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Abstract

Materials for craniofacial and orthopedic implants are commonly selected based on mechanical
properties and corrosion resistance. The biocompatibility of these materials is typically assessed
in vitro using cell lines, but little is known about the response of immune cells to these

materials. This study aimed to evaluate the inflammatory and immune cell response to four
common orthopedic materials [pure titanium (Ti), titanium alloy (TiAIV), 316L stainless steel
(SS), polyetheretherketone (PEEK)]. Following implantation into mice, we found high recruitment
of neutrophils, pro-inflammatory macrophages, and CD4* T cells in response to PEEK and

SS implants. Neutrophils produced higher levels of neutrophil elastase, myeloperoxidase, and
neutrophil extracellular traps /7 vitro in response to PEEK and SS than neutrophils on Ti or TiAIV.
Macrophages co-cultured on PEEK, SS, and TiAlV increased polarization of T cells towards Th1/
Th17 subsets and decreased Th2/Treg polarization compared to Ti substrates. Although SS and
PEEK are considered biocompatible materials, both induce a more robust inflammatory response
than Ti or Ti alloy with high infiltration of neutrophils and T cells, which may cause fibrous
encapsulation of these materials.
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1. Introduction

Craniofacial and orthopedic implants are some of the most successful clinical devices with
well-documented patient outcomes that achieve a higher than 90% survival rate at >10
years [1]. The demand for these implantable devices has skyrocketed in the last decade
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and is expected to continue to grow worldwide [2]. Metals have been predominantly used
in orthopedic and dental applications due to their mechanical properties (high strength/
toughness and fatigue resistance) and biocompatibility [3-7]. Stainless steel (SS) has

been used in bone applications for over a century for both temporary and permanent
implants (e.g., screws, nails, plates, pins) [8,9]. The most common SS used for implanted
devices is low carbon 316L SS, which has increased corrosion resistance to improve
biocompatibility [9]. Despite its good mechanical properties and wide use as biomaterial, SS
does not promote tissue formation on the implant and lacks long-term biochemical stability
[10-12]. Titanium (Ti) and Ti alloys have been widely used for orthopedic and dental
applications due to their mechanical properties, low density, excellent biocompatibility,
and chemical stability; the last two properties mainly result from the passivating oxide
layer, spontaneously created on Ti and Ti alloys in contact with oxygen that provides

the corrosion resistance needed for biomaterials exposed to the physiological environment
[13-16]. Furthermore, Ti and Ti alloys allow the growth of bone formation in direct
contact with the implanted material without forming a fibrous layer in a process known

as osseointegration [16-18]. While Ti and Ti alloys have excellent biological responses, the
difference between the modulus of Ti or Ti alloys and bone may lead to bone subsidence
or stress shielding [19-21]. Polyetheretherketone (PEEK) was introduced as an alternative
for Ti and Ti alloys due to its elastic modulus properties, which are relatively close to
cortical bone. Additionally, its radiolucency allows observation of bone ingrowth into the
implant using radiography [22,23]. While mechanical properties are more comparable to
bone tissue, the biological response to PEEK favors the formation of fibrous tissue and
reduces osteoblast differentiation resulting in severely reduced bone-to-implant contact
[22,24-26]. The immune response of Ti, TiAlV, PEEK, and SS implants was our focus due
to the varying degree of success and chronic inflammation associated with these materials
in different tissue types [10,12,14,21,22,24,27,28]. SS, Ti, Ti alloys, and PEEK have been
used widely in preclinical and clinical studies with varying success, it remains unclear why
some biomaterials readily integrate with the surrounding bone while other biomaterials are
encapsulated with fibrous tissue.

Implantation of biomaterials into the tissue results in an injury that releases danger-
associated molecular patterns (DAMPs) from damaged cells and tissues and triggers an
inflammatory response characterized by the infiltration and recruitment of immune cells to
the injured tissue [26-28]. While innate and adaptive immune cells play significant roles in
the initial inflammatory response and inflammatory process resolution, less is known about
biomaterial characteristics affecting these processes and possible transition into a chronic
inflammatory response and accumulation of granulation tissue [29,30]. Historically, most
studies exploring the biological response to orthopedic and dental biomaterials have been
focused on the effects of corrosion, wear particles, and molecule leaching. Still, it remains
unclear whether the initial inflammatory response is affected by the implanted biomaterials
[26,28,30,31]. We and others have demonstrated that surface characteristics of Ti and Ti
alloy materials like surface roughness and hydrophilicity affect macrophage activation and
polarization /n vitro [32-37]. Furthermore, the local inflammatory process can be modulated
by creating surface modifications to control macrophage behavior in vivo [32,35-37].
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While macrophages play a fundamental role in controlling the inflammatory process and
ablation reduces immune cell and mesenchymal stem cell (MSC) recruitment, other immune
cells are equally important in initiating, amplifying, and resolving the inflammatory process
after injury [31,32,35,38,39]. Neutrophils are the most abundant immune cells and the first
to be recruited to the injury site [43-45]. Neutrophils destroy pathogens and clear wound
debris in injured or inflamed tissues, restoring tissue homeostasis [43,44,46]. However,
excessive neutrophil infiltration and activation at the injury site can cause collateral tissue
damage through neutrophil degranulation and release of myeloperoxidase (MPO), neutrophil
elastase (NE), matrix metalloproteases (MMPs), cytokines, and release of neutrophil
extracellular traps (NETSs) [43,44,46-48]. Altering biomaterial surface characteristics of

the same bulk biomaterial alters neutrophil activation, with higher levels of MPO, NE,

and NETSs produced on smooth Ti surfaces than on rough-hydrophilic modifications [44].
However, whether neutrophils respond similarly to most biomaterials used for orthopedic
and dental applications is unknown.

