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Abstract

Neutrophils, polymorphonuclear (PMN) leukocytes, play a critical role in the innate immune
response to Staphylococcus aureus, a pathogen that continues to be associated with significant
morbidity and mortality. Neutrophil extracellular trap (NET) formation is involved in ensnaring
and killing of S. aureus, but this host-pathogen interaction also leads to host tissue damage.
Importantly, NET components including neutrophil proteases are under consideration as
therapeutic targets in a variety of disease processes. Although S. aureus lipoproteins are
recognized to activate cells via toll-like receptors, specific mechanisms of interaction with
neutrophils are poorly delineated. We hypothesized that a lipoprotein-containing cell membrane
preparation from methicillin resistant S. aureus (MRSA-CMP) would elicit PMN activation
including NET formation. We investigated MRSA-CMP-elicited NET formation, regulated
elastase release, and IL-8 production in human neutrophils. We studied PMN from healthy donors
with or without a common SNP in 7LR1, previously demonstrated to impact TLR2/1 signaling,
and utilized CMP from both WT MRSA and a mutant lacking palmitoylated lipoproteins (/gs).
MRSA-CMP elicited NET formation, elastase release, and I1L-8 production in a lipoprotein-

dependent manner. TLR2/1 signaling was involved in NET formation and IL-8 production, but not

elastase release suggesting that MRSA-CMP-elicited elastase release is not mediated by tri-
acylated lipoproteins. MRSA-CMP also primed neutrophils for enhanced NET formation in
response to a subsequent stimulus. MRSA-CMP-elicited NET formation did not require Nox2-
derived ROS and was partially dependent on the activity of peptidyl arginine deiminase (PAD). In
conclusion, lipoproteins from S. aureus mediate NET formation via TLR2/1 with clear
implications for patients with sepsis.
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Introduction

Bacterial sepsis continues to be a high prevalence disease responsible for widespread
morbidity and significant mortality. Staphylococcus aureus, a common commensal of human
skin, remains an important pathogen, causing many subtypes of localized infection as well
as disseminated sepsis. Methicillin-resistant S. aureus (MRSA) is of broad significance, both
as a hospital-acquired, and a community-associated pathogen. The community-associated
strains, USA300 and USA400, emerged at the turn of the century as microbiologically
distinct clones from the most common hospital acquired strain, USA100, with USA300 as
predominant (1, 2). Despite close to two decades of efforts focused on characterization of
the virulence factors for these MRSA strains, and reductions in incidence of hospital-
acquired bloodstream infections, the morbidity and mortality remains significant with over
700,000 MRSA infections and 20,000 deaths per year in the US alone (3-5). The primary
approach to control of these diseases has been through antibiotic stewardship and targeted
antibiotic therapy for MRSA infections. However, the early and exuberant host
inflammatory response often leads to organ dysfunction, despite optimal antimicrobials, that
can only be managed with supportive care. This underscores the critical importance of
elucidating mechanisms and development of immune-based approaches to combat
staphylococcal disease (6).

The innate host response to staphylococcal invasion includes rapid deployment and
activation of circulating neutrophils to the site of infection. Neutrophil extracellular trap
(NET) formation, one component of the neutrophil response to pathogens, is critical for
trapping and killing of intact staphylococci. Notwithstanding the critical role in pathogen
killing, a growing body of literature demonstrates that NET formation contributes to tissue
and organ damage. The role of NETS in host injury is not limited to infectious diseases, with
a growing understanding of neutrophil activation and NET formation in the pathogenesis of
multiple autoimmune conditions, as well as in cancer (7-13). Antibodies to NET
components are present in the circulation of patients with systemic lupus erythematosus (14)
and rheumatoid arthritis (15) and are under investigation for use as biomarkers for disease
subtype and severity, thus highlighting the broad relevance of understanding the mechanisms
driving NET formation.

NET formation was initially described as the extrusion of DNA covered with elastase and
other neutrophil proteases in a web like matrix that could ensnare bacteria and facilitate
killing (16). Initial studies utilized intact bacteria as phagocytic stimuli (17), with minimal
investigation of soluble bacterial products released into the circulation during sepsis that
interact with non-phagocytic neutrophil surface receptors (18). /n vitro studies of NET
formation have primarily employed non-physiologic neutrophil activating agents, including
the phorbol ester, PMA, and the calcium ionophore, ionomycin (19). Moreover, NET
formation was described as a terminal event leading to the death of the neutrophil, whereas
in recent years, non-lytic NET formation has been described (18-20). The breadth of unique
agonists and signaling pathways involved in NET formation is beginning to emerge, with
significant focus on the role of peptidyl arginine deiminases, or PAD enzymes. These
calcium-dependent enzymes (neutrophils express both PAD2 and PAD4) catalyze the
conversion of arginine to citrulline in a process that has been implicated in the joint damage
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associated with rheumatoid arthritis (21, 22). However, the initial receptors and upstream
signaling that trigger this process are unclear. A better understanding of disease process
specific mechanisms of NET formation is critical to developing effective targeted therapies.

