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Abstract

The pathogenesis of peri-implantitis reflects complex interactions among host cells,
a distinct oral biofilm, and metal particles, with many aspects still unresolved. The
purpose of this investigation is to examine the role of nuclear factor-kappa B (NF-
KB) signaling in macrophage responses to titanium oxide (TiO,) particles. LysMCre
and p65-knockout bone marrow-derived macrophages (BMDMs) were exposed
to TiO, particles for one or five days. Media were collected at each time point, and
the concentrations of various cytokines were recorded. Expression of macrophage
polarity markers was assessed via quantitative polymerase chain reaction. Scanning
electron microscopy and transmission electron microscopy were used to evaluate
cellular morphological changes and the internalization of TiO, particles. Macrophage
inflammatory protein (MIP)-13 concentration significantly increased in all TiO,-
exposed groups compared with unexposed controls, and MIP-1a concentrations
followed a similar pattern. TiO, particles induced distinct polarity marker expression
profiles in LysMCre versus p65-knockout BMDMs, the latter showing elevated
normalized expression of M2 polarity markers. Compared with LysMCre cultures,
p65-knockout BMDMs showed less internalization of TiO, and only rare signs of
macropinocytosis. These findings suggest that macrophage responses to TiO,
particles are influenced by NF-kB signaling at multiple levels, including particle
internalization, chemokine secretion, and polarization-associated gene expression.

Keywords: Macrophages; Inflammation; Nuclear factor-kappa B; Titanium; Dental
implants; Peri-implantitis
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1. Introduction

Titanium is extensively employed in biomedical and
dental applications due to its favorable physicochemical
properties, including low density, corrosion resistance, and
biocompatibility.'” Indeed, titanium alloys are employed
in hip!, knee?, and shoulder arthroplasty® spinal fusion?
fracture fixation® reconstructive maxillofacial surgery;
and orthognathic surgery.” In dentistry, titanium implants
have become routine in the management of edentulous
and partially edentulous patients. Elani et al.’estimated
that between 2015 and 2016, almost 6% of United States
of America (USA) adults missing at least one tooth had
at least one dental implant. By 2026, they projected this
percentage could increase, ranging between 6% and 23%.
Unfortunately, a substantial proportion of implant patients
eventually develop peri-implantitis. Although estimates
vary widely due to population and case definition
differences, peri-implantitis may affect about 25% of
implant patients and 18% of implant sites.*!! Because
peri-implantitis is the main cause of late-stage implant
failure''?, the condition can negatively impact oral health,
masticatory function, and quality of life.

Peri-implantitis is a biofilm-induced pathology
associated with peri-implant mucosal inflammation,
bleeding on probing + suppuration, elevated probing
depths, and progressive loss of supporting bone.'*'®
Histopathologically, peri-implantitislesionsare comparable
with sites affected by periodontitis, each dominated by
plasma cells and lymphocytes.'"'*'> However, relative to
periodontitis-affected sites, peri-implantitis lesions exhibit
larger proportions of innate immune cells, principally
neutrophils and macrophages.

Previous studies have characterized the microbiota at
peri-implantitis sites and linked the disease to a microbial
ecosystem similar to that found in periodontitis.’*!’
However, Kumar et al.'® and other investigators” have
subsequently challenged the view that peri-implantitis
and periodontitis sites are microbiologically equivalent.
Culture-independent molecular approaches, such as
16S rRNA gene pyrosequencing, highlight the distinct
ecology of peri-implantitis-affected sites, despite obvious
overlap with the microbial composition observed in
periodontitis.”” Interestingly, the pathogenesis of peri-
implantitis involves complex host responses to these
unique oral biofilms, as well as to titanium particles and
ions present in the local environment.?! Such particles
and ions may arise through shear forces during implant
installation?®?!, mechanical wear at the implant-
abutment interface under functional loading (fretting)®,
biocorrosion®*”, and therapeutic instrumentation of

implant surfaces.”**® Local inflammation and the use of
certain chemical agents for decontaminating implant
surfaces promote the formation of corrosion products?*
In a cross-sectional study, significantly higher levels of
dissolved titanium were detected at peri-implantitis-
affected sites versus healthy sites; however, a mechanistic
understanding of the role of titanium corrosion in the
pathogenesis of peri-implantitis remains elusive.?*26?

