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Biomaterial implantation triggers an immune response initially predominated by neutrophils, which acti-
vate an inflammatory cascade by producing cytokines, enzymes, immune cell recruitment chemokines,
and DNA fiber networks called neutrophil extracellular traps (NETs). While the role of neutrophils has
been studied extensively in infection, little is known of their role in the response to biomaterials, in this
case titanium (Ti) implants. Furthermore, while implant surface modifications have been shown to attenu-
ate pro-inflammatory polarization in other immune cells, their effects on neutrophil behavior is unknown.
The aim of this study was to characterize the neutrophil response to Ti surface topography and hydrophi-
licity and understand how the products of biomaterial-induced neutrophil activation alters macrophage
polarization. Murine neutrophils were isolated by density gradient centrifugation and plated on smooth,
rough, and rough hydrophilic (rough-hydro) Ti surfaces. Neutrophils on rough-hydro Ti decreased pro-
inflammatory cytokine and enzyme production as well as decreased NET formation compared to neutro-
phils on smooth and rough Ti. Conditioned media (CM) from neutrophils on smooth Ti enhanced pro-
inflammatory macrophage polarization compared to CM from neutrophils on rough or rough-hydro Ti;
pretreatment of neutrophils with a pharmacological NETosis inhibitor impaired this macrophage stimu-
lation. Finally, co-culture of neutrophils and macrophages on Ti surfaces induced pro-inflammatory
macrophage polarization compared to macrophages alone on surfaces, but this effect was ablated when
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neutrophils were pretreated with the NETosis inhibitor. These findings demonstrate that neutrophils are
sensitive to changes in biomaterial surface properties and exhibit differential activation in response to Ti
surface cues. Additionally, inhibition of NETosis enhanced anti-inflammatory macrophage polarization,

rsc.li/biomaterials-science suggesting NETosis as a possible therapeutic target for enhancing implant integration.

play broad roles in determining the success of bone-dwelling
implants.

1. Introduction

Implantation of orthopedic biomaterials induces an initial
immune response predominated by innate immune cells of
myeloid origin."* This early pro-inflammatory phase occurs as
a result of cues created by osseous injury from implantation as
well as from potential introduction of pathogens to a pre-
viously sterile tissue within the body.” From here, the fate of
an implant—either failure or successful integration—is
decided by the microenvironment that immune cells create at
the implantation site.® Secreted signaling molecules like
chemokines and cytokines not only regulate immune cell che-
motaxis and activation but also stem and progenitor chemo-
taxis and behavior.”” Thus, the cells of the immune system
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Macrophages, one member of the innate immune cell class,
play a critical role in osseous tissue regeneration both in
general bone healing and implant integration. During the
early phases of tissue injury, pro-inflammatory macrophages
generate TNF-a, IL-1, IL-6, and IL-12, which propagate inflam-
mation by recruiting other immune cell types.® Later, macro-
phages predominate the transition from inflammation to
healing, adopting an anti-inflammatory phenotype (i.e. pro-
duction of TGF-f, IL-10, and matrix remodeling proteins).’ In
the context of implants, our group has demonstrated that
orthopedic and dental implant surface modifications intrinsi-
cally promote an anti-inflammatory macrophage phenotype,
suggesting macrophage phenotype is regulated by both physi-
cal and chemical cues at the injury site.'®"" In addition to reg-
ulating the immune response, macrophages also regulate the
recruitment and differentiation of stem cells during healing.
We previously demonstrated that ablating macrophages
decreases the recruitment of inflammatory and mesenchymal
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stem cells (MSCs) to the implant site in bone.'”> Macrophage
activity therefore appears to be a critical regulatory component
in the immune response to implants; however, macrophages
are not the “first responders” to tissue injury.