There is a vast body of literature describing the interactions between pathogen-associated
molecular patterns and pattern recognition receptors on many cell types, both primary and
cell lines (23-25). A minority of these studies utilize freshly isolated human neutrophils
given the complexity of employing these cells which are very easily activated during
isolation and not amenable to traditional molecular biology techniques. Relevant to the
current study, we employ primary human neutrophils from healthy volunteers with or
without a common SNP in 7LR1 (rs5743618, 1805G>T) to investigate signaling specificity.
TLR2 recognizes di- and tri-acylated lipoproteins via heterodimerization with TLR6 and
TLR1, respectively (24). Neutrophils from donors with the SNP (1805T) display augmented
responses to the synthetic TLR2/1 ligand, Pam3CSKjy, when compared with neutrophils
from donors with the reference allele (1805G), whereas responses to the TLR2/6 ligand,
FSL-1, are no different (26). Therefore, this common SNP in 7LRI provides a useful tool
for specifically interrogating the role of TLR2/1 signaling in human neutrophils.

Recognizing the clinical relevance of this SNP and growing evidence for the genetic basis of
host variations in immune response (27, 28), we sought to investigate TLR2 signaling in
human PMN using a clinically relevant stimulus (29-33). S. aureus expresses dozens of
lipoproteins (34) and has been shown to activate cells via numerous receptors including
TLR2 (35-38). In the current study, we focused specifically on a preparation of solubilized
lipoprotein-containing cell membranes from USA300 MRSA (MRSA-CMP) to simulate the
encounter that might occur between circulating neutrophils and staphylococci that had
undergone lysis and to investigate neutrophil signaling to a non-phagocytic and clinically
relevant stimulus. We found that MRSA-CMP directly elicited NET formation in a
concentration-dependent fashion that was dependent upon lipoproteins in that preparation.
This MRSA-CMP driven NET formation involved TLR2/1 signaling. Interestingly, MRSA-
CMP also elicited regulated elastase release in a process that was distinct from NET
formation and did not require TLR2/1 ligation. We also describe the priming of NET
formation by MRSA-CMP which has additional clinical implications. The mechanism of
NET formation in our studies was ROS-independent and partially PAD-dependent.

Materials and Methods

Materials

HBSS and PBS were purchased from Mediatech (Manassas, VA, USA), dextran from
Pharmacosmos (Holbaek, Denmark), Ficoll-Paque from GE Healthcare (Piscataway, NJ,
USA), and human serum albumin from CSL Behring (King of Prussia, PA, USA).
Antibodies included rabbit polyclonal to histone H3 (citrulline R2+R8+R17) from Cayman
Chemical (Ann Arbor, MI, USA), biotinylated anti-human elastase detection antibody from
R&D Systems (Minneapolis, MN, USA), mouse monoclonal to IL-8 (clone 8CH) from
Invitrogen (Waltham, MA, USA) for flow cytometry, and mouse monoclonal to IL-8 (clone
G265-5) from BD Pharmingen (San Diego, CA, USA) for ELISA. Pam3CSK,4 and
SYTOX™ Green were purchased from InvivoGen (San Diego, CA, USA) and ThermoFisher

J Immunol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 4

Scientific (Waltham, MA, USA), respectively. 7-Amino-4-methylcoumarin (AMC) and
normal goat serum were from MP Biomedicals (Solon, OH, USA). PMA, fMLF, CI-
amidine, and diphenyleneiodonium chloride (DPI) were from Sigma (St. Louis, MO, USA).
NADPH oxidase (Nox) 2 inhibitor (GSK2795039) was from MedChemExpress (Monmouth
Junction, NJ, USA). Additional reagents were obtained from Fisher Scientific (Pittsburgh,
PA, USA). All buffers and reagents were strictly endotoxin-free.

