and incubated with 5 UM Hoechst 33342 for 30 minutes to stain
DNA/nuclei. After final washes, slides were dried and cover slipped. Tissues were visualized
with a Zeiss LSM 710 META Inverted Laser Scanning Confocal Microscope. Images
presented are composites of z-stacked images.

2.13 HCT116 Cytotoxicity in response to C. jejuni induced NETs

HCT116 cells were routinely cultured in 75 cm? flasks in 10 mL of DMEM supplemented
with 10% FBS, 100 U/mL Pen-Strep antibiotics, and 2 mM L-glutamate at 37°C and 5%
CO,. 6x10% cells were then seeded in 96 well plates to adhere overnight. After neutrophils
were incubated with C. jejunito allow NETosis as previously described, C. jejuni-neutrophil
pellets were incubated with HCT116 cells for 24 hours at 37°C and 5% CO». Following
incubation, the plate was centrifuged at 250 x g for three minutes. 50 uL of culture
supernatant was then plated on another 96 well plate and an LDH assay was performed as
described by the Pierce™ LDH Cytotoxicity Assay Kit protocol (Thermo, Cat. 88954). In
brief, supernatant of the cell incubation was taken off and added to a new well. To the well,
reaction mixture was added and incubated at room temperature for thirty minutes. Following
incubation, stop solution was added to the well to stop the reaction from proceeding. The 96
well plate was read at the absorbances 490 nm and 680 nm. Percent cytotoxicity was
calculated through the equation: [(Experimental value — Effector Cells Spontaneous Control
— Target Cells Spontaneous Control) / (Target Cell Maximum Control — Target Cells
Spontaneous Control)] * 100. Statistical analysis was performed using unpaired t tests and
significance inferred at p< 0.05.

3 Results

3.1 Neutrophil-derived proteins accumulate in feces of C. jejuni-infected individuals and
negatively impact C. jejuni growth in vitro.

Using fecal samples from C. jejuni-infected individuals, concentrations of lipocalin-2 (Lcn2)
(Fig. 1A), myeloperoxidase (MPO) (Fig. 1B), and neutrophil elastase (Ela2) (Fig. 1C) were
measured using protein-specific ELISAs. In uninfected individuals, the mean Lcn2
concentration was determined to be 3.82x10° + 3.63x10° pg/mL, while infected individuals
exhibited a significant increase with a mean concentration of 1.51x106 + 3.15x10° pg/mL.
MPO concentration of uninfected individuals was observed at a mean concentration of
1.29x103 + 1.30x1083 pg/mL and infected individuals exhibited a significant increase with a
mean concentration of 3.94x10% + 2.86x103 pg/mL. Lastly, Ela2 in uninfected fecal samples
was detected at a mean concentration of 5.88x102 + 8.61x101 pg/mL while infected samples
demonstrated significant increases with a mean concentration of 1.67x103 + 6.93x102
pg/mL. These represent approximate fold increases of 3.97, 30.47, and 2.85 for Lcn2, MPO,
and Ela2, respectively. Increases in these proteins led us to hypothesize that neutrophil
degranulation and/or NET production are occurring at the host-pathogen interface during
human infection. In summary, we have shown that C. jejuniinfected individuals’ stool
samples contain higher levels of proteins Lcn2, MPO, and Ela2.

Since Lcn2, MPO, and Ela2 were elevated in infected stool samples, we examined whether
these proteins could inhibit C. jejuni growth /n vitro. When purified components (Lcn2,
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MPO, and Ela2) were incubated with C. jejuni, bacterial growth was significantly reduced,
especially during the exponential phase. When cultures were grown in iron-restricted media
supplemented with 3.125 mM ferric-enterobactin and 42.375 pg/mL Lcn2, mean C. jefuni
growth (ODgqq) significantly decreased from 0.13 + 0.014 to 0.068 + 0.018, 0.183 + 0.008
t0 0.096 £ 0.015, and 0.26 £ 0.01 t0 0.14 £ 0.04 at 12, 24, and 48 hours when compared to
iron-restricted cultures containing ferric-enterobactin (Fig. 1D). When incubated in the
presence of MPO at a concentration of 73 ug/mL, C. jejuni growth (ODgqg) significantly
decreased from 0.11 + 0.01 to 0.094 + 0.011, 0.21 + 0.008 to 0.13 + 0.008, and 0.35 + 0.03
t0 0.19 + 0.003 at 12, 24, and 48 hours, respectively (Fig. 1E). Finally, when incubated with
Ela2 at a concentration of 25 ug/mL, the C. jejuni mean growth (ODgqg) significantly
decreased from 0.17 + 0.026 to 0.086 + 0.0015, 0.29 + 0.018 t0 0.11 + 0.0006, and 0.34 +
0.026 to 0.12 £ 0.007 at 12, 24, and 48 hours respectively (Fig. 1F). These represent
approximately 2-3 fold reductions in growth at each time point tested for all antimicrobial
proteins. Finally, these granule proteins work in concert to synergistically decrease C. jejuni
growth (Fig. 1G). Consequently, we hypothesize that the increase of these antimicrobial
proteins during human infection may aid in C. jejuni clearance by inhibiting C. jejuni growth
at or within the gastrointestinal tissue.