Despite their predominance immediately following tissue
injury"® and their roles in recruitment of macrophages,'* neu-
trophils are understudied players in tissue healing and in
response to biomaterial implantation. Arriving in scores at
injury sites during the minutes to hours following trauma,
neutrophils exert anti-microbial activity via phagocytosis,
degranulation, enzymatic release, and the production of large
DNA-based fiber networks called neutrophil extracellular traps
(NETs).">">'¢ Neutrophil activation is often triggered by patho-
gen-associated molecular patterns (PAMPs) binding to toll-like
receptor-4 (TLR-4) during non-sterile inflammation."” These
events have been long understood to serve antimicrobial pur-
poses: propagate the immune response, limit pathogen
activity, and enhance clearance of bacteria. However, recent
studies have shown a role for neutrophils—namely, NETosis—
in sterile inflammation, which may be triggered by release of
danger-associated molecular patterns (DAMPs).'® In a murine
model of atherosclerosis, NETs were found to prime macro-
phageal release of pro-inflammatory cytokines via activation of
Th-17 cells.”® Similarly, in the liver, NETosis exacerbated the
inflammatory response to experimental ischemia/reperfusion
injury.”® Another study found that inhibition of NETosis
through pharmacological inhibition of peptidyl arginine dea-
minase 4 (PAD4) reduced the degree of renal injury following
ischemia and reperfusion.>" Paradoxically, in other models of
sterile inflammation, NETosis appears to serve an anti-inflam-
matory role. Aggregation of NETs in crystal-related pathologies
(e.g. monosodium urate in gout) exert immunosuppressive
effects by degradation of inflammatory cytokines and chemo-
kines.?” These studies reveal that NETs serve complex roles in
localized regulation and progression of the inflammatory
response.

In the context of orthopedic implants, macrophages are
known to serve a critical, multifaceted role in integration,’**?3
but it is not known if this role is redundant with that of other
cell types, such as neutrophils. Additionally, little is known
about neutrophils’ interactions with titanium (Ti)-based
materials or how surface cues alter their behavior. Here, we
seek to characterize the behavior of primary murine neutro-
phils on modified Ti surfaces and explore the effects of neutro-
philic products—cytokines and NETs—on macrophage behav-
ior in vitro.

2. Experimental

2.1. Tidisks

Smooth, rough, and rough-hydrophilic (rough-hydro) 15 mm
Ti disks were provided by Institut Straumann AG (Basel,
Switzerland) and generated as previously described.'® Smooth
surfaces were prepared from 1 mm thick grade 2 unalloyed Ti
(Sa = 0.61 pm; O = 93.8°). Rough surfaces were produced by
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sandblasting and acid-etching (Sa = 3.22 pm; © = 129.8°);
rough-hydrophilic surfaces were produced in a similar fashion
but in a nitrogen environment, retaining surface wettability
(Sa=3.22 um; O = 0°).

2.2. Neutrophil isolation

10-Week-old male C57Bl/6 mice (Jackson Laboratory, Bar
Harbor, ME) were used for this study in accordance with a pro-
tocol approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee (Protocol:
AD10001108). Mice were euthanized by CO, asphyxiation fol-
lowed by cervical dislocation. Femurs were removed and whole
bone marrow was isolated by flushing the intramedullary
cavity with phosphate-buffered saline (PBS, Thermo Fisher
Scientific, Waltham, MA). Erythrocytes were removed from the
marrow isolate using ACK Lysing Buffer (Quality Biological
Inc., Gaithersburg, MD). Neutrophils were then isolated from
the remaining cells by centrifugation using Histopaque 1077
and 1119 (Sigma-Aldrich, St Louis, M0).** Viability on iso-
lation was measured by Trypan Blue (Sigma-Aldrich) staining
and was found to be >95% for all cultures. Purity was con-
firmed by flow cytometry. Prior to staining, isolated cells were
treated with anti-CD16/32 (Fc receptor) antibody (BioLegend,
San Diego, CA) to prevent non-specific fluorescence. Next, neu-
trophils were identified as CD11b+/Ly6G+ using CD11b-FITC
and Ly6G-PE fluorophore-conjugated antibodies (BioLegend).
A purity of approximately 80% was obtained for each experi-
ment (Fig. S17).