Human PMN purification

Human PMN were isolated according to standard techniques from acid citrate dextrose anti-
coagulated venous blood from healthy consenting adults of known 7L R genotype
following written informed consent and in accordance with a protocol approved by the
Institutional Review Board for Human Subjects at the University of Texas Southwestern
Medical Center. PMN were isolated using Hypaque-Ficoll density-gradient separation and
dextran sedimentation followed by hypotonic lysis of erythrocytes as previously described
(39, 40). Neutrophil purity is routinely monitored via cytospin and found to be greater than
98%.

MRSA-Cell Membrane Preparations

USA300 MRSA strain LAC (AH1263) was used as the wild-type bacteria in these studies
(41). The /gt mutant was previously constructed in the USA300 genetic background and
characterized (42). The /gt mutant lacks the gene encoding the diacylglyceryl transferase
enzyme and, therefore, is devoid of palmitoylated lipoproteins and serves as a control for
lipoprotein specificity (38). Lipoprotein containing membranes were purified as previously
reported (43). Briefly, USA300 MRSA was grown 24hr in rich media, and cells were
harvested and washed in a high sucrose buffer. Protoplasts were generated by treatment with
lysostaphin, lysed by sonication, and insoluble material was removed. Membranes
containing all the lipoproteins were pelleted by ultracentrifugation, washed, and
resuspended, and the total protein content was determined by Bradford. The same process
was used to purify and quantify membranes from the /gt mutant.

Neutrophil Extracellular Trap Formation

Sytox Green: 1e5 freshly isolated PMN were incubated in a 96-well plate with 5uM Sytox
Green and specified stimuli and inhibitors in HBSS containing 0.1% glucose and 1% human
serum albumin. The CLARIOstar from BMG Labtech (Cary, NC, USA) was used to
measure fluorescence at an excitation of 491 +/- 15nm and emission of 535 +/- 20nm with
readings every 5 minutes. In priming experiments, 1uM fMLF or 1nM PMA were added
following 30 minutes incubation with the specified stimulus. Kinetic and endpoint readings
are expressed as relative fluorescence units (RFU). For each assay, the timing of endpoint
readings were selected by evaluation of the kinetic curves and timed prior to the plateau and
before the fluorescent substrate might be limited or fully consumed.

Citrullinated H3 (H3CIT)-elastase complexes: Freshly isolated PMN were incubated
with specified stimuli at a PMN concentration of 5e6/ml in RPMI + 10% autologous human
serum for 4 hours tumbling in a 37°C/5% CO, incubator. In addition, a control TO sample
was collected by adding freshly isolated PMN to RPMI + 10% autologous serum and
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placing immediately on ice. Conditioned media and PMN pellets were collected and stored
at —80°C. The 4 hour timepoint was chosen based on our previous experience with cytokine
production in neutrophils and the decreased sensitivity of the H3CIT-elastase ELISA. A 96-
well NUNC MaxiSorp microplate from ThermoFisher Scientific (Rochester, NY, USA) was
coated with anti-histone H3 (citrulline R2+R8+R17) and incubated overnight on a rotator at
RT. Following washes (0.05% Tween 20 in PBS) and blocking (1% BSA and 5% sucrose in
PBS), samples were added in duplicate wells and allowed to incubate for 2 hours on a
rotator at RT. Biotinylated elastase antibody followed by streptavidin-HRP was used to
detect the H3CIT-elastase complexes. Wells were washed between steps. The CLARIOstar
was used to measure absorbance at 450nm. Results are expressed as the blank corrected OD
relative to unstimulated PMN.

Elastase activity

1e5 freshly isolated PMN were incubated in a 96-well plate with 20pM AMC and specified
stimuli in PICM-G Buffer (10mM sodium phosphate buffer with 2.7mM KCI, 138mM NaCl,
0.6mM CacCly, 1.0mM MgCl, and 0.1% dextrose). The CLARIOstar was used to measure
fluorescence at an excitation of 360 +/- 20nm and emission of 450 +/- 30nm with readings
every 5 minutes. Kinetic readings are expressed as RFU. Endpoint readings are expressed as
the fold change in RFU relative to control, with timing of endpoint readings directed by
evaluation of the curves, and prior to full consumption of the substrate.