Observations in the field of orthopedics elucidate the
potential role of titanium particles in peri-implantitis
pathogenesis. Arthroplasty involves surgical implantation
of titanium devices under sterile conditions, and
barring a postoperative infection, local inflammation
in periprosthetic tissue is often unattributable to
bacteria.”**** Nevertheless, long-term loosening of
implanted orthopedic devices, one of the most common
treatment complications, occurs due to an aseptic
inflammatory response to metallic wear particles. Debris-
driven inflammation leads to osteolysis adjacent to the
prosthesis in the absence of microbes. In peri-implantitis,
titanium particles may influence and amplify the local
immune response; however, existing evidence does not
establish a causal role for titanium particles in the chain of
events.”>**?%” Peri-implantitis involves a complex interplay
among multiple factors, such as the microbial ecosystem,
inflammation, mechanical loading, wear, corrosion, and
titanium particles.*** Confirming temporal relationships
and establishing causation remain challenging pursuits.
Titanium particles originating from orthopedic and dental
implants have been detected in human tissue, with sizes
reported to range from <20 nm to 54 um.*>* In vivo, fine
nanoparticles can aggregate to form larger units.* Titanium
particle dimensions and morphology have been shown
to modulate cytotoxicity, gene expression, and cellular
synthetic activity across diverse cell types*>"*' and
influence the character and intensity of the inflammatory
response.®*% Small particle size facilitates phagocytosis
and promotes bioreactivity, and as particle size decreases,
surface-area-related effects become more pronounced.*
In in vitro research, particles averaging 0.2 to 10 pm in
diameter are generally considered proinflammatory, but
within this range, the parameters that identify maximally
inflammatory particles remain unclear.*** Neutrophils
have been found to phagocytize titanium particles 1 to 3
um in size but not particles reaching 10 um, the smaller
fragments inducing production of superoxide anion and
tumor necrosis factor (TNF)-a.?>** Similarly, in a monocyte
cell culture assay, titanium particles < 15 pm produced
significantly higher levels of TNF-a and interleukin
(IL)-1P compared with larger particles.** When particles
exceed 10-15 um, macrophages may form multinucleated
giant cells.*”*
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Consistent with the prominent macrophage infiltration
observed in peri-implantitis'>'*, these cells also play a
central role in the immune response to wear debris in
periprosthetic osteolysis.**® Researchers have proposed
that nuclear factor (NF)-kB signaling mediates both
phagocytosis-dependent and phagocytosis-independent
activation of macrophages exposed to titanium particles.>-**
For particles that are not phagocytized, NF-«B signaling
may transduce a recognition event involving a cell surface
protein, leading to proinflammatory gene expression.”>**
The ensuing inflammatory mediators include prostaglandin
E2 (PGE2), TNEF-q, IL-1pB, and IL-6.*>* The purpose of this
investigation is to examine the role of NF-kB signaling in
macrophage responses to titanium oxide (TiO,) particles.

We hypothesized that, compared with controls,
macrophages with impaired NF-«B signaling would exhibit
different cytokine release patterns, polarization marker
expression profiles, and titanium particle internalization.

2. Materials and methods

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.”
All protocols were approved by the Augusta University
Institutional Animal Care and Use Committee (#2014-
0691). All figures were generated by the authors.

2.1.Titanium particles

Three sizes of TiO, particles (Goodfellow Advanced
Materials, United Kingdom) were used in this study: nano
(approximately 0.2 pm), small (up to 5 pm), and large (up
to 15 um). Physical characteristics of the titanium particles
and dispersity data are presented in Table 1. The TiO,
particles were submerged in 70% ethanol for 24 hours prior
to use, then diluted to 1 mg/mL in 1x phosphate-buffered
saline (PBS). When adding TiO, to the cell plates, either
0.03 mL of the TiO, suspension or PBS was added, giving
a final concentration of 0.01 mg/mL TiO, per well in a six-
well plate. Scanning electron microscopy (SEM)*** was
used to evaluate particle sizes, and images were acquired
(see Section 3.1).

2.2. Animal model and bone marrow-derived
macrophage harvest

This study utilized a murine bone marrow-derived
macrophage (BMDM) model with dysfunctional canonical
NF-«B signaling, as previously described.”® Bone marrow
was harvested from the femurs and tibias of control
(B6.129P2-Lyz2m1(@lfel) animals (referred to as LysMCre
hereafter)®* and p65" f1/LysMCre conditional p65-
knockout mice. Each end of the bone was snipped to allow

for injection of 1x PBS/2% fetal bovine serum (FBS) using
a 5-mL syringe and 27-gauge needle. The bone marrow
was collected in 50-mL conical tubes before being filtered
under sterile conditions through 70-pM cell strainers into
new 50-mL conical tubes. The cells were then centrifuged
at 1,200 rpm for 3 min; the PBS was aspirated, and the
cells were plated in BMDM media containing 10% FBS
and 20% 1929 conditioned media (Dulbeccos modified
Eagle medium [DMEM], 11995-065, Fisher, USA).®%
1929 conditioned media, containing macrophage colony-
stimulating factor (M-CSF), were obtained by collecting
conditioned media from L929 cells (ATCC, USA). The
media were changed 48 hours post-plating to remove any
unattached erythrocytes and nonvital cells. After 3 days,
the monocytes began to differentiate into BMDMs, and the
media were changed again 4-5 days after initial plating.

2.3. Cell culture with TiO,

Mature BMDMs were plated into six-well cell culture
plates (Fisher) with a total of 2.97 mL BMDM media (total
3 mL after addition of experimental TiO, or PBS) at a
concentration of 250,000 cells per well. The macrophages
were allowed to acclimate for 24 hours, and then TiO,
particles of varying sizes were added to each well. The
control samples received 1x PBS instead of the appropriate
TiO, suspension. Conditioned media were collected and
frozen at —20 °C at the one- and five-day time points for
later cytokine evaluation. The one-day time point captures
early macrophage responses, while the five-day time point
reflects sustained exposure effects. The BMDMs were
collected separately and frozen at —80 °C for later gene
expression analysis via quantitative polymerase chain
reaction (QPCR).

2.4. Bone marrow-derived macrophage cytokine
production

Cytokine analysis was performed using the BioPlex
Pro Human Cytokine screening panel (Bio- Rad, USA)
and the Illumina MagPix analyzer (Luminex, USA).%¢
Cytokines analyzed were vascular endothelial growth
factor (VEGF), monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-1la (MIP-1a),
MIP-14, IL-1p, IL-6, IL-9, M-CSE and granulocyte colony-
stimulating factor (G-CSF). Concentration changes in pg/
mL were evaluated to determine the influence of particle
size. Two 96-well plates with an 80-sample size capacity
were used to analyze three samples from each particle size
at each time point in duplicate (n = 3).