2.3. Macrophage culture

Whole bone marrow was isolated and treated with lysis buffer
as described above. The remaining cells were counted and
plated in a 175cm? flask at a density of 500 000 cells per mL in
Dulbecco’s Modified Eagle Media (DMEM) (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific), 50 U mL™" penicillin + 50 pg mL™"
streptomycin (Thermo Fisher Scientific), and 30 ng mL™*
macrophage colony-stimulating factor (M-CSF, BioLegend).
Cells were then cultured for 7 d at 37 °C, 5% CO,, and 100%
humidity. Supplemented media was refreshed on day 4 of
culture. On day 7, macrophages were detached with Accutase
(Innovative Cell Technologies, San Diego, CA) at 37 °C, moni-
toring for detachment using light microscopy, followed by
scraping, and seeded onto tissue culture polystyrene (TCPS) or
Ti surfaces in 24-well plates for experiments.

2.4. Protein analysis

To evaluate neutrophil inflammatory cytokine and chemokine
production, neutrophils were plated on TCPS or smooth,
rough, or rough-hydro Ti surfaces at a density of 200 000 cells
per cm® (n = 6 per variable). After 8 hours, conditioned media
(CM) was harvested, and cells were lysed in 0.05% Triton
X-100. Secretion of pro-inflammatory (IL-1p, TNF-a, IL-17, IL-6,
IL-12, CXCL-10), anti-inflammatory (IL-4, IL-10), and enzymatic
(neutrophil elastase, myeloperoxidase [MPO]) proteins were
measured in CM by enzyme-linked immunosorbent assay

This journal is © The Royal Society of Chemistry 2020
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(ELISA, BioLegend [IL-1B, TNF-a, IL-17, IL-6, IL-12, CXCL-10,
IL-4, and IL-10], and R&D systems [Neutrophil elastase, MPO],
Minneapolis, MN). Protein levels were normalized to DNA
content measured in cell lysate (Quant-iT™ PicoGreen dsDNA
Assay, ThermoFisher).

2.5. Neutrophil morphology on surfaces

Neutrophils were seeded on surfaces at a density of 10 000
cells per surface (n = 6 per variable). Neutrophils cultured on
glass with LPS served as positive NETosis controls, while
untreated neutrophils served as negative controls. After 4 or
8 hours, neutrophils were fixed, and DNA was stained with
4',6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific)
and DAPI-stained nucleic acids were visualized using confocal
microscopy (Zeiss, LSM 710 Laser Scanning Microscope,
Oberkochen, Germany). NETosis was characterized by measur-
ing the area and circularity of stained DNA in 60 cells per
sample using Image]. For scanning electron microscopy
(SEM), implant surfaces with adherent neutrophils were fixed
with 4% paraformaldehyde and dehydrated in ethanol before
being sputter coated with 40: 60 gold palladium and observed
using a scanning electron microscope (S-4000, Hitachi, Tokyo,
Japan) under 5kx magnification.

2.6. Gene expression

Neutrophils were plated on TCPS, smooth, rough, or rough-
hydro surfaces at a density of 200 000 cells per cm® (n = 6 per
variable). After 3 hours of culture, neutrophils were lysed in
TriZol (Thermo Fisher). mRNA was isolated, and 1 pg was con-
verted to ¢cDNA using iScript ¢cDNA synthesis kit (BioRad,
Hercules, CA). Using PrimePCR™ primers (Biorad) and
SsoAdvanced Universal SYBR green supermix (Biorad), quanti-
tative RT-PCR (qPCR) was performed to assess expression of
genes associated with macrophage recruitment (Ccl2, Ccl3,
Ccld, Ccl5, Ccl17, Ccl20). Differences were determined by
2744% method.

2.7. Macrophage response to neutrophil-conditioned media
(€M)

Neutrophils were cultured at a density of 200 000 cells per cm?®
for 8 hours on TCPS or modified Ti surfaces in the presence of
50 nM GSK484 (Cayman Chemical, Ann Arbor, MI), an inhibi-
tor of PAD4 and consequently NETosis, or an equivalent con-
centration of ethanol vehicle®® (n = 6 per variable). Then, CM
was collected and spun at 2000g for 30 m to remove cellular
debris and transferred to macrophages cultured on TCPS at a
density of 10000 cells per cm? After 24 hours of culture,
macrophage samples were detached into single-cell suspen-
sions using Accutase (Life Technologies) at 37 °C for 5-12 min,
followed by centrifugation at 300g and resuspension in 1%
bovine serum albumin in PBS (staining buffer) prior to
immunostaining for flow cytometry.