IL-8 intracellular flow and ELISA

Conditioned media and neutrophil pellets were collected as described above and stored at
—-80°C. For intracellular flow, pellets were thawed and processed according to the two-step
protocol for intracellular proteins developed by Thermo Fisher Scientific (Waltham, MA,
USA) and as previously described.(44) Twenty thousand events were acquired on a
FACSCalibur from BD Biosciences (San Jose, CA, USA) and analyzed using FlowJo
version 9.9.6 from Tree Star (Ashland, OR, USA). We gated on the neutrophil population by
forward versus side scatter to exclude debris (Figure S1). Twenty thousand events were
collected for analysis. IL-8 ELISA was performed as previously described.(44)

Statistical analysis

Results

Data for each individual experiment are expressed as well as the mean * standard error of
the mean. Statistical analysis was performed using GraphPad Prism 9 for Windows from
GraphPad Software (La Jolla, CA, USA). Comparisons between groups were performed
using one-way ANOVA with multiple comparison or Student’s #test. Results were
considered statistically significant with a pvalue less than 0.05, and relative pvalues are
noted in the figure legends.

Staphylococcal lipoproteins trigger NET formation

Intact S. aureus-elicited generation of NETs has been well described as a component of host
defense (16, 20). However, the NET formation potential of staphylococcal products acting as
soluble or non-particulate stimuli has been minimally characterized. Given our interest in
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TLR2 biology (26, 44) and the importance of MRSA as a sepsis pathogen, we analyzed NET
formation by freshly isolated human PMNs in response to MRSA-CMP. MRSA-CMP
elicited NET formation in a concentration-dependent fashion, and the kinetics of NET
release were different than seen in response to the phorbol ester, PMA, with more rapid
onset but prolonged time to peak NET generation. MRSA-CMP lacking mature lipoproteins,
an /gt mutant (42), did not elicit NET formation demonstrating that the response was
mediated by lipoprotein interactions with PMN (Figure 1A-B). Recognizing the non-specific
nature of the Sytox Green assay, we sought to confirm our findings using a more specific
assay of NET formation. We adapted an ELISA technique that has been used to measure
complexes of cell free DNA and neutrophil proteases in plasma (45, 46) and conditioned
media (47, 48). Our H3CIT-elastase complex ELISA is specific for PAD-dependent NET
fragments released from the cell. Conditioned media from PMN stimulated with PMA or
ionomycin were used as the negative and positive controls, respectively. In contrast to
ionomycin-elicited NET formation, PMA-elicited NET formation does not involve
citrullination of H3 (19, 49, 50). Consistent with our results using the Sytox Green assay,
MRSA-CMP elicited NET formation in a concentration-dependent fashion and required
lipoproteins (Figure 1C).

MRSA lipoproteins elicit regulated elastase secretion.

Many assays of NET formation use elastase detection as a surrogate for NET formation.
While elastase is one component present in NETS, it is important to note that regulated
elastase release also occurs as a distinct neutrophil functional output that may occur
independent of NET generation. We measured the activity of extracellular elastase released
in response to PMN incubation with MRSA-CMP from WT or the /g¢ mutant. Elastase
activity was stimulated by MRSA-CMP, and was concentration- and lipoprotein-dependent
(Figure 2). Importantly, in contrast to NET formation (Figure 1A-B), 3nM PMA does not
elicit elastase release (Figure 2A-B).

MRSA-CMP elicited NET generation, but not elastase release, involves TLR2/1.

S. aureus expresses both di- and tri-acylated lipoproteins and activates cells via TLR2. Using
PMNs from donors with (1805T) or without (1805G) a common SNP in 7LRZ, we sought to
examine TLR2/1 signaling specificity. We found that NET formation in response to MRSA-
CMP was significantly reduced in PMNs from 1805G donors (Figure 3A-B), confirming a
role for TLR2/1 in MRSA-CMP-elicited PMN activation. As expected, there were no
differences in NET generation in response to PMA in 1805G versus T PMN. Pam3CSK, did
not directly elicit NET formation in PMN from either 1805G or 1805T donors (Figure 3A).
In contrast, there was no difference in MRSA-CMP-elicited elastase release when
comparing the response from 1805G versus 1805T PMN (Figure 3C), providing evidence
for distinct mechanisms for NET generation versus elastase release in response to this
agonist. Taken together, our data suggest that MRSA-CMP-elicited NET formation is
partially TLR2/1-dependent and occurs via a process that is distinct from elastase release.