2.5. Quantitative polymerase chain reaction

Quantitative PCR®® was utilized to characterize
polarization-associated gene expression in LysMCre and
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p65-knockout macrophages following TiO, exposure. Cells
from three wells were pooled, and RNA was isolated using
an RNeasy Plus Mini Kit (73134, Qiagen, Germany). cDNA
was made using SuperScript II Reverse Transcriptase Kit
(119904-018, Fisher). Gene expression was analyzed using
TagMan primer/probes, 2x RT-PCR Mix (06402682001,
Roche, Switzerland),andaCFX Opus384 machine (Bio-Rad,
USA). Genes analyzed included: Tnfa (Mm00443258_m1,
ThermoFisher), 1116 (MmO00434228_m1, ThermoFisher),
Ii2 (MmO01288989_m1, ThermoFisher), Nos2
(Mm02525720_s1, ThermoFisher), Argl (Mm00475988_
ml, ThermoFisher), Mrcl (Mm01329359_m1,
ThermoFisher), 1110 (Mm01288386_m1, ThermoFisher),
Mmp9 (MmO00442991_m1, ThermoFisher), and Gusb
(MmO01197698_m1, ThermoFisher), which was used as
an internal reference. The accompanying BioRad CFX
Maestro software (2.3) was used to analyze data and
generate graphs. Gene expression levels were normalized to
those observed in control cultures (LysMCre macrophages
not exposed to TiO,).

2.6. Scanning electron microscopy

Scanning electron microscopy®®” was used to evaluate
morphological changes in cells exposed to TiO, particles.
BMDMs were seeded at a density of 1 x 10° cells/well in
six-well culture plates on Thermanox Plastic Coverslips
(NUNC Brand Products, USA) overnight. The cells were
cultured with TiO, particles at a concentration of 0.001
mg/mL for 1 h, then fixed in 4% paraformaldehyde and
2% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.4, prior to dehydration with a graded ethanol series
(25-100%, 10-15 min each). Dehydrated cells were
then critical-point dried from liquid CO, in a Leica EM
CPD300 critical-point drier (Leica Microsystems, USA).
Following critical-point drying, coverslips were mounted
on aluminum stubs with carbon adhesive tabs and sputter-
coated for 10 min with gold-palladium in a Leica EM
ACE200 sputter coater (Leica Microsystems), followed
by observation and imaging in a JSM IT-500HR scanning
electron microscope (JEOL, USA) running at 15 kV. SEM
images from five LysMCre and six p65-knockout cultures
exposed to titanium particles were analyzed to quantify
the frequency of elongated morphology and membrane
ruffling. For each SEM image, 10 cells were randomly
selected for morphological assessment.

2.7.Transmission electron microscopy

Transmission electron microscopy (TEM)*”° was used
to assess internalization of TiO, particles. BMDMs were
seeded at a density of 1 x 10° cells/well in six-well culture
plates and were cultured with TiO, particles for 1 hour at a
concentration of 0.001mg/mL. The cells were then scraped

off the plate, collected into tubes, and centrifuged into a
cell pellet at 1,200 rpm for 3 min. Cell pellets were fixed
in 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M
sodium cacodylate (NaCac) buffer, pH 7.4, postfixed in 2%
osmium tetroxide in NaCac bufter, stained en bloc with 2%
uranyl acetate, dehydrated with a graded ethanol series,
and embedded in Epon-Araldite resin. Thin sections (55
nm) were cut with a diamond knife on a Leica EM UC7
ultramicrotome (Leica Microsystems) and collected on
200 mesh copper grids (Electron Microscopy Sciences,
USA). Grids were stained with 0.05% methanolic uranyl
acetate and Reynolds lead citrate. Cells were observed
in a JEM 1400Flash transmission electron microscope at
120 kV and imaged with a OneView CCD Digital Camera
(Gatan Inc., USA). TEM images from six LysMCre and six
p65-knockout cultures exposed to titanium particles were
analyzed to quantify particle internalization. For each TEM
image, 10 cells were randomly selected, and the number of
internalized particles per cell was recorded. Cells with no
internalized particles and no titanium particles in contact
with the cell membrane were excluded to avoid inclusion
of cells too distant from particles to permit internalization.

2.8. Statistical analyses

Statistical analyses were completed using statistical software
(GraphPad Prism 10, GraphPad Software, USA’"7%
Jamovi version 2.6.44, Australia”). Data were assessed for
normality and homogeneity of variance prior to analysis.
Statistical significance was defined as an a of 0.05, with
adjustments for multiple comparisons as described below.
At one- and five-day time points, cytokine levels were
compared across experimental conditions (LysMCre or
p65-knockout macrophages exposed to no titanium, nano,
small, or large titanium particles) using one-way analysis
of variance (ANOVA), followed by post-hoc Tukey tests
for pairwise comparisons. Independent-samples t-tests
were used to analyze gene expression data for macrophage
polarization markers obtained by qPCR and differences
in particle internalization between LysMCre and p65-
knockout macrophages. Associations between cell type
(LysMCre versus p65-knockout macrophages) and
cellular morphological characteristics (elongation and
membrane ruftling) were evaluated using chi-square tests
of independence. A Bonferroni correction was applied to
account for multiple comparisons, resulting in an adjusted
significance threshold of a = 0.0025. All data are presented
as mean + standard error unless otherwise indicated.

3. Results

3.1. Particle size analysis

Before initiating cell studies, the morphology and size of
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the TiO, particles were assessed via SEM (Figure 1). This
analysis confirmed that the particle diameters reached 200
nm for nanoscale particles (Figure 1A), 5 um for small
particles (Figure 1B), and 15 um for large particles (Figure
1C). The particles were primarily aggregates of smaller
spherical components, resulting in a rough surface.