3.2 Purified human neutrophils interacting with C. jejuni exhibit markers of activation and
NET formation.

To understand neutrophil responses to C. jejuni, flow cytometry was utilized to determine
neutrophil activation and response. When neutrophils were incubated with varying
multiplicities of infection (MOIs) of C. jejuni, neutrophil activation and response was
determined to be population density dependent. The highest activated population
(SSCNiINCD11b*MPO*) was observed at an MOI of 1:50 (neutrophil: C. jejuni) with a mean
MFI of 1.76x10° + 2.74x103 using the flow cytometry analysis described below (Fig. 2A).
Further, when this MOI was incubated with neutrophils for varying amounts of time, the
highest activated population was observed at three hours using the same flow cytometry
analysis with a mean MFI of 3.21x10% + 2.97x102 (Fig. 2B). These results indicate that
neutrophils are activated in response to C. jejuniin a dose and time dependent manner.

To assess the cellular response of activated human neutrophils to C. jejuni, flow cytometry
was similarly performed on purified human neutrophils that were incubated with C. jejuni
and analyzed using SSCN9", CD11b, MPO, CD63, and citrullinated histone 3 (Cit-H3) as
markers of NET formation. After incubation with C. jejuni, there was a significant increase
in the population of mean fluorescence intensity (MFI) of CD11b* neutrophils from
uninfected human neutrophils (6.06x102 + 2.78x102) to infected human neutrophils
(1.21x10* + 3.06x102) (Fig. 2C). There was a subpopulation of CD11b* neutrophils that
also stained as MPO™ in the absence of permeabilization and this population significantly
increased when neutrophils were uninfected (2.73x102 + 11.55) and then infected with C.
Jejuni (3.96x102 + 1.53) (Fig. 2D). Additionally, there was a significant increase in CD63*
neutrophils (1.38x10% + 3.6x103) when infected with C. jejuni (5.92x10% + 3.41x103) (Fig.
2E). Similarly, neutrophils exposed to C. jejuni were more frequently Cit-H3 (2.22x103 +
43.7) positive when compared to uninfected neutrophils (5.88x102 + 99.0) (Fig. 3F). These
data suggest that upon activation, neutrophils were increasingly decorated with extracellular
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MPO, CD63, and Cit-H3. When subpopulations of CD11b*MPO™* and CD63*Cit-H3* cells
were analyzed using LIVE/DEAD™ Fixable Near-IR (NIR) stain, cells in these populations
were found to be more frequently positive, indicating that neutrophils stimulated by C. jejuni
undergo ‘suicidal’ NETosis.