NET formation can be primed by exposure to MRSA-CMP, but not Pam3CSKy4

Neutrophil priming or pre-activation is a critical component of the host immune response /in
vivo and has been demonstrated in response to numerous TLR ligands /in vitro (26, 51-54).
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Based on our previous studies of neutrophil priming via TLR2, we sought to determine
whether NET formation could be primed by MRSA-CMP. Priming of NET formation is
highly relevant to the /n7 vivo situation where circulating PMNs might first come in contact
with a bacterial product in the circulation, and subsequently reach the site of infection where
NETs would be needed for pathogen capture and killing. To detect priming, we employed
submaximal concentrations of the agonists PMA and fMLF (1nM and 1uM, respectively)
that do not elicit NET formation directly (Figure 4A-B). Importantly, we found that prior
exposure to MRSA-CMP, but not to Pam3CSKy, for 30 minutes, primed NET formation in
response to both PMA and fMLF (Figure 4C-D). MRSA-CMP-elicited priming of NET
formation is lipoprotein dependent as there is minimal output in response to the /g¢ mutant
(Figure 4D).

MRSA-CMP stimulates neutrophil IL-8 production via TLR2/1 and requires lipoproteins

PMN are the most abundant circulating leukocyte, and PMN produce IL-8 in response to
numerous stimuli (26, 44, 55). Given our findings that MRSA-CMP elicits NET formation
and protease release via distinct mechanisms, we investigated IL-8 generation in response to
MRSA-CMP in our healthy donors. £x vivo stimulation of PMN with MRSA-CMP elicited
significant generation of I1L-8 as measured both by intracellular flow (Figure 5A-B),
demonstrating neutrophil specific IL-8 production, and ELISA (Figure 5C). IL-8 production
was lipoprotein-dependent as demonstrated by the lack of production in neutrophils
stimulated with the /g¢ mutant. In addition, as seen with NET formation, IL-8 production in
response to MRSA-CMP involves signaling via TLR2/1 as demonstrated by the diminished
production of IL-8 in 1805G neutrophils. Importantly, there was no difference in IL-8
production in 1805G and 1805T neutrophils stimulated with TNF-a, as expected (Figure
5B).

Staphylococcus elicited NETs are Nox2-independent and PAD-dependent

Distinct subtypes and the mechanisms driving NET generation are not fully understood (19).
Thus, we sought to elucidate the underlying mechanisms for NET formation in response to
MRSA-CMP. In agreement with published data, we found that PMA-elicited NET formation
is ROS-dependent, and blocked by both the flavocytochrome inhibitor, DPI (95.63+/-1.1%
reduction), and the more specific Nox2 inhibitor, GSK2795039 (90.13+/-1.5% reduction).
In contrast, NETs formed in response to MRSA-CMP are not repressed by Nox2 inhibition
(Figure 6A-B). Citrullination of histone H3 by PAD4 is a common feature of NET formation
in response to numerous stimuli, including ionomycin (19, 49, 56). The PAD inhibitor, CI-
amidine, blocked ionomycin-elicited NET formation (65.57+/-4.1% reduction). Consistent
with our H3CIT-elastase complex findings (Figure 1C), inhibition of PAD resulted in
reduced NET formation in MRSA-CMP stimulated PMN (Figure 6C-D). In addition,
inhibition of PAD significantly diminished NET formation by 1805T PMN (43.4+/-9.0%
reduction) as compared with 1805G PMN (9.0+/-6.9% reduction) suggesting that PAD is a
required downstream signaling intermediate for the TLR2/1-dependent component of NET
formation by MRSA-CMP (Figure 6C-D).
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Discussion

The ideal host immune response to infection eradicates the pathogen without any damage to
the host. Neutrophil-based host defense is essential during infection with Staphylococcus
aureus, but the arsenal of anti-microbials produced by the neutrophil are clearly implicated
in tissue injury. Given the capacity of this pathogen to develop hew mechanisms of
resistance to anti-microbials (2, 57, 58), as well as evasion of other targeted immune
defenses (57, 59, 60), it is critically important to elucidate the mechanisms of host-pathogen
interaction. In this study, we examined the role of MRSA lipoproteins as soluble stimuli for
neutrophil activation with a focus on the development of NETS, and the role of TLR2.

Herein we present evidence for several novel findings of relevance to our understanding of
MRSA pathogenesis. First, MRSA-CMP elicits generation of NETSs in a time and
concentration-dependent manner, and this NET formation requires MRSA lipoproteins. This
process is partially dependent on an interaction between lipoproteins and the TLR2/1
heterodimer. Second, MRSA-CMP stimulates additional inflammatory outputs from
neutrophils including regulated elastase release and generation and secretion of IL-8 in a
concentration and lipoprotein-dependent manner. Regulated elastase release is distinct from
NET formation and independent of TLR2/1 signaling while IL-8 generation involves
TLR2/1 signaling. And finally, the NET formation driven by MRSA-CMP is not dependent
on NADPH oxidase-derived ROS, but does involve the PAD enzymes, downstream of
TLR2/1.