3.2. Cytokine release

One or five days following TiO, particle exposure, 150 uL of
media were collected from three wells for each sample and
individually measured for cytokine concentrations (Figure
2). At Day 5, the MIP-1a concentration in the LysMCre
large-particle group was significantly higher compared
with the p65 no- and small-particle groups. Between Day 1
and Day 5, MIP-1a concentrations increased significantly
in the LysMCre small- and large-particle groups and in all
p65-knockout groups (Figure 2A). MIP-13 demonstrated
a significant increase in concentration from Day 1 to
Day 5 in all groups exposed to TiO,. In the control
(no-particle) groups, no significant difference in MIP-1f3
concentration was recorded between Day 1 and Day 5 for
either macrophage type. Additionally, at Day 5, MIP-1p
concentration was significantly higher in LysMCre cells
than in p65-knockout cells exposed to either small or
large titanium particles (Figure 2B). In LysMCre samples
at Day 5, MCP-1 concentrations were significantly higher
in the small- and large-particle groups versus cultures
not exposed to TiO, (Figure 2C). M-CSF demonstrated a
significant decrease in concentration between Day 1 and
Day 5 in all groups, regardless of TiO, particle size or
macrophage type. No statistically significant differences
in M-CSF concentrations were noted between LysMCre
and p65-knockout macrophages at any time point (Figure
2D). In the LysMCre groups, MIP-2 concentrations did
not exhibit significant changes over time. Small titanium
particles induced a statistically significant increase in
MIP-2 concentration in the p65-knockout groups from
Day 1 to Day 5 (Figure 2E). A trend toward a temporal
decrease in VEGF concentration was noted in all groups.
However, this effect reached statistical significance for
the LysMCre nanoparticle group and the p65-knockout
no-, small-, and large-particle groups only (Figure 2F).
Taken together, these findings indicate a consistent time-
dependent increase in chemokine production, particularly
MIP-la and MIP-1B, in response to TiO, exposure,
suggesting a sustained inflammatory signaling pattern
rather than an acute transient response.

3.3. Macrophage polarization-associated gene
expression

The qPCR analysis revealed significant changes in gene
expression in TiO -exposed cells, relative to LysMCre cells

exposed to culture medium only (Figure 3). The M1 and
M2 polarity marker expression profiles were different in
BMDMs with intact versus dysfunctional NF-xB signaling.

3.3.1. M1 polarization marker expression profiles

In both LysMCre and p65-knockout macrophages,
normalized Il1b expression at Day 1 was significantly
lower in all TiO,-exposed groups, compared with controls.
In addition, among the two groups not exposed to TiO,,
normalized Il1b expression was significantly lower in p65-
knockout macrophages than in LysMCre macrophages.
At Day 1, normalized Tnfa expression was significantly
lower in LysMCre cultures exposed to small and large TiO,
particles only. Normalized Nos2 expression was elevated in
several Day 1 samples. However, these differences were not
statistically significant (Figure 3A).

At Day 5, normalized Tnfa expression was significantly
increased in the p65-knockout macrophages exposed
to TiO, (all particle sizes) and no other groups. In
contrast, particle size did influence Il1b expression in
p65-knockout macrophages—nano and small particles
significantly increased, and large particles significantly
decreased normalized I11b expression. Il1b demonstrated a
significant decrease in all sizes of particles for the LysMCre
macrophages. In both the LysMCre and the p65-knockout
cells, the expression of 1112 at Day 5 was altered, but only
reached statistical significance in the reduction in the
LysMCre nanoparticle group. In the p65-knockout cells,
normalized expression of Tnfa at Day 5 was significantly
elevated in TiO,-exposed cultures, regardless of particle
size (Figure 3B).

3.3.2. M2 polarization marker expression profiles

Compared with control cultures, normalized Mmp9
expression at Day 1 was significantly lower in all other
groups, including the p65-knockout cells that were not
exposed to TiO,. At Day 1, normalized Mrcl expression
was also significantly lower compared with controls in
LysMCre macrophages exposed to small TiO, and p65-
knockout macrophages exposed to no, nano, or small
TiO, particles. Also at Day 1, the LysMCre cells showed
significantly decreased normalized Argl expression in the
small and large TiO, groups, whereas normalized Argl
was significantly increased in p65-knockout macrophages,
regardless of TiO, exposure (Figure 3C).

At Day 5, LysMCre macrophages exposed to small
or large TiO, particles exhibited significantly decreased
normalized Mmp9 expression. In contrast, p65-knockout
cells showed significantly elevated normalized Mmm9
expression. Normalized Argl expression levels were
significantly elevated in all p65-knockout groups, whereas
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none of the LysMCre groups demonstrated any significant
change relative to controls. Normalized Mrcl expression
at Day 5 showed significant but inconsistent changes in
both LysMCre and p65-knockout macrophages, with
various groups exhibiting elevated or decreased expression
levels relative to controls. Normalized IlI10 expression
did not exhibit any statistically significant change in any
group at either time point, regardless of macrophage type.
Opverall, these results demonstrate divergent polarization-
associated gene expression profiles between LysMCre
and p65-knockout macrophages, indicating that NF-«xB
signaling influences macrophage transcriptional responses
to particulate TiO, exposure (Figure 3D).