3.3 C.jejuni-stimulated human neutrophils exhibit increases in several established NET
components.

To further determine whether neutrophils form extracellular traps in response to C. jejuni,
NET components were quantitatively analyzed by western blot. Neutrophils isolated from
three healthy volunteers were infected with wild-type C. jejuniand whole cell lysates were
examined for the presence of lipocalin-2 (Lcn2), myeloperoxidase (MPO), neutrophil
elastase (Ela2), peptidylarginine deiminases 4 (PAD4), and citrullinated histone 3 (Cit-H3)
(Fig. 3A). Using p-actin abundance as an internal control, mean relative abundances for each
protein in unstimulated neutrophils were determined by densitometry: Lcn2 (0.23 + 0.23),
MPO (0.29 £ 0.23), Ela2 (0.61 + 0.29), PAD4 (0.016 + 0.007), and Cit-H3 (0.071 + 0.048).
Using PMA stimulated neutrophils as a positive control for NET production, mean relative
protein levels were: Lcn2 (1.41 + 0.43), MPO (1.53 + 0.21), Ela2 (2.51 + 0.29), PAD4
(0.043 £ 0.006), and Cit-H3 (0.88 + 0.32). These represent significant increases in all
proteins examined with the exception of PADA4. C. jejuni-stimulated neutrophils exhibited
increased mean relative protein levels of Lcn2 (1.11 + 0.34), MPO (1.37 £ 0.22), Ela2 (2.55
+ 0.75), PAD4 (0.86 + 0.16), and Cit-H3 (0.72 £ 0.35) (Fig. 3B). These abundances
represent significant increases when compared to unstimulated neutrophils, with most
increases between 4.1 to 4.8 fold and an increase of 10.1 fold for PAD4 expression. These
increases were similar for PMA-induced neutrophils, except for PAD4 abundance. Finally, to
quantify extracellular DNA extruded during C. jejuni-induced NETosis, a SYTOX Green
assay was performed to quantify extracellular DNA and dead cells. When incubated with C.
Jejuni, a significant increase in extracellular DNA was observed as the mean relative
fluorescence units (RFUs) for unstimulated neutrophils (7.43 + 4.32) increased to 61.57 +
9.07 when stimulated with C. jejuni. The amount of extruded DNA in response to C. jejuni
stimulation was not significantly different when compared to PMA-induced neutrophils
(71.14 £ 13.28) (Fig. 3C). As an additional control, we confirmed that C. jejunilysates did
not cross-react with any of the above antibodies (Lcn2, MPO, Ela2, PAD4, and Cit-H3) nor
did it exhibit significant fluorescence when stained with SYTOX (data not shown).
Therefore, these indicate that human neutrophils exhibit numerous markers of NETosis
following interaction with C. jejuni.

3.4 C.jejuni-stimulated human neutrophils exhibit morphological changes consistent
with NET formation.

To further confirm that NET production occurs during the neutrophil response to C. jejuni,
immunofluorescence microscopy was performed using antibodies directed against human
NET components as well as SYTOX Green to stain extruded DNA. Following examination
of 100 fields, unstimulated neutrophils were found to possess intact, multi-lobed nuclei,
punctate MPO staining (presumed MPO contained within granules), and low levels of Ela2
that were contained within the neutrophil border. After stimulating with C. jejuni, a
proportion of neutrophils exhibited fewer compact nuclei with some extruding extracellular
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DNA that co-localized with MPO and Ela2 (Fig. 4A). Using this morphology to designate a
NETosing cell, examination of 100 fields indicated that approximately 17% of neutrophils
formed NET structures at 3h post challenge (Fig. 4B). This result supported our flow
cytometry-based analysis above, causing us to conclude that human neutrophils produce
NETSs in response to C. jejuni and that they contain antimicrobial proteins that can inhibit C.
Jejuni growth.

3.5 C.jejuniinduces NETSs at levels higher than E. coli 0157:H7, but comparable to S.
typhimurium.

To compare the C. jejuni-induced NET response to other gastrointestinal pathogens, NET
induction was quantitatively compared between £. coli O157:H7, S. typhimurium SL1344,
and C. jejuni 81-176 at the same MOI of 1:50 (neutrophil: C. jejuni) for three hours. E. coli
0157:H7 has been found to not induce NETs while S. typhimurium has been shown to be a
potent NET inducer (Brinkmann et al, 2004). Using flow cytometry and SYTOX assays
described above, we confirmed previous results and found that £. co/i 0157:H7 incubation
with purified human neutrophils resulted in only slight increases in the CD11b*MPO*
neutrophil population MFI (1.17x10* + 2.08x103) while S. typhimurium SL1344 induced
significant increases in the CD11b*MPO™ neutrophil population MFI (1.67x10% +
3.05x103). Similarly, incubation with C. jejuniincreased the CD11b*MPO™ neutrophil
population MFI to one comparable to what was observed for S. typhimurium (Fig. 5A)
(2.13x10% + 3.21x103). These results were further supported by assaying DNA extrusion
using SYTOX Green with mean RFUs of; £. coli O157:H7 (7 £ 1), S. typhimurium SL1344
(18.33 £ 1.15), and C. jejuni 81-176 (23.33 = 3.22) (Fig. 5B). These results support our
conclusions that C. jejuniinduces NETSs and that the magnitude of induction is at least
comparable to S. typhimurium if not higher.