While macrophages and neutrophils participate in the early stages of the inflammatory
response to implanted biomaterials, less is known about the role of T cells in response to
implanted biomaterials. T cells are divided into two subclasses: helper CD4* T cells and
cytotoxic CD8* T cells. While CD8* T cells generally interact directly with the target cell
to induce apoptosis, CD4* T cells interact with different cell types through direct contact or
indirect signaling through the release of cytokines. T cell activation requires recognition of
the peptide-MHC complex by the T cell receptor, a costimulatory signal resulting from the
interaction of CD28 on naive T cells with antigen-presenting cells or B cells, and cytokines
in the microenvironment that polarize T cells to specific phenotypes [49] Depending on the
microenvironment stimuli, activated CD4* T cells may differentiate into diverse polarization
states (Thl, Th2, Th17, Th22, Th9, or regulatory T cells (Treg)) with unique cytokine
profiles and functions [50].

Th1 cells are crucial for host defense against intracellular pathogens and are responsible for
certain organ-specific autoimmunity forms. Th1l cells can also activate macrophages through
interferon-y production [51]. Th2 cells mediate immune responses against extracellular
parasites and are also responsible for allergic diseases. Th2 cells produce interleukins like
IL-4 and IL-5 recruit other immune cells [52,53]. Th2 can induce alternatively activated
macrophages or M2 phenotype by producing IL-4 and IL-13 [54]. Th17 orchestrates
immune responses to extracellular pathogens and contributes to autoimmune disorders like
multiple sclerosis, rheumatoid arthritis, and inflammatory bowel diseases [55,56]. Th17
cells produce IL-17A and IL-17F, which recruit and activate neutrophils and stimulate cells
to produce inflammatory cytokines like IL-6 [57]. Treg cells play a fundamental role in
maintaining immune tolerance and regulating the inflammatory and immunological response
magnitude by controlling different cell types, including T cells [58].

Here we aim to elucidate the initial inflammatory response to four materials commonly used
clinically for orthopedic and dental applications. Understanding the initial inflammatory
response after biomaterial implantation and how biomaterial bulk chemistry may play a role
in this process will allow us to better design biomaterial-specific modifications to enhance
the immunomodulatory properties of implanted biomaterials.
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2. Materials and Methods

2.1. Ti, TiAlV, PEEK, and SS disks, Implants and Material Characterization

Smooth 15 mm Ti, TiAIV, PEEK, and SS disks were provided by Institut Straumann

AG (Basel, Switzerland). Ti disks were prepared from 1 mm thick grade 2 unalloyed Ti.
Ti-aluminum-vanadium (TiAIV) disks were prepared from 1 mm thick grade 5 titanium-
aluminum-vanadium alloy. Medical grade SS 316L disks were machined from a 15 mm rod
to prepare disks with 1 mm thickness. Medical grade PEEK disks were machined from a
15 mm rod to prepare disks with 1 mm thickness. Ti, TiAlV, SS, and PEEK implants were
machined from 5 mm rods to obtain 1 mm diameter rods. All materials were sterilized by
y-irradiation.

Surface roughness was assessed using confocal microscopy (LSM 910 Laser Scanning
Microscope, Germany) with a 20x objective and a total measurement area of 798 pm

x 798 um. The arithmetic mean height of the scale limited surface (Sa) was calculated

using a moving average Gaussian filter with a cut-off wavelength of 30 um. Mean surface
roughness was measured at six different areas of three samples for each surface type. A
qualitative assessment of the surface was performed by scanning electron microscopy (SEM,
Zeiss Auriga, Carl Zeiss, Germany). Surface hydrophilicity was assessed by sessile drop
contact angle using a Ramé-Hart goniometer (Model 100-25a, Rame-Hart Instrument Co.,
Succasunna, NJ). Measurements using 1 ul drops of deionized water were performed at
three locations per sample. Oxide layer composition was determined by X-ray photoelectron
spectroscopy (XPS) using a PhI15000 VersaProbe spectrometer (ULVAC-PHI, Inc.) Spectra
were acquired at a base pressure of 1x10-7 Pa using a focused scanning monochromatic
Al-Ka source (1,486.6 eV) with a spot size of 200 um. The instrument was run in the FAT
analyzer mode. The pass energy used for survey scans was 187.85 eV and 46.95 eV for
detail spectra. Data were analyzed using the program CasaXPS. The signals were integrated
following Shirley background subtraction. Measurements were performed in three separate
areas on each sample.

2.2. Mouse Femoral Implant

To assess the effect of biomaterial bulk composition on the local inflammatory cell
phenotype, 12-week-old male C57BL/6 (Stock #000664) mice (The Jackson Laboratory,
Bar Harbor, ME) were used for this study following a protocol approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee. Mice were
anesthetized using isoflurane delivered in O, gas and monitored for unconsciousness by
pedal reflex. Mice were administered 1mg/kg buprenorphine SR LAB before surgical
intervention. The skin overlaying the knee was dissected, and a longitudinal incision at one
side of the patellar tendon was made. The patellar tendon was moved to expose the femoral
condyles. A dental bur was used to access the medullary canal, and a 4 mm long cylindrical
(@=1mm) Ti, Ti-Alloy, PEEK, or SS implant was then press fit, with placement confirmed
by x-ray (n=6 mice per implant type). Animals were monitored until initial ambulation and
every 24 hours afterward. All animals had access to food and water ad libitum for the
duration of the study. No signs of infection were seen in this study.
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On postoperative days 1, 3, or 7, mice were euthanized by CO, asphyxiation, and femoral
bones were harvested. Time points were chosen based on previous work where we have
identified changes in immune cell phenotypes, the amplification of the inflammatory signal,
and the early resolution of the inflammatory stimuli [35,38-40,59]. To isolate peri-implant
tissue, femurs were cut mid-shaft, and the implant and surrounding marrow were flushed
using Accutase (Innovative Cell Technologies, San Diego, CA). To isolate implant-adherent
cells, implants were incubated in Accutase for 20 minutes at 4°C. After detachment, cells
were placed into two groups; 1) cells washed in PBS without calcium or magnesium for
RNA isolation, or 2) washed with staining buffer (BioLegend, San Diego, CA) before
staining for flow cytometry analysis as described below.