3.4. Electron microscopy

Naive LysMCre and p65-knockout macrophages not
exposed to TiO, particles exhibited morphological
variations ranging from spherical to elongated shapes
(Figure 4). At baseline, no distinguishing morphological
characteristics between the two cell lines could be identified.
Upon addition of TiO, particles of any size, LysMCre
macrophages revealed membrane ruffling and sheet-like
projections consistent with macropinocytosis (Figure 5).
Nearly all LysMCre cells exposed to TiO, particles lost the
elongated morphology and exhibited membrane ruffling.
In contrast, p65-knockout macrophages exhibited minimal
membrane ruffling in response to TiO, particles, even when
the particles were in contact with the membrane (Figure
6). Cell morphology in this group was highly variable,
with many cells exhibiting the elongated shape found in
some naive macrophages. Evidence of macropinocytosis
in p65-knockout macrophages was rare, and the distinct
responses of p65-knockout versus LysMCre macrophages
to TiO, particles were striking. TEM images demonstrated
clear internalization of TiO, particles in both LysMCre
and p65-knockout macrophages; however, internalization
was more frequent in the LysMCre groups (Figure 7).
Normal organelles were found in both LysMCre and p65-
knockout cells. These qualitative observations suggest that
NEF-«B signaling may play a role in regulating cytoskeletal
dynamics and particle internalization mechanisms in
macrophages exposed to TiO,.

3.5. Titanium particle internalization

Differences in particle internalization between LysMCre
and p65-knockout macrophages were assessed using
an independent samples t-test (Figure 8). Levene’s test
indicated unequal variances between groups (p < 0.05).
Therefore, Welch’s t-test was selected. A Welch’s t-test
demonstrated a statistically significant difference in particle
internalization between LysMCre and p65-knockout
macrophages (#(78.8) = 12.2, p < 0.001, Cohen’s d = 2.38).

The mean number of internalized particles (+SD) was 3.08
+ 1.34 and 0.43 + 0.83 in the LysMCre and p65-knockout
groups, respectively.

3.6. Macrophage morphological analysis

In the LysMCre group, 32 of 60 cells (53%) demonstrated
an elongated morphology, whereas 54 of 60 cells (90%) in
the p65-knockout group were elongated (Figure 9). Thus,
the proportion of elongated cells differed between LysMCre
and p65-knockout macrophages (x*(1) = 19.9, p < 0.001, ¢
= 0.41), with an odds ratio of 7.9 (95% CI: 2.9-21.1). In
contrast, 47 of 60 cells (78%) in the LysMCre group and
16 of 60 cells (27%) in the p65-knockout group exhibited
membrane ruffling. The proportion of cells exhibiting
membrane ruffling differed between groups (x*(1) = 32.1,
p < 0.001, ¢ = 0.52), with an odds ratio of 0.10 (95% CI:
0.04-0.23). These differences remained significant after
Bonferroni correction (a = 0.0025).

4, Discussion

This study evaluated the role of NF-kB signaling in
macrophage responses to TiO, particles, with a focus
on cytokine secretion, polarization marker expression,
and particle internalization. The findings support our
hypothesis, demonstrating that macrophages with
impaired NF-kB signaling exhibit distinct functional
responses compared with controls, particularly in terms
of particle internalization, chemokine secretion, and
polarization-associated gene expression. Furthermore, the
results of this study are consistent with research linking
titanium particle exposure to NF-kB signaling and the
development of innate immune memory.”* 7

Immunological memory, a hallmark of adaptive
immunity, enables robust antigen-specific responses upon
re-exposure and relies on distinct subsets of B and T
lymphocytes.”” However, over the last decade, the concept
of innate immune memory (trained immunity) has become
a topic of widespread interest.”*’® Trained immunity
involves stimulus-induced epigenetic reprogramming of
innate immune cells, particularly macrophages, leading
to a persistent hyperresponsive phenotype. Mechanisms
underlying macrophage memory responses include DNA
methylation and histone modifications, which induce
durable changes in chromatin accessibility and lead to
increased expression of inflammatory genes.”*”*”

The selected TiO, particles simulated metal fragments
commonly isolated from peri-implant mucosa.?”**3
Dental implant surfaces are composed of TiO, in
varjous crystalline phases, including rutile, anatase, and
brookite.””8* The phase composition at dental implant
sites varies predominantly due to the diverse methods of
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Figure 1. Titanium particle size analysis via scanning electron microscopy. (A) Nano size, approximately 0.2 um (200 nm). Scale bar: 2 um; magnification:
9,500x. (B) Small size, with particles reaching 5 pm. Scale bar: 1 pm; magnification: 10,000x. (C) Large size, with particles reaching 15 um. Scale bar:10
um; magnification: 2,500x.

Note that the small- and large-particle groups also contained smaller particle fragments.

Figure 2. Cytokine release from bone marrow-derived macrophages. (A) Macrophage inflammatory protein (MIP)-1a. (B) MIP-1p. (C) Monocyte
chemoattractant protein-1 (MCP-1). (D) Macrophage colony-stimulating factor (M-CSF). (E) MIP-2. (F) Vascular endothelial growth factor (VEGF).
Notes: Data expressed as pg/mL. *p < 0.05.
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Figure 3. Expression of M1 and M2 polarity markers. (A) Day 1 data, with control cell markers normalized to 1. Genes associated with the M1 phenotype.
(B) Day 5 data, with control cell markers normalized to 1. Genes associated with the M1 phenotype. (C) Day 1 data, with control cell markers normalized
to 1. Genes associated with the M2 phenotype. (C) Day 5 data, with control cell markers normalized to 1. Genes associated with the M2 phenotype.

Note: *p < 0.05, relative to the normalized control cell markers on the left.

production within the industry.”#%58 In fact, it is possible
to modify the crystalline phase of titanium at implant
surfaces during the manufacturing process, and limited
evidence suggests that such adjustments can influence
the behavior of both host and bacterial cells.**** Based
on prior research, distinct macrophage responses to nano
(<200 pm), small (up to 5 um), and large (up to 15 pm)
particles may have been expected.**** However, under the
conditions described, cytokine release appeared unrelated
to particle size.