3.6 C.jejuniis internalized by human neutrophils.

One notable difference between £. coli O157:H7 and S. typhimurium is that E. coli
0157:H7 is largely regarded as non-invasive while S. typhimurium is understood to be a
highly invasive pathogen. To assess whether C. jejuni can be efficiently internalized into
human neutrophils, and whether this may be a mechanism for NET induction, we leveraged
gentamicin protection assays. In a control experiment, human neutrophils were incubated
with C. jejuni at an MOI of 1:10 (neutrophils: C. jejuni), a concentration shown to not induce
NET formation (Fig. 2A), for varying time points. C. jejuniwas efficiently internalized into
neutrophils within one hour with a mean CFU/mL of 6.67x10° + 5.77x105, representing an
approximately 4-logyg increase when compared to the zero-hour time point (Fig. 6A).
Similar results have been observed in other studies using human-derived epithelial cell lines
(Neal-McKinney & Konkel, 2012). Interestingly, once internalized, the number of viable C.
Jefuni cells remains constant with 5.33x108 + 5.77x10° CFU/mL at three hours of infection,
suggesting that C. jejuni can counteract the bactericidal effects of the neutrophil phagosome
(Fig. 6A). Lastly, to determine whether neutrophil internalization was dependent on actin
polymerization, we incubated human neutrophils with the actin polymerization inhibitor,
cytochalasin-D. The incorporation of this inhibitor significantly reduced the number of
internalized bacteria from 6.67x108 + 5.77x10° to 9.33x10° + 1.53x10% CFU/mL at hour
one (Fig. 6B).
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Since actin polymerization-dependent internalization may be mediated by the host cell
through phagocytosis/endocytosis or the bacterium through invasion, we examined the
effects of each on C. jejuninumbers within neutrophils. Previous work demonstrated that
endocytosis of bacteria by neutrophils is dependent on interaction with TLR4 (Prokhorenko,
Zubova, Kabanov, Voloshina, & Grachev, 2012). Using a commercially available TLR4-
blocking antibody, internalized wild-type C. jejuni CFUs/mL significantly decreased from
1.12x107 + 3.52x10% to 1.63x10° + 2.08x104, indicating that host-directed endocytosis may
contribute to bacterial entry (Fig. 6B). In addition, we incubated human neutrophils with the
invasion-deficient C. jejuni AflgE mutant, finding that mean viable CFUs/mL significantly
decreased to 2.57x10° + 2.52x10* (Fig. 6B). As a result of these data, we concluded that C.
Jejuni internalization by human neutrophils is both dependent on TLR4-mediated
phagocytosis/endocytosis and flagella-mediated bacterial invasion.

To determine whether internalization is responsible for NET induction, we used the
combination of reagents above to examine whether production of NETs was negatively
impacted. Using DNA extrusion as an output of NETosis, TLR4 blocking significantly
decreased from 10 + 2.08 to 2.11 + 2.79 RFUs, representing an approximately 5-fold
decrease in extracellular DNA. Further, when neutrophils were incubated with C. jejuni
AflgE, DNA extrusion significantly decreased to 1.39 + 0.92 RFUs (Fig. 6C). This data
suggests that inhibiting TLR4-mediated endocytosis or flagella-directed C. jejuniinvasion
may reduce NET production during C. jejuni infection.

3.7 C.jejuni-infected ferrets exhibit several markers of intestinal inflammation, including
the accumulation of neutrophils undergoing NETosis.