2.8. Macrophage response to surface cues

Macrophages were cultured alone on TCPS or modified Ti sur-
faces in the presence of 50 nM GSK484 or ethanol vehicle for

This journal is © The Royal Society of Chemistry 2020
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24 hours at a density of 10 000 cells per cm®. Then, cells were
detached into single-cell suspension as described in the pre-
vious section prior to immunostaining.

2.9. Macrophage-neutrophil co-culture

Neutrophils were cultured at a density of 200 000 cells per cm>
for 8 hours on TCPS or modified Ti surfaces in the presence
of 50 nM GSK484 or ethanol vehicle. Then, macrophages
cultured in TCPS flasks were added directly to the neutrophils
on Ti surfaces at a density of 10000 cells per cm?, and the
cells were co-cultured for 24 hours. Finally, cells were detached
into single-cell suspension as previously described before
immunostaining.

2.10. Flow cytometry

Polarization of macrophages was characterized using flow cyto-
metry. Prior to fluorescent staining, Fc receptors were blocked
by incubation with anti-CD16/32 (BioLegend) to prevent non-
specific binding of subsequent antibodies. Then, cells were
incubated with anti-CD68-FITC (BioLegend), a pan-macro-
phage marker that excludes neutrophils, which do not express
high surface CD68; anti-CD80-PE (BioLegend), a pro-inflam-
matory surface marker; and anti-CD206-APC (BioLegend), an
anti-inflammatory surface marker. Pro-inflammatory macro-
phages were identified as CD68+/CD80+, while anti-infla-
mmatory macrophages were identified as CD68+/CD206+.
Antibody concentrations were added based on the manufac-
turer’s recommendations. Stained cell suspensions were ana-
lyzed using a Guava ® easyCyte 6-2L Benchtop Flow Cytometer
(MilliporeSigma) instrument collecting 10000 events per
sample (n = 6 per group). Results were analyzed using Flow]Jo
software (FlowJo LLC, Ashland, OR). A schematic showing
gating strategy is included in Fig. S2.}

2.11. Transwell co-culture

To determine the effect of neutrophil secreted factors on
macrophage polarization, neutrophils were plated in 24-well
plates at a density of 200 000 cells per well on smooth, rough,
or rough-hydro Ti surfaces (n = 9 per surface) for 8 hours with
50 nM GSK484 or equivalent volume of ethanol vehicle.
Additionally, macrophages were plated at 10 000 cells per cm?,
on 1.0 pm transwell inserts and incubated for 24 hours. Then,
neutrophils on Ti surfaces were transferred to 6-well plates (3
surfaces per well) and inserts containing macrophages were
transferred to the 6 well plates and fresh medium was added
(n = 6 per surface type). After 12 hours of co-culture, macro-
phage-laden inserts were transferred to new 6-well plates with
fresh media and cultured for 12 hours. Conditioned media
was then collected, and IL-1p, IL-6, IL-10, IL-12(p40), IL-12
(p70), IL-18, CCL17, CCL22, CXCL1, and TGF-f1 were
measured using a LEGENDplex™ multiplex ELISA kit
(BioLegend). The assay was performed according to the manu-
facturer’s instructions, and data were analyzed using software
provided by the manufacturer.

Biomater. Sci,, 2020, 8, 2289-2299 | 2291
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2.12. Statistical analysis

Data are presented as mean + SD. Gene expression is presented
as fold-change (2724 compared to Gapdh housekeeping gene
(A1) and to untreated TCPS controls (A2). Protein production is
normalized to DNA quantity in each sample. Statistical analysis
was performed using Prism Graphpad V7 software. Single-factor,
equal variance ANOVA was used to ensure samples within groups
were not significantly different (¢ = 0.05). Once the resulting
p-value within sample groups was found to be insignificant, mul-
tiple comparisons were made between groups using Tukey’s HSD
test. The presented data were obtained from one of two repeated
experiments, with both experiments yielding comparable results.