A central finding of this study is the consistent, time-
dependent increase in MIP-la (also called C-C motif
chemokine ligand 3 [CCL3]) and MIP-1P (also called
C-C motif chemokine ligand 4 [CCL4]) concentrations
following TiO, exposure. Among the cytokines evaluated,
MIP-1a and MIP-13 demonstrated the most consistent
and biologically relevant changes. These chemokines
increased significantly from Day 1 to Day 5 across most

experimental groups, reaching higher concentrations in
TiO,-exposed cultures relative to controls (Figure 2C and
2D). In contrast, other cytokines exhibited more variable
or non-significant changes under the same conditions.
MIP-1a and MIP-1f are key mediators of immune cell
recruitment, particularly monocytes and neutrophils,
and their sustained elevation suggests a role in amplifying
inflammatory cell infiltration at sites harboring titanium
particles versus those that do not.*® These findings are
consistent with prior literature demonstrating chemokine-
driven amplification of particle-induced inflammation and
support the hypothesis that titanium debris may contribute
to persistent inflammatory signaling in periprosthetic and
peri-implant tissues.*® Moreover, MIP-1a and MIP-1§
link inflammation to bone resorption -, a defining feature
of both peri-implantitis'®!*1521% and periprosthetic
osteolysis.””**** Indeed, both of these chemokines
function to recruit and activate osteoclasts.®* MIP-1a
and MIP-1p are known to contribute to the pathogenesis
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Figure 4. Baseline macrophage images to characterize size and morphology. No differences in size or morphology were observed between LysMCre and
p65-knockout cells at baseline. (A) LysMCre (control) macrophages. Scale bar: 5 um; magnification: 4,000x. (B) LysMCre (control) macrophage. Scale
bar: 10 um; magnification: 1,200x. (C) p65-knockout macrophage. Scale bar: 5 um; magnification: 4,000x. (D) p65-knockout macrophage. Scale bar: 20

um; magnification: 950x.

of periodontitis and peri-implantitis primarily through
leukocyte recruitment, promotion of osteoclast formation
and survival, and amplification of inflammatory mediators,
although their roles differ in magnitude (MIP-1a greater
than MIP-1p), and the strength of evidence varies between
the two conditions.”** MIP-1a has been demonstrated
as a predictive biomarker for alveolar bone loss in
periodontitis®***, and MIP1A mRNA levels correlate with
disease severity.”! The roles of MIP-1a and MIP-1f in
peri-implantitis appear comparable to those described for
periodontitis, with less supporting evidence.**

A statistically significant increase in = MIP-2
concentration was noted for a single particle size (small)
from Day 1 to Day 5 (Figure 2E). MIP-2 amplifies acute
inflammatory responses and serves as a strong promoter
of neutrophil chemotaxis.®*® MCP-1 concentrations

did not exhibit temporal changes in either LysMCre
or p65-knockout samples for any particle size (Figure
2A). At a single time point (Day 5), significantly higher
concentrations were observed in LysMCre samples
exposed to small or large particles, relative to control
cultures not exposed to TiO,. MCP-1 is an important
chemoattractant that strongly recruits monocytes from
the bloodstream into tissues.””*® M-CSFE, which is a ligand
critical for the differentiation, function, and survival of
monocytes, macrophages, and other cells in the myeloid
lineage®'®, decreased in concentration from Day 1 to
Day 5 irrespective of macrophage type and particle size
(Figure 2B). This observation may reflect a consistent
decrease in M-CSF over the normal macrophage lifespan.
Additionally, the recorded M-CSF release levels may have
been affected by the conditioned media used in this study,
which contained this cytokine.
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Figure 5. LysMCre (control) macrophages when presented with titanium oxide (TiO,) particles for one hour. Arrows point to areas of TiO, particles.
(A) The titanium induced changes in macrophage morphology. Membrane invaginations were observed in areas of particle internalization. Scale bar: 5
pm; magnification: 5,000x. (B) Small-sized TiO, particles coated the cell surface. Macropinocytosis of the membrane was evident, with multiple ruffles
appearing on the cell surface. Scale bar: 2 um; magnification: 6,500x. (C) TiO, particles in contact with the cell membrane induced ruffling. Scale bar: 2
um; magnification: 8,000x. (D) Appearance of membrane ruffling at high magnification. Scale bar: 1 pm; magnification: 13,000x.

Vascular endothelial growth factor promotes vascular
endothelial cell survival and proliferation and plays a
crucial role in angiogenesis.'>' In this study, statistically
significant temporal differences in VEGF concentrations
were observed in various LysMCre and p65-knockout
samples exposed to no TiO, particles, nanoparticles, small
particles, and large particles (Figure 2F). No consistent
particle size-related effect on VEGF concentration could
be identified.