In previous work, we demonstrated that granulocytes (presumed neutrophils) and monocytes
(presumed macrophages) accumulate in C. jejuni-infected ferret colons (Shank et al., 2018).
Neutrophils from uninfected ferrets were incubated with C. jejuni, similar to above. There
was a significant increase in the population of CD11b* neutrophils (3.16x10% + 8.86x102)
when compared to those incubated with C. jejuni (9.69x10% + 1.36x10%) (Fig. 7A). Further,
CD11b™ neutrophils stained as MPO™ in the absence of permeabilization significantly
increased from 2.43x102 + 1.22x102 for uninfected neutrophils to 8.06x102 + 18.5 for
infected ferret neutrophils (Fig. 7B). This demonstrated that ferret neutrophils become
similarly activated in response to C. jejuni when compared to human neutrophils. As a
result, ferrets were infected with 1.5 x 10° CFU orally and sacrificed at day three post
infection, the day at which our previous studies indicated peak infection and inflammation.
Infected ferrets exhibited mean C. jejuniloads of 1.26x10° + 2.17x10* CFU/g of feces,
while mock-infected ferrets did not yield detectable colonies (limit-of-detection: 2,000
CFU/g) (Fig. 7C). To expand upon those findings, we evaluated H&E stained colonic tissue
from these animals for signs of inflammation, including edema, presence of blood,
hyperplasia, loss of goblet cells, epithelia raggedness, and neutrophil infiltration (Fig. 7D).
Using double blind inflammation scoring, all categories were increased in infected ferret
colons when compared to the mock-infected controls (Supplemental Information). Based on
these observations, increases in neutrophil abundance correlated with increased
inflammation and histopathology.
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Since H&E staining is unable to detect /n vivo NETS, we sought to determine if NETSs
released by neutrophils in response to C. jejuni infection could be visualized /n vivo. We
interrogated ferret colon tissues with immunofluorescence staining for Ela2 and DNA. At
low power, collections of Ela2 staining were seen just below the crypts in the colonic
mucosa of infected animals. Higher magnification imaging of these collections demonstrated
elongated structures with co-localized staining for both Ela2 and DNA, suggesting these
structures are NETS, potentially within a crypt abscess (Fig. 7E, orange box). This was in
contrast to Ela2 positive cells seen within the villi in infected tissues and throughout
uninfected tissues that had well-defined nuclei and punctate Ela2 staining (Fig.7E, green
boxes).

3.8 C.jejuni -neutrophil interaction causes apoptosis of colonocytes.

One common histologic characteristic of C. jejuni-infected individuals is disruption of the
intestinal epithelial barrier, including the neutrophil-dependent formation of intestinal crypt
abscesses (Sun et al., 2013). To determine whether C. jejuni-induced NETs may be
responsible for epithelial barrier disruption and crypt abscess formation, we sought to
quantify the cytotoxic potential of these NETs on human colonocytes. Using an LDH assay,
C. jejuniwas incubated with neutrophils to induce NET formation prior to the products
being incubated for 24h with human colonocytes (HCT116). When compared to C. jejuni-
only (0.08 + 0.79%) or neutrophil-only controls (0.1% + 0.09%), there was a significant
increase in mean LDH release from the human colonocytes (7.64% + 2.21%) (Fig. 7F). This
release of LDH was determined to be from HCT116 cells, as a neutrophil only control
resulted in minimal LDH release. Therefore, the production of NETSs in response to C. jejuni
infection may lead to colonocyte cytotoxicity and contribute to the tissue damage observed
in C. jejuni-infected patients.

4 Discussion

Campylobacter jefuni has been recognized as the most common cause of bacterial-mediated
diarrheal disease in the world (Man, 2011). Following ingestion of contaminated food or
water, it is suspected that the bacterium adheres to the intestinal epithelium at the mucosal
surface to induce a mild to severe inflammatory response. Surprisingly, compared to less
prevalent gastrointestinal pathogens, the inflammatory process during campylobacteriosis is
not well understood. Using the ferret model of campylobacteriosis, our group recently
demonstrated that innate immune cells are recruited to intestinal tissue during infection and
that a single neutrophil-derived protein (S100A12) could be detected in ferret feces (Shank
et al., 2018). Since these results indicate that neutrophils may be important during acute
disease, we sought to further characterize the response of neutrophils during C. jejuni
infection using both ex vivoand /n vivo models.