Flow Cytometry for in vivo studies

Single-cell suspensions from implant-adherent and peri-implant bone marrow were
analyzed by flow cytometry. Before fluorescent staining, red blood cells were lysed

with ACK lysis buffer (ThermoFisher Scientific, Waltham, MA). Next, Fc receptors

were blocked by incubation with TruStain FcX (anti-CD16/32, BioLegend) to prevent

the non-specific binding of subsequent fluorescent antibodies. Cell suspensions were

then incubated with fluorescent antibodies to identify neutrophils (CD45%/CD11b*/ Ly6C*/
Ly6G*), macrophages (CD45*/CD11b*/MHCII*/F4/80%), pro-inflammatory macrophages
(Mac*/CD80™"), anti-inflammatory macrophages (Mac*/CD206™), T cells (CD45*/CD3%),
CD4* T cells (CD3*/CD4"), and CD8* T cells (CD3*/CD8*), and mesenchymal stem
cells (CD45/SCA1*/CD90*/CD105%) (BioLegend). Samples were analyzed using a BD
LSRFortessa-X20 Flow Cytometer (BD Biosciences, San Jose, CA) instrument with
200,000 events collected per sample. Results were analyzed using FlowJo v10 software
(FlowJo LLC, Ashland, OR).

2.4. Gene Expression

2.5.

MRNA was extracted from cells isolated from implant-adherent and peri-implant cells using
TRIzol (ThermoFisher), and 1ug of RNA was converted to cDNA using the iScript cDNA
synthesis kit (BioRad, Hercules, CA). gPCR was performed using SsoAdvanced Universal
SYBR green supermix (Bio-Rad) to assess mMRNA expression of inflammatory molecules
(1116, 116, 1110, 1112, 1173, Tnf, Argl, Nos2, Tgfbl) and osteogenic associated genes
(Runx2, Sp7, Bglap) using pre-designed primers PrimePCR™ (BioRad). Differences were
determined by 2-AACT analysis calculated using endogenous housekeeping gene (Rsp18)
and respective controls.

Neutrophil Isolation

12-week-old male C57BL/6J mice (Stock #000664, Jackson Laboratory) were used for
neutrophil isolation. Mice were euthanized by CO, asphyxiation followed by cervical
dislocation. Bone marrow was flushed from the femoral medullary canal with phosphate-
buffered saline PBS. Erythrocytes were removed from the marrow isolate using ACK
Lysing Buffer. Neutrophils were then isolated by centrifugation using Histopaque 1077 and
1119 (Sigma-Aldrich, St. Louis, MO) [40]. Viability and purity were confirmed by flow
cytometry. Following pretreatment with anti-CD16/32 to prevent non-specific fluorescence,
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viable (Zombie NIR, BioLegend) neutrophils were identified as described above. A purity of
approximately 95% was obtained for each experiment.

2.6. Neutrophil Response to Biomaterials

2.7.

To evaluate the neutrophil response to the different biomaterials, neutrophils were seeded
on Ti, TIAIV, PEEK, or SS disks at a density of 200,000 cells/cm? (n=6) and cultured with
RPMI 1640 (ThermoFisher) supplemented with 10% fetal bovine serum (ThermoFisher),
50U/mL penicillin-50 pg/mL streptomycin (ThermoFisher) for 4 hours. After incubation,
conditioned media was harvested, and levels of neutrophil elastase, myeloperoxidase,

and MCP-1 were measured by enzyme-linked immunoassay (ELISA, R&D Systems,
Minneapolis, MN). Neutrophil extracellular trap production in response to biomaterials was
assessed by detecting MPO-DNA complexes using a modified sandwich ELISA described
previously [46,59]. Anti-MPO monoclonal antibody (R&D Systems, Minneapolis, MN)
was used as a capture antibody (1 pg/mL) in a 96-well microplate. A peroxidase-labeled
anti-DNA monoclonal antibody (capture antibody of commercial Cell Death Detection
ELISA kit; Roche, Mannheim, Germany) was used as a detection antibody according to
the manufacturer’s instructions. Absorbance at 405 nm was measured using Synergy HTX
Multi-Mode Reader (BioTek, Winooski, VT).

Macrophage isolation

Bone marrow-derived macrophages were isolated from the femurs of 12-week-old male
C57BL/6 mice (The Jackson Laboratory) as previously described [35-40]. Briefly, bone
marrow cells were flushed from the femurs using DPBS (ThermoFisher). Red blood cells
were removed from flushed bone marrow by adding ACK Lysing Buffer (ThermoFisher).
Cells were counted and plated in 175 cm? flasks at a density of 500,000 cells/mL in 30mL
RPMI 1640 (ThermoFisher) supplemented with 10% fetal bovine serum (ThermoFisher),
50U/mL penicillin-50 pg/mL streptomycin (ThermoFisher), and 30ng/mL macrophage
colony-stimulating factor (M-CSF, BioLegend). Cells were cultured at 37°C, 5% CO»,
and 100% humidity. New media supplemented with M-CSF was added after four days.
After seven days of incubation with M-CSF, macrophages were passaged with Accutase
(ThermoFisher) at room temperature for 1 hour for experiments.