Nuclear factor-kB comprises a superfamily of inducible
nuclear transcription factors with critical roles in diverse
biological processes, such as cell cycle regulation,
proliferation, cell survival, DNA repair, oncogenesis,
metastasis, inflammation, and immunoregulation.'®*'® In
resting cells, NF-kB exists in the cytoplasm as a dimer that
is constitutively inhibited by various regulatory proteins,

including inhibitor of kB (IxB) family members.'®-1%

Two major pathways—the canonical and noncanonical
(alternative) pathways—lead to NF-«kB activation. The
primary mechanism in canonical NF-xB signaling involves
phosphorylation of an IkB protein by the IkB kinase (IKK)
complex. Phosphorylation leads to ubiquitin tagging and
the prompt degradation of IkB via the proteasome. The
NF-«kB dimer is then free to translocate to the nucleus and
promote a program of target gene expression. Stimulation
of cell surface receptors, such as TNF receptor (TNFR), T
cell receptor, B cell receptor, pattern recognition receptors,
and various cytokine receptors, initiates canonical NF-xB
signaling. The noncanonical and canonical pathways can
be distinguished by differences in both the stimulating
factors and the intracellular signaling mechanisms. In the
noncanonical pathway, the critical event does not involve
the degradation of an IkB protein. Rather, a precursor
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Figure 6. p65-knockout macrophages when presented with titanium oxide (TiO,) particles for one hour. Arrows point to areas of TiO, particles. (A) TiO,
particles contacted the cell surface. However, changes in macrophage morphology were not apparent. The cells maintained elongated shapes. Scale bar:
5 pm; magnification: 3,300x. (B) TiO, particles were present in the sample and on the surface of the cell membrane, but cell morphology did not change.
Scale bar: 10 um; magnification: 2,500x. (C) Multiple elongated cells evident in the sample contacted the TiO, particles but did not change morphology.
Scale bar: 20 um; magnification: 800x. (D) At high magnification, the macropinocytosis of the cell was evident at a site of TiO, internalization. Scale bar:
2 pum; magnification: 9,500x. Membrane ruffling was rare in p65-knockout macrophages.

protein (p100) is degraded, leading to the formation of the
functional noncanonical NF-kB heterodimer, p52/RelB.
The noncanonical pathway is triggered by a narrower set of
stimuli that activate specific receptors in the TNFR family.

The polarization-associated gene expression data from
this study support a role for NF-xB signaling in shaping
macrophage functional phenotype. Rather than defining
discrete M1 or M2 states, the study results demonstrate
shifts in polarization-associated gene expression profiles.
Macrophages with intact NF-xB signaling (LysMCre)
generally showed reduced expression of several
M2-associated markers following TiO, exposure, whereas
p65-knockout macrophages exhibited significantly
increased expression of Argl and other M2-associated
genes, regardless of particle exposure (Figure 3). At the
same time, p65-knockout macrophages demonstrated

selective increases in certain MIl-associated markers,
such as Tnfa at Day 5, suggesting a mixed rather than
purely anti-inflammatory activation state. These findings
underscore the complexity of macrophage polarization
and support the concept that NF-«B signaling contributes
to maintaining a proinflammatory transcriptional program
in response to particulate titanium stimulj.®*!0%110.111

An important aspect of this study is the integration
of morphological, molecular, and secretory findings
within a single experimental framework. Qualitative SEM
analysis (Figures 5 and 6) demonstrated pronounced
membrane ruffling and sheet-like projections in LysMCre
macrophages following TiO, exposure, consistent with
macropinocytosis.'’>!** In contrast, these features were less
common in p65-knockout macrophages, which retained
more variable and often elongated morphologies. TEM
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Figure 7. Transmission electron miscroscopy of LysMCre (control) macrophages showed internalization of titanium oxide (TiO,) particles. The small black
circles are TiO, particles, and the cellular organelles appear as dark grey structures. Arrows point to areas of internalized TiO, particles. The TiO, particles
were frequently found surrounded by white spaces, possibly due to a “tearing” artifact introduced during sample processing. (A) Control macrophage.
Scale bar: 5 um; magnification: 2,500%. (B) Control macrophage. Scale bar: 5 um; magnification: 2,00x. (C) p65-knockout (KO) macrophage. Scale bar: 2
pm; magnification: 4,000x. (D) p65-knockout macrophage. Scale bar: 2 um; magnification: 4,000x.

Figure 8. Particle internalization analysis. (A) Histogram and kernel density overlay showing the distribution of internalized particles per cell. LysMCre
macrophages (n = 60) exhibit a relatively symmetric distribution with greater dispersion, whereas p65-knockout macrophages (n = 60) show a right-
skewed distribution, with a high frequency of zero internalization events. (B) Box plots comparing groups. LysMCre cells demonstrate a median near the
center of the interquartile range, consistent with a more balanced distribution. In contrast, the p65-knockout group has both the first and second quartiles
at zero, indicating that most cells internalized no particles. Particle internalization was significantly reduced in p65-knockout macrophages compared to
LysMCre controls (p < 0.001).
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Figure 9. Cross-tabulation stacked bar charts comparing membrane ruffling (A) and elongation (B) in LysMCre (n = 50) and p65-knockout (n = 60)
macrophages. Bars represent the percentage of total cells in the dataset corresponding to a phenotype category (“yes” or “no”), stacked segments indicating

the contribution of each group.

Table 1. Titanium particle characteristics and dispersity

Parameter Nanoparticles Small particles Large particles
Crystalline phase Anatase Anatase Anatase
Particle size (diameter) Approximately 200 nm Up to 5 um Up to 15 um
Particle size distribution (% volume) - D10 Not applicable 1.15 um 11.55 um
Particle size distribution (% volume) - D50 Not applicable 3.54 ym 13.24 ym
Particle size distribution (% volume) - D90 Not applicable 5.50 um 15.40 ym
Impurity: Carbon 30 ppm 30 ppm 30 ppm
Impurity: Copper 20 ppm 20 ppm 20 ppm
Impurity: Nickel 50 ppm 50 ppm 50 ppm

Notes: D10: 10% of particles were smaller than the reported size; D50: 50% of particles were smaller than the reported size; D90: 90% of particles were

smaller than the reported size.

imaging confirmed that both cell types were capable of
internalizing TiO, particles. However, particle uptake
appeared qualitatively greater in LysMCre macrophages
across the samples examined. These observations support
the hypothesis that NF-«B signaling influences macrophage
cytoskeletal dynamics and particle uptake mechanisms.