We initially observed increases in multiple, predominantly neutrophil-derived antimicrobial
proteins (Lcn2, MPO, and Ela2) in the feces of infected patients (Kolaczkowska & Kubes,
2013). While many of these proteins are not exclusive to neutrophils, the repeated
abundance of these proteins - in addition to our earlier results with SI00A12 - supports the
conclusion that neutrophils are present at relatively high abundance at the host-pathogen
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interface (Shank et al., 2018). Some variability was noted among infected patient samples,
which may have arisen due differences in time from when symptoms initiated to when
samples were collected. Of the proteins assayed, Lcn2 has been shown to bind ferric-
enterobactin and may serve to restrict iron acquisition by the bacterium (Bachman, Miller, &
Weiser, 2009). Recent data from a C. jejuni human feeding study indicated that several iron
acquisition systems are upregulated during infection, suggesting that iron may be limited
within infected intestines (Crofts et al., 2018). Whether iron restriction is mediated solely
through Lcn2 remains to be investigated. MPO is antimicrobial as it produces compounds,
including hypochlorous acid, which are highly toxic to bacteria, virus-infected cells, and
fungi (Klebanoff, 2005). Ela2 is a serine protease that can directly kill bacteria, generate
antimicrobial peptides, and inactivate virulence factors (Weinrauch, Drujan, Shapiro, Weiss,
& Zychlinsky, 2002). The presence of these proteins indicated that the environment
surrounding the neutrophils may be inhospitable to C. jejuniand limit its growth, which we
demonstrated using /n vitro experiments with purified Lcn2 (with addition of ferric-
enterobactin as an iron source), MPO, and Ela2. To further understand how these proteins
may be released from neutrophils into gastrointestinal tissues, we first determined the ability
of C. jejunito induce neutrophil extracellular traps (NETSs) using human and ferret cells.

While many of the above proteins serve as antimicrobials, MPO and Ela2 are also essential
for development of NETSs (V. Brinkmann, 2004). Using purified human and ferret
neutrophils, we observed C. jejuniinducing molecular events that precede NETOosis,
including activation of neutrophils. Upon further investigation of human neutrophils,
increased PADA4 expression, histone citrullination, and extrusion of MPO, Ela2, and
extracellular DNA was additionally observed. We were able to demonstrate these cellular
changes quantitatively and qualitatively, as neutrophils incubated with C. jejunilead to the
extrusion of NET-like structures and increases in necessary NET proteins. This provided
evidence for NETosis, as these structures do not occur in apoptosis or necrosis. One reason
for the decreased expression of PAD4 for PMA induced neutrophils is that these NETs could
be produced independent of PAD4 activity. During early research, neutrophils were viewed
as terminally differentiated and transcriptionally inert; however, recent research has shown
gene regulation and molecular plasticity of neutrophils. In fact, Helicobacter pylori, a close
relative to C. jejuni, causes neutrophil hypersegmentation and subtype differentiation
(Whitmore et al., 2017). These results could support the notion of neutrophil plasticity, as C.
Jejuni could cause neutrophils to enter a proinflammatory phenotype. Neutrophil subtype
differentiation within the intestinal tissue during campylobacteriosis has yet to be
investigated. Further, we demonstrated C. jejuni elicits a NET response similar to another
well characterized NET inducer, S. typhimurium. Curiously, C. jejuniand S. typhimurium,
two bacteria noted for their invasiveness, induced a NET response, while non-invasive £.
colf O157:H7 did not. As a result, NETs may arise due to bacterial internalization and
subsequent intracellular signaling.

Previous research demonstrated that dendritic cell TLR4 recognizes C. jejuni LOS and
elicits a potent proinflammatory immune response (Kuijf et al., 2010). In addition, TLR4 has
been shown to be required for phagocytosis of bacteria by neutrophils (Prokhorenko et al.,
2012). Based on these observations, we initially demonstrated that blocking TLR4 on
primary human neutrophils decreased C. jejuniinternalization, which was accompanied by a
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reduction in the number of neutrophils undergoing NETosis. Since NETosis was also
previously shown to be dependent on TLR4 stimulation independent of internalization, we
examined whether C. jejuniinvasion occurred in neutrophils and impacted NET production.
C. jejuniiinvasion into epithelial cells has been studied extensively and found to require the
delivery of bacterial effectors like CiaC into the host cell cytosol using the flagellar secretion
apparatus (Neal-McKinney & Konkel, 2012). During this process, actin polymerization
produces actin-rich cell surface projections which envelop and internalize the bacterium
(Carabeo, 2011). The AflgE mutant of C. jejuni does not encode a flagellar hook and is non-
flagellated as a result, which leads to defective effector secretion and epithelial cell invasion
(Neal-McKinney & Konkel, 2012). Using this strain, we found that internalization into
neutrophils was significantly reduced and that the number of NET releasing cells decreased.
While C. jejuni LOS synthesis is not influenced by deletion of flgE, these systems share
modification enzymes, including a phosphoethanolamine (pEtN) transferase, which has been
shown to protect against cationic antimicrobial peptides and assist in innate immune evasion
(Cullen & Trent, 2010). Future studies will investigate the role of LOS modifications in
strains with flagellar defects since these strains may be able to synthesize LOS. This
reduction supports the conclusion that bacterial internalization - potentially independent of
proinflammatory signaling - drives NET production during C. jejuni infection. Additionally,
C. Jejuni possesses numerous DNases, encoded by the cdfand ans genes, that are secreted
into the environment (Gaasbeek et al., 2009; He et al., 2019). These factors are notably
absent in Salmonella, which appears to only possess intracellular DNases, and could be the
basis for the bactericidal nature of NETSs to Sa/monella (V. Brinkmann, 2004). Further
studies will be required to more thoroughly investigate links between neutrophil
phagocytosis, C. jejuniinvasion into neutrophils, and the implications these have on NET
production.