Although S. aureus elicited neutrophil activation has been extensively studied in the context
of phagocytosis, the literature on PMN activation by shedding of soluble components is
more limited. There has been some speculation that the TLR2-dependent phase of the
neutrophil response follows whole bacteria engulfment and digestion with release of
bacterial components to stimulate PRRs (33). Individual lipoproteins have been specifically
characterized as TLR2 ligands (36), including a specific role for SitC in the induction of
IL-6 and TNF-a by monocytes via TLR2 (61), and the subclass of lipoprotein-like
lipoproteins in epithelial cell invasiveness (62). Although it is recognized that lipoproteins
control pathogenicity in Gram-positive bacteria, there is very little known about specific
lipoprotein interactions with receptors on human PMN.

In S. aureus, lipoprotein biosynthesis and processing requires several enzymes.
Diacylglyceryl transferase (Lgt) catalyzes the modification of preprolipoprotein to
prolipoprotein, a critical initial step (63). Thus, the /gt mutant lacks lipoproteins and elicited
minimal to no response in human neutrophils in our studies. A unique two-component acyl
transferase system was recently reported in S. aureus, LnsA/LnsB, that catalyzes the
conversion of diacyl to triacyl lipoproteins (64), creating a tool for future dissection of these
TLR2-driven pathways. Differences in the lipid moieties on the lipoproteins of unique
staphylococcal species control virulence via TLR2 responsiveness (65). Identification of
specific MRSA lipoproteins involved in the TLR2/1-driven activation of neutrophils is an
area of current investigation in our laboratories.
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Additional information about the relative contribution of the unique TLR2 heterodimers can
be gleaned from our analyses using PMN from donors with a common SNP in 7LRI
(rs5743618, 1805G>T). According to the National Center for Biotechnology Information
Allele Frequency Aggregator, the global alternative allele frequency for this SNP is 40.4%
with a range of 30%-100% depending on the population (66). 81% of the donors used for
this study expressed a T allele. This SNP impacts TLR1 trafficking resulting in greater cell
surface expression (67) and enhanced inflammatory potential in neutrophils from individuals
heterozygous or homozygous for the T allele (1805T) (26). NET formation in response to
MRSA-CMP was significantly abrogated in 1805G PMNSs, although these PMNSs still
displayed a response to MRSA-CMP suggesting involvement of additional receptors, as
might be expected using a complex bacterial agonist as a stimulus. The data demonstrating
that PAD inhibition significantly reduces MRSA-CMP derived NETs in 1805T PMNSs, but
has minimal impact on 1805G PMNSs highlights the co-existence of unique pathways of
NET generation within a given cell type. This heterogeneity in NET formation pathways has
been increasingly recognized including the existence of both NET generation as a pathway
to PMN cell death and the alternative mechanism termed non-lytic NETosis (7). Our
demonstration of TLR2/1 dependent and independent, and PAD-dependent and -independent
NET generation in response to MRSA-CMP is novel and likely critical to our understanding
of inflammatory amplification as neutrophils encounter components of S. aureus during
antimicrobial treatment. Moreover, characterization of co-existing pathways affords the
opportunity to seek mechanisms to suppress a subset of NETSs in any given infection,
without complete loss of neutrophil defense.