2.8. Macrophage response to biomaterials

2.9.

To evaluate macrophage activation on the Ti, TiAlV, PEEK, and SS surfaces (n=6), naive
macrophages were plated on the different biomaterials at 100,000 cells/cm?2. After 24
hours of incubation, conditioned media were collected, and secreted pro-inflammatory
cytokines (IL1, IL6, and TNFa), anti-inflammatory interleukins (IL4 and IL10), and
MCP-1 (BioLegend) were quantified by ELISA based on manufacturer’s protocol. Protein
secretion was normalized to DNA content measured in cell lysate (Quant-IT™ PicoGreen
dsDNA Assay, ThermoFisher).

Neutrophil-directed Macrophage Polarization

To evaluate whether neutrophil activation in response to the different biomaterials induces
macrophage polarization, neutrophils were cultured at a density of 200,000 cells/cm? for
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4 hours on Ti, TiAlV, PEEK, and SS surfaces (n=6). After incubation, naive macrophages
were added directly to the neutrophils on the different biomaterials at a density of 100,000
cells/cm?2, and the cells were co-cultured for 24 hours. Finally, cells were detached into
single-cell suspension with Accutase (ThermoFisher) as previously described. Polarization
of macrophages was characterized as pro-inflammatory macrophages (CD11b*/F4/80*/
CD80%/CD206") and anti-inflammatory macrophages (CD11b*/F4/80*/CD206*/CD80")
(BioLegend) using flow cytometry. Samples were analyzed using a BD LSRFortessa-X20
Flow Cytometer (BD Biosciences) instrument with 50,000 events collected per sample.
Results were analyzed using FlowJo v10 software (FlowJo).

2.10. Neutrophil-directed Macrophage Recruitment

2.11.

2.12.

Macrophage recruitment in response to neutrophil activation on different biomaterials

was assessed by pre-labeling naive macrophages with CellTracker Green CMFDA
(ThermoFisher), then 50,000 cells were plated in serum-free RPMI 1640 (ThermoFisher)

in 8 um pores transwell inserts. Neutrophils seeded at 200,000 cells/cm2 on Ti, TiAlV,
PEEK, and SS disks (n=6) were on the bottom of the transwell plate. Cells were incubated
together for 24 hours, and after incubation, inserts were discarded, and cells were washed
twice with warm PBS. Fluorescence intensity, at 490/520 excitation/emission (nm) in the
lower chamber, was used to measure recruited labeled cells using Synergy HTX Multi-Mode
Reader (BioTek).

Macrophage-directed T helper cell polarization

The effect of macrophage response to the different biomaterials in polarizing T helper cells
was explored using direct co-cultures. Naive macrophages were cultured on Ti, TiAIV,
PEEK, or SS disks (n=6) for 24 hours at a density of 100,000 cells/cm?2. After incubation,
activated CD4* T cells (Dynabeads™, CD3/CD28, ThermoFisher) were added to the culture
in a 1:1 ratio, and macrophages and T cells were allowed to interact for additional 24 hours.
After 24 hours of interaction, cells were collected and analyzed by flow cytometry. Changes
in T helper subsets were determined as follows: Thl (CD4*/Thet*), Th2 (CD4*/Gata3*),
Th17 (CD4*/Roryt*), and Treg (CD4*/FoxP3*) (BioLegend). Samples were analyzed using
a BD LSRFortessa-X20 Flow Cytometer (BD Biosciences) instrument with 50,000 events
collected per sample. Results were analyzed using FlowJo v10 software (FlowJo).

Data Analysis

Data are presented as mean + SD of n=6 independent cultures per variable. Statistical
analysis was performed using Prism9 (GraphPad Software, San Diego, CA). Data were first
subjected to the Shapiro-Wilk normality test. Results from this test indicated that the data
were normally distributed. A one-factor, equal analysis of variance (ANOVA) was used to
test the null hypothesis that group means were equal at a significance level of a=0.05, with
post hoc Tukey’s HSD test for multiple comparisons.
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3. Results

3.1 Biomaterial Characterization

Scanning electron microscopy images showed that all substrates were smooth, with some
irregularities observed in Ti, TiIAIV, and PEEK. However, these minor irregularities did not
create significant surface morphology or roughness differences (Figure 1A). All samples
analyzed have similar quantitative surface roughness Ti (Sa= 0.76 um), TiAIV (Sa=0.73
um), PEEK (Sa= 0.71 um), and SS (Sa= 0.62 um). Water contact angle measurements
(Figure 1B) showed that the most hydrophobic surface was rough TiAlV (92.6°), followed
by Ti (88.6°), PEEK (85.6°), and SS (72.2°). Surface composition showed the presence

of titanium, oxygen, carbon, and nitrogen in the Ti oxide layer; titanium, oxygen, carbon,
aluminum, and vanadium in the TiAIV oxide layer; oxygen, carbon, chromium, iron, and
molybdenum in the SS oxide layer; and carbon and oxygen in PEEK surface (Figure 1C).