3. Results

3.1. Biomaterial surface cues modulate neutrophil protein
secretion

To understand if neutrophils differentially regulate the
implant microenvironment in response to biomaterial surface
cues, the secretion of several pro- and anti-inflammatory pro-
teins were measured, as well as CXCL-10, a chemokine
involved in neutrophil recruitment during inflammatory
responses, and MCP-1, a macrophage recruitment chemokine.
LPS-exposed neutrophils on TCPS served as a positive control
for inflammatory activation. After 8 hours, culture on smooth
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or rough Ti surfaces increased neutrophil pro-inflammatory
cytokine secretion (IL-1p, IL-6, IL-12, TNF-a, IL-17) the most
(Fig. 1A). The highest levels of immune cell recruitment-associ-
ated chemokines (CXCL-10, MCP-1) were measured in media
from cells on smooth or rough surfaces (Fig. 1B), while rough-
hydro surfaces enhanced anti-inflammatory (IL-4, IL10) cyto-
kine secretion (Fig. 1C). Following trends seen in cytokine acti-
vation, smooth and rough Ti surfaces enhanced secretion of
the classical neutrophil activation markers neutrophil elastase
and MPO (Fig. 2). These data suggest that, like macrophages,
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Fig. 2 Neutrophil enzyme secretion in response to surface modifi-
cations. Neutrophils were cultured for 8 hours on tissue culture poly-
styrene (TCPS) or Ti. Concentration of secreted neutrophil elastase and
myeloperoxidase (MPO) was measured by enzyme-linked immunosorbent
assay and normalized to DNA content in each sample (n = 6 per group).
Lipopolysaccharide (LPS)-treated cells were used as a positive control. p <
0.05: # vs. TCPS, $ vs. smooth, % vs. rough, @ vs. rough-hydro.
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measured in conditioned media by enzyme-linked immunosorbent assay and normalized to DNA content in each sample (n = 6 per group).
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neutrophils modulate their inflammatory phenotype in
response to smooth, rough, and rough-hydrophilic surface
modifications.

3.2. Neutrophils alter NETotic activity in response to
biomaterial surface cues

To characterize the NETotic response to different surface
stimuli, neutrophils were cultured on smooth, rough, or
rough-hydro surfaces. By 4 hours post-plating, neutrophils on
smooth surfaces showed large NETs formation. In contrast,
neutrophils on rough surfaces appeared only to form small
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NETs at 8 hours and neutrophils on rough-hydro surfaces did
not show signs of NETs formation over the time course exam-
ined (Fig. 3A). Next, distribution of DNA was quantified by
shape analysis, where the wide, web-like spread of DAPI-
stained DNA indicates NETosis has occurred. Confocal
microscopy of DNA-stained neutrophils revealed enhanced
NETosis on smooth Ti compared to the other Ti surfaces
(Fig. 3B). Interestingly, DNA was even more compact in neutro-
phils on the rough-hydro surfaces than on glass. Similarly,
SEM at 4 and 8 hours post-plating revealed similar neutrophil
morphology on Ti surfaces (Fig. 4). These findings suggest that
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Fig. 3 Differential formation of neutrophil extracellular traps (NETs) on smooth, rough, and rough-hydro surfaces. Neutrophils were seeded on sur-
faces at a density of 10 000 cm™2 for 4 or 8 hours prior to staining with DAPI for imaging. (A) Representative confocal microscopic images of nets on
glass or Ti surfaces. (B) Characterization of net area and shape at 4 or 8 hours by quantification using ImageJ software (n = 60 per variable). Glass
served as a negative control, while bacterial lipopolysaccharide (LPS), a potent activator of NETosis, served as a positive control. p < 0.05: # vs. glass,
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Fig. 4 Neutrophil morphology on smooth, rough, and rough-hydro surfaces. neutrophils were seeded on surfaces at a density of 10 000 cm™2 for 4
(top row) or 8 hours (bottom row) prior to fixation and gold sputter-coating for SEM.

neutrophils are sensitive to Ti surface cues and adjust their
NETotic activity accordingly.