When considered together, the data suggest
a relationship between NF-kB signaling, particle
internalization, and downstream inflammatory responses.
Macrophages with intact NF-«kB signaling demonstrated
features consistent with enhanced macropinocytosis,

particle uptake, and secretion of chemokines, such as
MIP-1a and MIP-1B. These mediators are known to
promote recruitment of additional immune cells and are
involved in inflammatory bone resorption.*** In contrast,
impaired NF-kB signaling was associated with reduced
macropinocytosis, decreased particle internalization,
and a shift toward increased expression of M2-associated
markers, suggesting an attenuated inflammatory response.
Additional research into the role of NF-«xB signaling in
this context may clarify mechanisms by which titanium
particles modulate macrophage behavior in periprosthetic
and peri-implant tissues.
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4.1 Study contributions

A substantial body of evidence across multiple
medical and dental disciplines has contributed to
a detailed understanding of inflammation-induced
bone loss, although important knowledge gaps
remain. b33 ULLST  Inflammation is  known
to drive or contribute to bone resorption in diverse
biological contexts, including cancer®®*!Y, periprosthetic
osteolysis''®, chronic systemic disease®'*-12, foreign body
reactions'?*!'?, periodontitis®®*->12, dental pulpitis'®’, and
peri-implantitis.'®!>!%213%9 Prior research demonstrates
that cytokine signaling amplifies inflammatory responses
and promotes bone resorption through defined molecular
pathways. For example, TNF-a and IL-17 enhance
inflammation through NF-kB signaling, whereas IL-6
acts primarily through the Janus kinase (JAK)/signal
transducer and activator of transcription 3 (STAT3)
pathway.""” Inflammatory responses to titanium particles
have also been well documented in both periprosthetic
osteolysis®**!'7 and peri-implantitis.*’*° However, to
the authors’ knowledge, this is the first study to directly
compare macrophage responses to titanium particles
under conditions of intact versus impaired NF-kB
signaling. Rather than demonstrating a novel role for
titanium debris, the present findings provide incremental
mechanistic insight into how macrophage responses
to these particles may be regulated. Specifically, the
data suggest that NF-«kB signaling influences not only
inflammatory mediator production but also macrophage
interactions with titanium particles at the level of cellular
uptake. Macrophages with intact NF-kB signaling
exhibited enhanced macropinocytosis, greater particle
internalization, and sustained chemokine production,
whereas impaired NF-kB signaling was associated with
reduced particle uptake and a distinct polarization-
associated gene expression profile. Together, these findings
suggest that NF-«kB pathway activity may modulate both
the magnitude and persistence of macrophage-driven
inflammation in response to titanium particles. In this
context, titanium debris may function not merely as a
proinflammatory stimulus, butas a regulator of macrophage
behavior through NF-kB-dependent mechanisms, linking
particle internalization to downstream inflammatory
signaling. Moreover, nanoparticles have been shown
to induce trained immune responses in macrophages,
with NF-kB signaling representing one mechanism
underlying trained immunity.”>” Thus, the findings of this
investigation are consistent with the hypothesis that innate
immune memory may contribute to the pathogenesis of
peri-implantitis.

4.2 Study limitations

This study has several important limitations. The

sample size was small (n = 3), limiting statistical power
and increasing the risk of Type II error.’*'* Cytokine
responses were evaluated at a single particle concentration,
precluding assessment of dose-related effects.'”'** Particle
heterogeneity and aggregation limited the ability to isolate
size-dependent responses.*®! In addition, polarization
was assessed at the mRNA level, without protein-level
validation or functional assays.*>** Future studies
should incorporate controlled particle dimensions and
physicochemical properties, dose-response experimental
designs, functional assays, and protein-level validations.
Notably, the noncanonical NF-«kB pathway is independent
of p65. Thus, the model applied in this investigation reflects
attenuation rather than complete abrogation of NF-«xB
signaling. Because the typical concentration of titanium
particles in periprosthetic and peri-implant tissues is not
well documented, the concentration used in this study was
determined empirically, balancing biological effects and
experimental feasibility. Despite these limitations, this study
contributes to the growing body of literature examining
host responses to titanium particles by demonstrating that
NF-kB signaling plays a role in coordinating macrophage
particle uptake, cytokine production, and polarization-
associated gene expression. These findings provide a
foundation for future investigations aimed at targeting
inflammatory pathways in periprosthetic osteolysis and
peri-implantitis.

5. Conclusion

This study was designed to test the hypothesis that
macrophage responses to TiO, particles are modulated
by NF-xB signaling, with downstream effects on cytokine
secretion, polarization-associated gene expression,
and particle internalization. The findings support this
hypothesis by demonstrating that NF-xB signaling
influences macrophage responses to TiO, particles at
multiple levels, including particle uptake, chemokine
secretion, and polarization-associated gene expression.
Across experimental conditions, MIP-la and MIP-1§
concentrations increased over time following TiO,
exposure, indicating a sustained chemokine response that
was independent of particle size. Macrophages with intact
NF-«B signaling exhibited enhanced macropinocytosis
and greater particle internalization, whereas p65-knockout
macrophages showed reduced uptake and distinct
polarization-associated expression profiles characterized
by increased M2 marker expression. Collectively, these
findings suggest that NF-«xB signaling contributes to the
coordination of macrophage interactions with titanium
particles by linking cellular uptake to downstream
polarization marker expression and inflammatory
signaling. These results provide mechanistic insight into
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macrophage responses to titanium debris and support
further investigation of NF-kB-dependent pathways in
periprosthetic and peri-implant inflammation.
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