3.2 Orthopaedic Biomaterials Recruit Differentially Immune Cell In vivo

To understand the effect of implants with different biomaterial compositions on the temporal
immune cell response, we implanted Ti, TiAIV, PEEK, and SS rods intramedullary in mice
for 1, 3, and 7 days. On day 1 post-implantation (Figure 2A), SS and PEEK recruited

higher levels of neutrophils but fewer T cells than Ti and TiAlV. Macrophage recruitment
was highest on Ti. There were no differences in the levels of pro- or anti-inflammatory
macrophages or CD4* or CD8* T cells between the different biomaterials. Levels of

MSCs were minimal, with no differences between the groups. By day 3 post-implantation
(Figure 3A), neutrophils remained higher in TiAlV, PEEK, and SS compared to Ti implants.
Total macrophage recruitment was the highest on Ti implants. Immunophenotyping of total
macrophages showed higher recruitment of pro-inflammatory macrophages in PEEK and SS
implants than Ti and TiAIV. In contrast, the recruitment of anti-inflammatory macrophages
was higher on Ti than on TiAlV, PEEK, and SS. T cell recruitment was higher in PEEK and
SS, with the lowest levels observed in Ti implants. CD4* T cells were elevated in PEEK,

SS, and TiAIV, with the lowest levels in Ti implants. CD8* T cells were similar in all
biomaterials. MSCs recruitment was higher on Ti and TiAIV than PEEK and SS. On day 7
(Figure 4A), neutrophils remained high in PEEK and SS, while neutrophils were lowest on
Ti implants. Pro-inflammatory macrophages were elevated in PEEK and SS and the lowest
in Ti implants. Anti-inflammatory macrophages were the highest in TiAIV and lower in
PEEK and SS implants compared to Ti implants. Total T cells and CD4* T cells were higher
in PEEK and SS and lowest in Ti implants. CD8" T cells were slightly higher in PEEK and
SS than Ti and TiAIV. MSCs recruitment was the highest in Ti and the lowest in PEEK
implants.

3.3 Inflammatory Genes are Differentially Expressed in Implant-Adherent Cells in
Response to Different Orthopaedic Biomaterials

To understand the effect of implants with different biomaterial compositions on the temporal
inflammatory response, we analyzed the temporal gene expression from implant-adherent
cells implanted at 1, 3, and 7 days. On day 1 (Figure 2B), we observed higher expression

of pro-inflammatory genes (//1b, 116, 1112, I117a, Tnf, Nos2) in TiAlV, PEEK, and SS and
lower //10and Argl when compared to Ti implants. Cells on PEEK implants expressed

Acta Biomater. Author manuscript; available in PMC 2024 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Avery et al.

Page 9

the highest levels of //6, /112, and Nos2, while cells on Ti implants expressed the highest
Argl. Expression of osteogenic-related genes was not detected in any of the groups. On day
3 (Figure 3B), expression of pro-inflammatory genes increased in all groups with higher
levels on TiAlV, PEEK, and SS compared to Ti implants. Cells on Ti implants expressed

the highest levels of //I0and Arg1 and the lowest levels of /16, /16, 1112, 1/17a, Tnf, and
Nos2. Expression of osteogenic genes was not detected at this time point. Finally, gene
expression of //1b, 116, 1110, 1112, 1117a, Tnf, and NosZwas higher on PEEK and SS at day 7
post-implantation when compared to Ti and TiAIV (Figure 4B). Osteogenic genes and 7g7fb1
were expressed the most in Ti implants and the lowest in PEEK implants.

3.4 PEEK and 316L Stainless Steel Increase MPO, NE, and NET Formation

We next sought to examine the effect of biomaterial chemistry on neutrophil activation,
degranulation, and NET formation on Ti, TiAlV, PEEK, or SS. The secretion of NE and
MPO as a product of degranulation in neutrophils was the highest in PEEK substrates
and the lowest in Ti in cell culture supernatants (Figure 5). Furthermore, levels of MCP-1
chemokine were higher on PEEK and SS than on Ti and TiAlV substrates. Finally, NET
formation was lower on Ti than on TiAIV, PEEK, and SS (Figure 5).

3.5 Macrophages Cultured on PEEK and SS Produce Higher Pro-Inflammatory
Microenvironment

Inflammatory cytokine production was assessed bone marrow-derived macrophages cultured
on Ti, TiIAIV, PEEK, or SS. Secretion of pro-inflammatory cytokines IL-1, IL-6, and
TNF-a was higher on TiAIV, PEEK, and SS when compared to Ti substrates (Figure 6).
Macrophages cultured on PEEK substrates produced the greatest IL-1p and TNF-a and the
lowest IL-1p and TNF-a levels on Ti substrates. Macrophages on Ti substrates produced

the highest anti-inflammatory interleukins IL-4 and IL-10. MCP-1, a potent macrophage
chemoattractant, levels were higher on PEEK and SS and the lowest in Ti substrates (Figure
6).

3.6 Neutrophil Response to PEEK and SS Increased Polarization of Macrophages into a
Pro-Inflammatory Phenotype and Macrophage Chemotaxis in a Co-Culture Model

Next, we explored how activation of neutrophils by the different biomaterials alters

naive macrophage polarization and migration in direct and indirect co-culture models.
Direct neutrophil-macrophage co-cultures on TiAlV, PEEK, and SS polarized more
macrophages into a pro-inflammatory phenotype than Ti (Figure 7A). Anti-inflammatory
macrophages were the highest in Ti and TiAIV and the lowest in PEEK substrates.