The ability of MRSA-CMP to prime NET formation has significant clinical implications and
may partially explain the adverse outcomes in sepsis patients with the 1805G>T SNP in
TLRI. The TLRISNP, rs5743618, has been associated with increased length of stay in
pediatric sepsis patients (26) and increased risk of circulatory dysfunction (68) and mortality
(69) in adult patients with sepsis. There is limited evidence of priming of NET formation to
date (70), and no studies using soluble components of MRSA. Pam3zCSK, did not elicit
priming of NET formation suggesting that MRSA-CMP ligation of TLR2/1 results in
differential signaling. This is not surprising based on our previous work with
lipoarabinomannan from Mycobacterium tuberculosis, and studies with bacterial
lipoproteins from Francisella tularensis highlighting the need for further investigation of
signaling in human neutrophils using more complex stimuli. Lipoarabinomannan from M.
tuberculosis, in contrast to the synthetic Pam3zCSK4, does not prime neutrophils for ROS
production or elastase release and does not elicit shedding of L-selectin or upregulation of
CD11b, but does trigger synthesis and release of cytokines in a TLR2/1-dependent manner
(44) that are likely to be involved in amplification of inflammation. Apoptosis is
significantly inhibited in PMN from donors with the 1805G>T SNP in 7LRZ upon
stimulation with bacterial lipoproteins from Francisella tularensis (71). MRSA-CMP is a
complex stimulus with the potential to engage numerous surface receptors on PMN. Our
data suggest that there is a specific role for tri-acylated lipoproteins in NET formation, and
the low level NET generation in 1805G PMN suggests involvement of additional receptors.
Additional studies with purified lipoproteins are in progress, and are necessary to further
dissect signaling pathways.
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Several relevant inhibitors of NETs or NET products are already under investigation in
murine models and clinical trials (8, 13). PAD4 inhibition or deficiency improves organ
injury and outcomes in rodent models of endotoxin or bleomycin-induced lung injury,
ischemic-reperfusion kidney injury and cardiovascular dysfunction after myocardial
infarction (72-75). And there is ongoing discovery related to potential reversible inhibitors
that might be employed in human trials (76). As mentioned, these enzymes catalyze the
post-translational modification of citrullination of histones which is implicated in the early
chromatin decondensation, but it is unclear if this event is sufficient to generate NETs (56).
It is critical to recognize that these citrullinated histones serve as danger-associate molecular
patterns, further amplifying local cell activation (77-79).

The role of elastase and other neutrophil proteases in tissue damage are also unequivocal,
with many murine models describing improved outcome, particularly from acute lung injury,
in the setting of elastase inhibition or deficiency (80, 81). In human studies, elastase has also
been implicated in sepsis associated lung injury (82-84), although these studies cannot
distinguish whether this was deposited in the setting of NET formation. Our data
demonstrate that MRSA-CMP elicits both regulated elastase release and NETSs. There have
been a number of human clinical trials using elastase inhibitors to suppress acute lung injury
in acute respiratory distress syndrome, sepsis, and after cardiopulmonary bypass with mixed
results (85-88). The negative outcome of these trials may reflect the heterogeneity of
pathways leading to elastase deposition in the airways, and the need for more targeted
repression.

In summary, our understanding of host defense and inflammatory complication management
strategies in the setting of sepsis continues to evolve as we probe mechanisms of host-
pathogen interactions using physiologically relevant ligands and primary human cells for our
investigations. Recognition of the breadth of pathways culminating in NET formation, and
elucidation of distinct pathogen and protein-specific mechanisms will be required to
facilitate safe and effective therapeutic targeting. The early successes with suppression of
NET contents in autoimmunity can be tailored to improve outcomes in sepsis.
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Key points:
S. aureus lipoproteins drive NET formation and involve TLR2/1 and PAD enzymes.

NET formation can be primed by lipoprotein-containing S. aureus cell membrane.
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Figure 1. MRSA-CMP dlicits NET formation and requireslipoproteins.
(A) Representative Sytox Green kinetic assay. The dotted vertical line indicates where

endpoint readings were taken for comparisons between conditions. (B) 3hr endpoint
readings from multiple donors and Sytox Green experiments demonstrating that wild type
(WT) MRSA-CMP-elicited NET formation is concentration-dependent. MRSA-CMP
lacking all palmitoylated lipoproteins (/g9 does not elicit NET formation. 7= 6-10. (C)
H3ClIT-elastase complexes from PMN conditioned media following 4 hours of stimulation
with specified agonists. Data are expressed as the fold change in optical density between
conditioned media from PMN stimulated for 4 hours and unstimulated (control) PMN at 0
hours. As expected, 4uM ionomycin elicits release of H3CIT-elastase complexes, whereas
3nM PMA does not. 7= 5-9. Each dot represents a unique donor. **** p < 0.0001.
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Figure 2. MRSA-CMP dlicits elastase release and requireslipoproteins.
(A) Representative elastase activity assay. The dotted vertical line indicates where endpoint

readings were taken for comparisons between conditions. (B) 90min endpoint readings from
multiple donors and elastase activity experiments demonstrating that wild type (WT)
MRSA-CMP-elicited elastase release is concentration-dependent. MRSA-CMP lacking all
palmitoylated lipoproteins (/g7 does not elicit elastase release. In contrast to NET formation,
3nM PMA does not elicit elastase release. Data are presented as the fold change in
fluorescence between stimulated and unstimulated (control) PMN at 90min. 7= 4-13. Each
dot represents a unique donor. * p< 0.05, **** p< 0.0001.
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Figure 3. NET formation elicited by MRSA-CMP is partially TLR2/1 dependent, whereas
elastasereleaseis not.