3.3. Surface roughness and hydrophilicity attenuate
macrophage recruitment-related gene expression

Next, to explore the effect of surface modifications on immune
cell recruitment, immune cell chemokine-encoding genes were
evaluated at 3 hours following plating. Recruitment genes
(Ccl2, Ccl3, Ccl4, Ccl5, Ccl17) were highly upregulated on
smooth surfaces when compared to the modified Ti surfaces
(Fig. 5). Interestingly, Ccl20 was downregulated relative to fresh
neutrophils, but this chemokine motif is most strongly attrac-
tive to T-cells, suggesting that primarily innate immune
recruitment chemokine genes are upregulated. These results
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suggest that surface properties regulate innate immune cell
recruitment by neutrophils.

3.4. Modified Ti surfaces decrease neutrophilic pro-
inflammatory stimulation of macrophages

To evaluate the downstream consequences of surface-depen-
dent activity on neutrophils, macrophages were exposed to CM
from neutrophils treated with the PAD4 inhibitor GSK484.
First, macrophages were cultured alone on Ti surfaces for
24 hours, treated with PAD4 inhibitor or ethanol vehicle. Ti
surface modifications elicited changes in pro- and anti-inflam-
matory macrophage surface markers comparable to our pre-
vious work: smooth surfaces enhanced only pro-inflammatory
markers, rough surfaces enhanced both pro- and anti-inflam-
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Fig. 5 Regulation of macrophage recruitment-associated chemokines by neutrophils cultured on Ti surfaces. Neutrophils were cultured for 3 hours
on Ti surfaces and mRNA for Ccl2, Ccl3, Ccl4, Ccl5, Ccll7, and Ccl20 measured by quantitative real time PCR. Fresh neutrophil mRNA was extracted
immediately following neutrophil isolation and served as a negative control. Results are presented as fold-change (2722<Y). p < 0.05: a vs. fresh, # vs.

TCPS, $ vs. smooth, % vs. rough.
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immunophenotype. Macrophages were categorized by immunostaining

and flow cytometry. Pro-inflammatory macrophages were identified as CD68+/CD80+, while anti-inflammatory macrophages were identified as
CD68+/CD206+. Data are presented as percentages of CD68+ cells (macrophage only). (A) Macrophages were directly plated on TCPS or Ti surfaces
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rough, a vs. control.

matory surface markers, while rough-hydro surfaces decreased
pro- and increased anti-inflammatory markers (Fig. 6, top
row). Macrophages treated with the PAD4 inhibitor had a
similar response to Ti surfaces as macrophages treated with
vehicle only, verifying that the NETosis inhibitor did not have
a direct effect on macrophages. Next, macrophages grown on
TCPS were treated with CM from neutrophils cultured on Ti
surfaces. CM from neutrophils on rough and rough-hydro sur-
faces enhanced anti-inflammatory macrophage polarization
after 24 hours, as evidenced by the increase in CD206+ and
decrease in CD80+ macrophages; PAD4 inhibition further

This journal is © The Royal Society of Chemistry 2020

macrophages were phenotyped. p < 0.05: # vs. TCPS, $ vs. smooth, % vs.

enhanced the anti-inflammatory effect of CM (Fig. 6). These
data suggest that neutrophils on modified Ti surfaces provide
differential inflammatory stimuli through secreted molecules
and that the magnitude of this effect is partially NET-
dependent.

Next, we examined the effect of direct neutrophil co-culture
on macrophage polarization. Flow cytometric analysis of
macrophages revealed increased pro-inflammatory polariz-
ation on smooth surfaces, enhanced pro- and anti-inflamma-
tory polarization on rough, and highly anti-inflammatory
polarization on rough-hydro surfaces (Fig. 6). However, pre-
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treatment of neutrophils with PAD4 inhibitor decreased pro-
inflammatory markers and increased anti-inflammatory
markers in macrophages regardless of surface modifications.
To further support these findings, a transwell co-culture
system was used. Analysis of macrophage CM from this system
revealed enhanced pro-inflammatory cytokine and chemokine
production (IL-1f, IL-6, IL-12p40 and -p70, IL-18, CCL22,
CXCL1) on smooth and rough Ti, but higher anti-inflammatory
and pro-resolution cytokines and chemokines (IL-10, CCL17,
TGF-p1) on rough and rough-hydro Ti surfaces (Fig. 7).
Consistent with previous findings, prior neutrophil inhibition
with GSK484 appeared to negate the pro-inflammatory effect
of neutrophils on macrophages when cultured on smooth or
rough Ti. These findings indicate that surface-activated neutro-
phil behavior can differentially affect macrophage polarization,
an effect heavily dependent on NETosis.