Indirect neutrophil-macrophage co-cultures were performed to assess neutrophil-directed
macrophage chemotaxis. Neutrophils cultured on PEEK and SS induced higher macrophage
recruitment than neutrophils in Ti or TiAlV (Figure 7B). The lowest macrophage
recruitment was observed in neutrophils cultured on Ti substrates.
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3.7 Macrophage Response to PEEK and SS Increased CD4* T cell Polarization towards
Thl and Th17

To evaluate if macrophage response to orthopedic biomaterials induces CD4* T cell
Polarization, we performed direct macrophage-T cell co-cultures. Macrophages cultured on
PEEK and SS caused higher Th1l and Th17 polarization than macrophages cultured on Ti
or TiAlIV substrates (Figure 8). On the other hand, macrophages cultured on PEEK and SS
induced lower Th2 and Treg polarization than Ti and TiAlV. Macrophages cultured on Ti
substrates caused the highest Th2 and Treg polarization (Figure 8).

4. Discussion

Biomaterials used for orthopedic and dental applications are biocompatible and, in

many cases, result in osseointegration of the implanted biomaterial. Previously, we have
shown that the initial inflammatory response and immune cell activation after biomaterial
implantation depend on biomaterial surface characteristics [35-40,44]. We and others have
demonstrated that macrophages respond differentially to changes in Ti surface properties
such as roughness and hydrophilicity [35-40]. Considering this, we used materials with
similar surface roughness and wettability to isolate the effect of material composition on the
inflammatory response. While implants with a roughened surface have become the standard
for osseointegrated implants, we tested only smooth materials in this study to isolate the
effect of chemical composition on the inflammatory response. This work found that implant
composition affected the immune cell and inflammatory response to biomaterials commonly
used in orthopedics and dentistry.

Neutrophils are the first cells to be recruited at the site of the injury, and in the case

of biomaterial implantation, to the implantation site [45]. While the role of neutrophils

in disease is known, the response of neutrophils to biomaterials remains unclear. In

sterile inflammation, DAMPs, interleukins, and lipid inflammatory mediators are released
by damaged cells and tissues, chemoattracting neutrophils to the injury site where they
produce inflammatory mediators, proteolytic enzymes, NETS, and generate reactive oxygen
species [44-46,60]. The neutrophil-driven inflammatory response is essential for eliminating
possible pathogens and clearing debris from injury, tissue damage, or biomaterial
implantation [61-65]. However, excessive neutrophil activation and degranulation, NET
formation, or persistent presence of activated neutrophils in the injury site can cause
further damage and harm surrounding tissues [66,67] This study found fewer peri-implant
neutrophils with Ti implants than with PEEK, SS, or TiAlV implants.

We previously reported higher NET formation on smooth Ti surfaces than rough or rough-
hydrophilic Ti modifications [44]. In this work, we found that although smooth Ti activates
neutrophils and induces a pro-inflammatory response, PEEK, SS, and TiAIV induce more
robust neutrophil activation and more NET formation. We found that neutrophil presence
remained elevated in PEEK, SS, and TiAIV implants at seven days post-implantation,
suggesting that Ti implants resolve the inflammatory response more quickly. We also

found higher macrophage recruitment in peri-implant tissue around PEEK, SS, and TiAIV
implants compared to Ti implants at seven days. Our /n vitro studies showed that neutrophils
cultured on PEEK and SS produced higher levels of MCP-1 than Ti or TiAlV, suggesting
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potentially more recruitment of monocytes/macrophages. This was confirmed in an /in vitro
chemotaxis model where neutrophils were seeded on Ti, TiAlV, PEEK, or SS substrates, and
macrophages were seeded in a transwell. In addition, macrophage recruitment was higher
when neutrophils were cultured on PEEK, SS, and TiAlV, confirming that MCP-1 is a good
predictor of macrophage recruitment to the implantation site. MCP-1 or chemokine C-C
ligand 2 (CCL2) is a potent chemotactic factor for monocytes, circulating macrophages,

and neutrophils [68]. Our /n vivo results also demonstrated that PEEK and SS implants
polarized more macrophages into a pro-inflammatory phenotype than Ti and TiAlV at day
3. However, TiAIV implants had higher levels of pro-inflammatory macrophages at day 7
post-implantation compared to Ti implants.

Biomaterial parameters including chemical composition, porosity, surface roughness,
wettability, and stiffness can alter macrophage phenotype [35-40,69,70]. Still, the biological
mechanisms that govern macrophage polarization in response to these parameters are
unknown. Here, we investigate if the neutrophil response to Ti, TiAlV, PEEK, or SS

can polarize macrophages to a pro- or anti-inflammatory phenotype in a direct co-culture
model mimicking the cellular dynamics after biomaterial implantation with neutrophils early
recruited to the biomaterial and then macrophages recruited by neutrophils. Macrophages
were polarized into a pro-inflammatory phenotype to the greatest degree and to the least
degree into an anti-inflammatory phenotype when interacting with neutrophils seeded on
PEEK substrates. Macrophages also were more pro-inflammatory when co-cultured with
neutrophils seeded on SS or TiAIV substrates than on Ti. We attribute the pro-inflammatory
macrophage polarization in our co-culture model to the stronger neutrophil response to
PEEK and SS, resulting in higher levels of NE, MPO, and NET formation. Previously, we
demonstrated that neutrophils produce different stimuli to polarize macrophages, including
interleukins, cytokines, NE, MPO, and NETS [44]. While these signals contribute to

the inflammatory macrophage phenotype, NET formation is perhaps the stronger signal

for macrophage pro-inflammatory polarization since pharmacological inhibition of NET
formation significantly reduces levels of pro-inflammatory macrophages [44]. The release of
NETs by neutrophils also releases NE and MPO and generates reactive oxygen species,

all of which have a pro-inflammatory effect on macrophages [71-73]. These results

showed that neutrophils are fundamental for recruiting and activating macrophages and

that pro-inflammatory macrophage polarization strongly correlates with high levels of MPO,
neutrophil elastase, and NET formation.