(A) 3hr endpoint readings from multiple donors and Sytox Green experiments demonstrating
that PMNSs from 1805G donors display reduced MRSA-CMP-elicited NET formation as
compared to PMNSs from 1805T donors. As expected, there is no difference in NET
formation elicited by 3nM PMA between the two genotypes. 1ug/ml Pam3zCSK, fails to
elicit NET formation in either genotype. (B) H3CIT-elastase complexes from PMN
conditioned media following 4 hours of stimulation with specified agonists. Data are
expressed as the fold change in optical density between conditioned media from PMN
stimulated for 4 hours and unstimulated (control) PMN at 0 hours. 7= 10. (C) 90min
endpoint readings from multiple donors and elastase activity experiments demonstrating no
difference in MRSA-CMP-elicited elastase release between the two genotypes. 1ug/ml
Pam3CSKy fails to elicit elastase release in either genotype. Data are presented as the fold
change in fluorescence between stimulated and unstimulated (control) PMN at 90min. 7=
5-12. Each dot represents a unique donor. * p< 0.05, ** p< 0.01, *** p< 0.001, # p<
0.0001 as compared to control unless otherwise indicated.
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Figure4. MRSA-CMP primes PMN for enhanced NET formation in response to a secondary
stimulus.

(A) Representative Sytox Green experiment showing concentration-dependent NET
formation in response to PMA. The dotted vertical line indicates where endpoint readings
were taken for comparisons between conditions. (B) 3hr endpoint readings from multiple
donors and Sytox Green experiments demonstrating that 1uM fMLF and 1nM PMA do not
elicit NET formation directly. 7= 7-21. (C) Representative Sytox Green experiment. (D)
PMN were incubated with 1ug/ml Pam3CSK,, 50ng/ml wild type (WT) or 50ng/ml /gt
MRSA-CMP for 30 minutes followed by addition of either 1uM fMLF or 1nM PMA, as
indicated. 3hr endpoint readings are shown. 7= 4-8. Each dot represents a unique donor. ***
p<0.001, **** p< 0.0001.
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Figure5. MRSA-CMP dlicits|L-8 production and release via TLR2/1.
(A) Representative IL-8 intracellular flow histogram showing unstimulated (control) PMN

and PMN stimulated with 50ng/ml wild type (WT) or /gt MRSA-CMP for 4 hours. (B) I1L-8
intracellular flow following 4 hours of stimulation with no agonist, 50ng/ml WT or /gt
MRSA-CMP, or Ing/ml TNF-a, as specified. 1805T PMN display enhanced 1L-8 as
compared with 1805G, whereas there are no differences in 1805T vs. G IL-8 abundance in
response to TNF-a,, as expected. 7= 3-14. Data are presented as the fold change in
geometric mean intensity between PMN stimulated for 4 hours and unstimulated (control)
PMN at 0 hours. (C) IL-8 ELISA of PMN conditioned media following 4 hours of
stimulation with no agonist or 50ng/ml WT MRSA-CMP. Data are expressed as the fold
change in optical density between conditioned media from PMN stimulated for 4 hours and
unstimulated (control) PMN at 0 hours. 7= 5-13. Each dot represents a unique donor. * p<
0.05, **** p< 0.0001.
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Figure 6. MRSA-CMP elicited NET formation does not require Nox2 and is partially PAD-
dependent.
(A) Representative Sytox Green assay. The dotted vertical line indicates where endpoint

readings were taken for comparisons between conditions. (B) 4hr endpoint readings from
multiple donors and Sytox Green experiments demonstrating that 20uM DPI or 100uM
GSK2795039 does not inhibit NET formation elicited by 50ng/ml WT MRSA, whereas
PMA-elicited NET formation is inhibited, as expected. 7= 5-8. (C) Representative Sytox
Green assay. The dotted vertical line indicates where endpoint readings were taken for
comparisons between conditions. (D) 5hr endpoint readings from multiple donors and Sytox
Green experiments demonstrating that 250uM Cl-amidine inhibits MRSA-CMP-elicited
NET formation in 1805T, but not 1805G PMN. lonomycin (4uM)-elicited NET formation is
inhibited by Cl-amidine, as expected. 7= 4-7. Each dot represents a unique donor. * p <
0.05, ** p< 0.01, **** p<0.0001.
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