4. Discussion

Neutrophils have long been recognized as critical early players
in the physiologic response to biomaterial implantation, but
surprisingly little is known about the cues modulating their
behavior. Furthermore, while cytokine secretion has been used
exclusively as the reporter for this characterizing neutrophil
interaction with biomaterials, NETosis has yet to be explored
thoroughly in this context. Here, we demonstrate that neutro-
phils differentially activate in response to smooth, rough, or
rough-hydro Ti surfaces by secretion of inflammatory mole-
cules, enzymes, and formation of NETs. Additionally, we show
that neutrophil activation is important to macrophage polariz-
ation, underscoring the importance of neutrophil activation to
healing overall.

This study is among the first to describe the effect of bioma-
terial physical cues on neutrophil behavior during sterile inflam-
mation. Neutrophils have traditionally been studied in infectious
inflammation, and the features distinguishing this cell type from
other innate immune cells—namely, macrophages and dendritic
cells—are based in this context: neutrophils are not antigen-pre-
senting cells and generally do not survive past the early inflam-
matory phase.’®*” Macrophages are recognized as the primary
drivers of granulation tissue formation and recruitment of stem
cells during the proliferative phase of healing.”® In contrast, neu-
trophils have been thought only to serve to destroy infectious
organisms through phagocytosis, enzymatic attack, ROS pro-
duction, and amplification of the early pro-inflammatory
response through cytokine and chemokine production.'®**2¢°
NETosis was initially thought to be merely another facet of this
antimicrobial role, as NETs are released in response to bacterial-
dependent Toll-like Receptor (TLR) or immunoglobulin-depen-
dent Fc receptor activation.'’?°?' However, NETs have since
been shown to form under various sterile inflammatory con-
ditions, including autoimmune disease,*® crystallopathy,* and
organ injury.””*"** In sterile inflammation, NETs enhance the
pro-inflammatory response through the cytotoxicity of free his-
tones,* transformation of pro-IL-1p into active IL-1p by NET-
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based enzymes,”” and direct action as a DAMP signal for other
immune cells.’®*® NETs also setve as attachment hubs for bac-
tericidal enzymes such as MPO, leukocyte proteases, and LL-37,
an enzyme that serves both chemotactic and antimicrobial func-
tions.*® Interestingly, MPO activity can serve as an additional
amplifying component of the inflammatory response; in the
lung, genetic knockdown of MPO decreased neutrophil recruit-
ment and subsequent cytokine and chemokine production by
other immune cell types.®” In this context, our findings suggest
that heightened neutrophil cytokine production, enzyme
secretion, and NETosis on biomaterial surfaces may adversely
affect the response of other cell types, underscoring the impor-
tance of expanding the field’s characterization of materials
beyond how they activate macrophages.

Our results showed that smooth Ti surfaces increased neutro-
phil expression of chemokines responsible for the chemotaxis of
other inflammatory cells such as neutrophils, monocytes, macro-
phages and T cells. Importantly, our results showed that neutro-
phils are sensitive to biomaterial physical cues, in this case
surface topography, and neutrophils cultured on rough Ti sur-
faces showed lower levels of pro-inflammatory cytokines, enzymes
and chemokines, suggesting that physical and mechanical cues
are important players in neutrophil activation when not in
context of infections by microorganisms. Furthermore, our
results showed that the combination of surface topography/hydro-
philicity caused the lowest levels of pro-inflammatory mediators
and the highest increases anti-inflammatory interleukins in com-
parison to smooth and rough surfaces.