Our /n vitro macrophage studies also demonstrate that even in the absence of

neutrophils, macrophages are sensitive to changes in surface chemistry and, similarly to
neutrophils, produce higher levels of pro-inflammatory cytokines on PEEK, SS, and TiAIV
compared to Ti substrates. Furthermore, the same biomaterials generated lower levels

of anti-inflammatory interleukins than Ti substrates. Here, it should be noted that the
immune response to biomaterial implantation is not solely driven by material choice or
physiochemical modification. Instead, the immune response is a cumulative response to the
tissue damage during the surgical procedure and the biomaterial response. Furthermore,
there is a degree of variability in the immune response between individuals and species.
The presence of bacteria and pathogen-associated molecular patterns will also alter the
initial inflammatory response [74—-77]. This is mainly observed in dental implants where
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toll-like receptors and other pattern-recognition receptors can recognize constituents from
the oral microbiota to initiate an inflammatory response [78]. Peri-implant mucositis and
peri-implantitis are implant-related infections. Peri-implantitis is an inflammatory process
affecting both soft and hard tissues surrounding an osseointegrated implant, increasing the
risk of late implant failure [79-81].

The scope of this work was to investigate the effect of different biomaterial compositions
on immune cell response and their inflammatory response. While there is not a single
study comparing the macrophage response to the biomaterials we used in this study, some
studies have independently examined macrophage response to PEEK, SS, or TiAIV. PEEK
is generally used for craniofacial and orthopedic applications due to chemical stability,
radiolucency, and excellent mechanical properties [22].

Local inflammation, extended inflammation after biomaterial implantation or after implant
osseointegration, may lead to implant failure. Aseptic implant loosening has been recently
attributed to macrophage recruitment and phagocytosis in response to wear particles
[82,83]. In a prior study, macrophages were exposed to polymethylmethacrylate (PMMA)
particles, which promote macrophage secretion of TNF-a,, stimulating osteoblast production
of IL-6 and other pro-inflammatory factors [83]. In our study, we have demonstrated
higher production of both TNF-a and IL-6 by macrophages on TiAlV, PEEK, and SS
surfaces. These cytokines promote higher recruitment of macrophages to the bone-implant
microenvironment, as well as increased osteoclastogenesis, resulting in bone resorption
that will lead to implant loosening [82,83]. These cellular processes ultimately impact
osseointegration, and the increased inflammatory response to biomaterials like PEEK and
SS inhibits bone formation and promotes bone resorption [84]. While acute inflammation
after biomaterial implantation is normal and needed to start the tissue remodeling and
regenerative process, chronic inflammation at the implant site results in insufficient
implant integration [84-88]. PEEK implants generally have poor osseointegration and
produce foreign body responses resulting in fibrous encapsulation [26,27,84]. Other
studies have found macrophage infiltration and formation of foreign body giant cells
adjacent to the implant several months after implantation [26,85]. Recently, a study
comparing the soft tissue response to dental implant closure caps made of PEEK or

Ti found that multinucleated giant cells were present in caps made of both materials;
however, the number of multinucleated giant cells was significantly higher on caps

made of PEEK [28]. Macrophage-like cells activate into a pro-inflammatory state in
response to unmodified PEEK substrates, and surface modifications in PEEK that increase
surface roughness attenuate the inflammatory response and increase osseointegration [89].
PEEK osseointegration can also be improved by increasing surface topography, either by
roughening the surface or by titanium or hydroxyapatite coatings [90-92]. However, others
have suggested that surface chemistry contributes to macrophage response and foreign body
giant cell formation in response to biomaterials [93]. Macrophage polarization is sensitive
to changes in the oxide layer composition on Ti materials, where substrates and implants
with the same surface roughness but with different hydrophilicity differentially polarize
macrophages to the more pro-inflammatory phenotype observed on hydrophobic Ti and
more anti-inflammatory macrophages on hydrophilic Ti in vitro and in vivo [37,39].
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Macrophage polarization affects and amplifies T-cell polarization. For example, we have
reported stronger Thl and Th17 polarization in response to smooth and rough Ti

compared to rough-hydrophilic Ti substrates, which polarizes T cells towards a Th2 and
Treg phenotype [39]. Here, we found low T-cell infiltration in vivo one day following
implantation. However, T cells rapidly increased in the peri-implant tissue by three days
post-implantation on all materials tested. Recruitment of CD4* and CD8* T cells was higher
in animals receiving PEEK or SS implants at 3 and 7 days, compared to Ti and TiAIV
implants.

Interestingly, while Ti and TiAIV implants showed an increase in T cells by day 3,

these levels decreased by day 7, suggesting a resolution of the inflammatory response.
This suggested resolution of the inflammatory response was not observed in response to
PEEK and SS, where T cells, neutrophils, and pro-inflammatory macrophages remained
elevated after seven days post-implantation. This T cell response was similarly observed
in different study analyzing the immune response to copper, PEEK, or Ti implantation in
rabbit tibia after at 10- and 28-days [41,42]. This study found that PEEK implants induced
higher immune cell activation than Ti that remained elevated at 28 days post-implantation,
including CD4* T cells that increased from day 10 to day 28, concluding that PEEK
implants induce a prolonged inflammatory phase [42]. While it is known that T cells
participate actively during immune responses against pathogens, their role in response to
implanted biomaterials remains unclear. Besides their role in fighting pathogens, T cells
are also involved in fibrotic responses such as pulmonary fibrosis and liver fibrosis [94,95].
Some studies suggest that T cells mediate macrophage fusion and foreign body giant cell
formation when early T cell recruitment occurs after biomaterial implantation [59]. The
rate of monocyte/macrophage fusion and formation of foreign body giant cells increased
by 60% when T cells are present during the initial monocyte/macrophage interaction

with biomaterials, compared to monocytes/macrophages in the absence of T cells [96].
The same study observed that T cells could adhere to the biomaterial, but 90% of the

T cells were associated with adherent macrophages [96]. Our study identified T cells in
peri-implant tissue at the earliest time point measured (1 day), which peaked at three days
post-implantation. Surface chemistry and hydrophilicity of biomaterials affect CD4* T cell
adhesion and alter cytokine secretion [97,98].