Due to the lack of a small animal model that exhibits clinical signs and responses like that of
humans, knowledge is limited regarding the host response to C. jejuniinfection. In addition
to previous studies demonstrating that ferrets develop disease similar to humans, we have
shown that ferret neutrophils exhibit markers of NETosis when incubated with C. jejuni.
Limited ferret specific antibodies are available to evaluate all the cellular changes that occur
during NETosis; however, immunofluorescence staining of ferret colonic tissues
demonstrated Ela2 positive staining that colocalized with DNA. This staining pattern
differed from that of other Ela2 positive cells in uninfected tissues, suggesting that NET
responses do occur within colonic tissue during infection. These observations are supported
by previous work, which demonstrated neutrophils induce intestinal crypt abscesses in a
hyperinflammatory IL-10~~ mouse model of campylobacteriosis (Sun et al., 2013). Using
purified human neutrophils and NET inducing conditions, we demonstrated that the
combination of C. jejuniand neutrophils leads to increased colonocyte cytotoxicity. This
cytotoxicity could explain the hallmark histopathology seen within intestinal tissue during
campylobacteriosis. As a result, further work is being conducted to determine whether
damage to the epithelial cells during C. jejuni infection could be due to neutrophil
transmigration and subsequent NET induction.

In summary, diarrheal diseases resulting from enteric pathogens are a leading cause of
morbidity and mortality in the world, with Campylobacter as the leading cause for
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bacterially induced gastroenteritis (Blutt & Estes, 2019). While several of these pathogens
have been identified as potent inducers of NETS, there is a gap in knowledge as to the role of
NETSs in infectious gastroenteritis. This study highlights the importance of neutrophils in the
host response to C. jejuniinfection and how unique activities during infection may drive
neutrophil responses that ultimately harm host tissues. Numerous studies have demonstrated
that neutrophil accumulation in various inflammatory diseases is accompanied by increased
pathology (Fournier & Parkos, 2012). In addition, the induction of NET formation has been
correlated with poorer disease outcomes, including several postinfectious disorders
associated with C. jejuniinfection, such as irritable bowel disease (IBD) and rheumatoid
arthritis (RA). As a result, further work will be conducted to determine the contribution of C.
Jejuni-induced NET formation on the manifestation of these post-infectious disorders. In
addition, leveraging of anti-NET therapeutics may hold potential for resolving acute
inflammation during C. jejuni infection and/or ameliorating chronic or post-infectious
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Neutrophil-derived antimicrobial proteins and NET components accumulate in C. jejuni-

infected patient fecal samples. (A-C) Lipocalin-2 (Lcn2), myeloperoxidase (MPO), and
neutrophil elastase (Ela2) protein levels significantly increases in infected individuals. (D-F)
Neutrophil-derived proteins decrease C. jejuni growth for up to 48 hours. (G) Granule
proteins synergistically decrease C. jejuni growth in vitro. Statistical analyses of
representative fecal samples were performed using a nonparametric Mann-Whitney U test
between uninfected and infected groups. Statistical analysis of growth curves performed
using an unpaired t test between C. jejuniand C. jejuni - antimicrobial groups. **p < 0.01;
*** < 0.001; ****p< 0.0001.
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Figure2.