Under the assumption that smoothness and hydrophobicity
serve as pro-inflammatory cues to neutrophils as they do to
other immune cell types, the findings presented in this study
are heavily supported by data demonstrating the effects of neu-
trophil activation on inflammation in disease. Unfortunately,
while the pro-inflammatory effect of smooth or hydrophobic
relative to rough-hydrophilic titanium has been observed in
numerous studies with macrophage or macrophage-like cell
lines,’'**%3 the mechanism of this phenomenon has yet to
be definitively identified. Interestingly, as NETs formed even
in the in vitro culture of only neutrophils, NETosis appears to
occur directly as a consequence of biomaterial surface charac-
teristics. Identifying the mechanism of NET activation in
response to biomaterial surface characteristics (e.g. Toll-like
receptor activation), or whether suicidal or vital NETosis predo-
minated in our model, is beyond the scope of this paper.

While a recent study identified a NETotic response to
roughened Ti implant surfaces,*® our study demonstrates that
the neutrophil response depends on the type of surface modi-
fication and that these cues alter neutrophil inflammatory
response. We have previously demonstrated a similar effect in
macrophages, which respond to roughness and hydrophilicity
with an enhanced anti-inflammatory profile."*> Since then,
others have shown that this anti-inflammatory macrophage
phenotype is more capable of driving osteogenesis than naive
or pro-inflammatory macrophage phenotypes.*"*> Here, we
see that, when exposed to rough-hydrophilic surfaces, neutro-
phils secrete fewer pro-inflammatory molecules and do not

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Effect of co-culture with neutrophils on macrophage protein secretion. Neutrophils were plated on smooth, rough, or rough-hydro Ti sur-
faces in the presence of GSK484 or ethanol vehicle for 8 hours. Then, macrophages in 1 pm transwell inserts were exposed to neutrophils for
12 hours, followed by 12 hours of culture in fresh media. Macrophage protein secretion was measured by ELISA. p < 0.05: # vs. smooth, $ vs. rough,

a vs. respective vehicle.
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undergo NETosis. This effect may contribute positively to
osseointegration by decreasing the pro-inflammatory polariz-
ation of macrophages in response to interactions with NETs.
While neutrophils do not persist into the proliferative phase of
osseointegration, it would nevertheless be valuable to explore
neutrophil/NET-MSC interactions, as an anti-osteogenic effect
on MSCs would underscore the importance of their clearance
from the implant surface prior to healing. Interestingly,
pharmacologic ablation of NETosis enhanced the anti-inflam-
matory effect of surface modifications during macrophage-
neutrophil co-culture, suggesting that inhibition of NETosis
may enhance healing and subsequent bone formation around
titanium implants. Indeed, a number of studies have shown
that NETosis adversely affects biological systems requiring tol-
erogenesis, instead greatly exacerbating inflammation. One
study found that mice deficient in PAD4 experienced signifi-
cantly lower loss of pregnancy compared to control mice in an
antiangiogenic model of pregnancy loss; the effect was found
to be mediated by lower inflammatory activation and thrombo-
tic response.** Perhaps more relevantly, in an experimental
autoimmune arthritis model, Padi4”~ mice experienced
decreased severity, with lower cytokine production and inflam-
matory gene expression in response to type 2 collagen immu-
nization.”* Our results suggest that the inflammatory response
to clinically-relevant Ti biomaterials is similarly modulated by
neutrophil activity—and that inhibition of NETosis may serve
to hasten the resolution of inflammation with implants.

5. Conclusions

In this study we demonstrated that modified Ti surfaces
decrease pro-inflammatory neutrophil behavior as measured
by decreased cytokine production, decreased enzyme pro-
duction, and attenuated NETosis. Furthermore, conditioned
media from neutrophils grown on modified Ti surfaces lead to
anti-inflammatory macrophage polarization, an effect further
enhanced by pre-treatment of neutrophils with a pharmaco-
logic NETosis inhibitor. Finally, the anti-inflammatory macro-
phage response to surface modifications is preserved even
during co-culture with neutrophils, and NETosis inhibition
enhances this anti-inflammatory effect. These findings empha-
size the importance of the neutrophil response to implantable
materials during design as well as identifying NETosis as a
possible therapeutic target for enhancing integration of
implanted biomaterials.
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