Moreover, CD4* T cells are present in the fibrotic capsule surrounding implants [99,100]
and in pro-regenerative materials and Ti during osseointegration [39,101]. In this regard,
Th17 cells have been identified in large amounts surrounding breast implants, and their
presence correlates with the expression of Co/lal and Tgfb1 gene expression [100]. Another
study assessing the composition of lymphocytes in the fibrous capsule of breast implant
found the predominance of CD4* T cells with the production of I1L-17, IL-6, IL-8, and
IFN-v, suggesting a Th1/Th17 local immune response [99]. The same study also observed
an inverse correlation between the severity of the fibrotic tissue and the number of CD4*
Treg present in fibrotic tissue, suggesting that the presence of CD4" Treg cells at early
stages post-implantation may delay or abolish fibrous encapsulation [99]. In another study,
tissue-derived biomaterial scaffolds enhance the development of a pro-regenerative immune
environment through modulation of the inflammatory microenvironment by Th2 cells and
reduction of Th1/Th17 response [101]. We have also previously shown that macrophage
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response to rough-hydrophilic skews CD4* T cell polarization towards Th2/Treg phenotype
and reduces Th1/Th17 polarization [39]. Results from our macrophage-T cell co-cultures
showed that PEEK and SS favor Th1/Th17 polarization and decrease Th2/Treg polarization
suggesting that PEEK and SS produce a microenvironment more conducive to fibrous
encapsulation or foreign body response.

5. Conclusion

Our results, summarized in figure 9, demonstrate that Ti, TiAlV, PEEK, and SS produce a
differential inflammatory response /n vivo, and our in vitro studies using single cell type
culture. Co-cultures confirmed immune cells respond differently to Ti, TiAlV, PEEK, and
SS. Pure Ti produced the least inflammatory response and immune cell activation /n vitro
and /n vivo, while PEEK and SS produced robust inflammatory responses that may lead to
fibrous encapsulation.
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Characterization of Titanium, TiAlV, PEEK, and SS samples. Qualitative assessment of
surface topography through scanning electron microscopy at 500X, and quantitative surface
roughness (Sa) measurement by Laser Scanning Confocal Microscopy. (B) Contact angle
measurements. (C) Elemental analysis of the outmost layer by XPS.
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Figure 2:
Biomaterial composition alter immune cell recruitment, and inflammatory gene expression 1

day post-implantation. (A) Immunophenotyping of peri-implant bone marrow and (B) gene
expression of inflammatory and osteogenic genes in C57BL/6 mice. p<0.05: # vs. Ti, $ vs.
TiAIV, % vs. PEEK.
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Figure 3:

Biomaterial composition alter immune cell recruitment, and inflammatory gene expression 3
day post-implantation. ((A) Immunophenotyping of peri-implant bone marrow and (B) gene
expression of inflammatory and osteogenic genes in C57BL/6 mice. p<0.05: # vs. Ti, $ vs.

TiAIV, % vs. PEEK.
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Figure 4

Biomaterial composition alter immune cell recruitment, and inflammatory gene expression 7
day post-implantation. (A) Immunophenotyping of peri-implant bone marrow and (B) gene
expression of inflammatory and osteogenic genes in C57BL/6 mice. p<0.05: # vs. Ti, $ vs.
TiAlV, % vs. PEEK.
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Figure5:

PEEK and 316L stainless steel Increase MPO, NE, and NET formation. Analysis of NE,
MPO, MCP-1 and MPO-DNA complexes in conditioned media of neutrophils cultured on
either Ti, TiAlV, PEEK, or SS surfaces for 4 hours. p<0.05: # vs. Ti, $ vs. TIAIV, % vs.
PEEK.
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Macrophages cultured on PEEK and SS produce higher pro-inflammatory
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microenvironment. Pro- and anti-inflammatory cytokine analysis in conditioned media of
macrophages cultured on either Ti, TiAIV, PEEK, or SS surfaces for 24 hours. p<0.05: # vs.

Ti, $ vs. TiAIV, % vs. PEEK.
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Figure7:

Neutrophil response to PEEK and SS increased pro-inflammatory macrophage activation
and macrophage recruitment in vitro. (A) Flow cytometry analysis of macrophage phenotype
after co-culture with neutrophils on either Ti, TiAIV, PEEK, or SS surfaces for 24 hours.
p<0.05: # vs. Ti, $ vs. TiAIV, % vs. PEEK.
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Figure8:

Macrophage response to PEEK and SS increased CD4* T cell polarization towards Thl
and Th17 subsets /n vitro. Flow cytometry analysis of CD4* T cells co-cultured with
macrophages on either Ti, TiIAIV, PEEK, or SS surfaces for 48 hours. p<0.05: # vs. Ti, $ vs.
TIAIV, % vs. PEEK.
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Figure.

Diagram summarizing the immune cell-biomaterial interactions and the direct and indirect

immune cell interactions from our experiments.
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