Flow cytometry analysis of C. jejuniinduced NETSs (A) Neutrophils exhibited increased
NET production up until an OD600 of 3.0 (B) Neutrophils exhibited increased NET
production when incubated with C. jejuni up to three hours. Flow cytometry analysis of
human neutrophil activation using CD11b (C), extracellular expression of MPO (D), CD63
(E), and citrullinated histone 3 (Cit-H3) (F). Expression of each marker was normalized to
the mode of the population. Results are expressed as representative data of biological and
technical triplicates. Statistical analysis was performed using an unpaired t test between
uninfected and infected groups. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3:

Western blot analysis of essential NET components. Volunteer neutrophils were incubated
with PMA (positive control), wild-type C. jejuni, or media (negative control). (A) Western
blot detection of neutrophil elastase (Ela2), PAD4, myeloperoxidase (MPO), lipocalin-2
(Lcn2), citrullinated histone H3 (Cit-H3), and p-actin as a loading control. (B) Densitometry
quantification of NET components relative to beta actin density. (C) SYTOX assay to detect
extracellular DNA. Results are expressed as representative data of biological and technical
triplicates. Statistical analysis was performed using an unpaired t test between PMA, C.
Jejuni, and negative treated neutrophils. Multiple comparison testing was performed using
ANOVA with post hoc test. *p< 0.05; **p< 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4:
Visualization of C. jejuni-induced NETS using fluorescent microscopy. (A) Images were

individually taken at the appropriate wavelength for each fluorescent antibody following
incubation with wild-type C. jejuni or media alone (negative). Representative images for
each marker were then merged to visualize NET components, including extracellular DNA.
(B) NET production was assessed for 100 fields from three separate neutrophil purifications.
Scale bars are 10 um. Results are expressed as representative data of biological and technical
triplicates. Statistical analysis was performed using an unpaired t test between uninfected
and infected groups. ****p < 0.0001.
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Figure5:

Comparison of NET production by other gastrointestinal pathogens. (A) Flow cytometry
analysis of Cd11b and myeloperoxidase (MPQ) markers accumulating on human neutrophils
following incubation with either media alone (negative), £. coli O157:H7, S. typhimurium
SL1344, or wild-type C. jejuni. (B) SYTOX assay detecting extracellular DNA from
neutrophils incubated from three separate volunteers. Results are expressed as representative
data of biological and technical triplicates. Statistical analysis was performed using an
unpaired t test between negative, EHEC, S. typhimurium, and C. jejuni stimulated neutrophil
groups. Multiple comparison testing was performed using ANOVA with post hoc test. *p <
0.05; **p < 0.01; ****p < 0.0001.
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Figure6:
Neutrophil phagocytosis and internalization of C. jefuni. (A) Gentamicin protection assay of

C. jejuni within neutrophils for varying amounts of time and cytochalasin D (CD). (B)
Gentamicin protection assay of neutrophils lacking functional TLR4 and neutrophils
incubated with flagellar mutants. (C) SYTOX assay to detect extracellular nucleic acids of
neutrophils lacking functional TLR4 and neutrophils incubated with flagellar mutants.
Results are expressed as representative data of biological and technical triplicates. Statistical
analysis was performed using an unpaired t test between C. jejuni stimulated neutrophil
groups. Multiple comparison testing was performed using ANOVA with post hoc test. *p <
0.05; **p < 0.01; ***p< 0.001; ****p< 0.0001.
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Figure 7:
Histopathology of ferret tissues and cytotoxicity of C. jejuniinduced NETSs. Flow cytometry

analysis of ferret neutrophil activation using CD11b (A) and extracellular expression of
MPO (B). (C) Fecal loads of C. jejuni infected ferrets day three post infection. (D) H&E
stained C. jejuni infected ferret colon exhibiting signs of pathology. (E) Immunofluorescent
analysis of ferret colon tissue for NETs. Ferret colon tissues were stained using anti- Ela2
antibodies (green) or Hoechst for DNA (blue) and were examined by confocal microscopy.
In C. jejuniinfected colonic tissues several collections of Ela2 staining projections were
noted just below the colonic crypts but were not seen in uninfected tissues (red boxes)
Higher magnification of these collections (orange box) demonstrated extended Ela2
projections that colocalized with DNA staining, suggestive of NET structures. In the villi of
infected animals and in the mucosa of uninfected animals, Ela2 positive cells were noted
with intact nuclei and punctate Ela2 staining (green boxes). (F) LDH assay of colonic
HCT116 cells incubated with C. jejuniinduced NETS. Results are expressed as
representative data of biological and technical triplicates. Statistical analysis was performed
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using an unpaired t test between uninfected and infected groups. *v < 0.05; **p < 0.01; ***p
<0.001.
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