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ORIGINAL ARTICLE

Effect of Microbial Stimuli and Bone Morphogenetic Protein 2
on Ectopic Bone Formation

Nada Ristya Rahmani, MD,"? Anneli Duits, MD,"? Paree Khokhani, PhD,"? Michiel Croes, PhD,' Vela
Kaludjerovic,” Debby Gawlitta, PhD?2 Harrie Weinans, PhD,"* and Moyo C. Kruyt, MD, PhD'®

Advancements in biomaterials design increasingly focus on material-host immune interactions as one of the strat-
egies to promote new bone formation, referred to as osteoimmunomodulation. Recent studies indicate that inflam-
matory stimuli can synergize with growth factors such as bone morphogenetic protein 2 (BMP-2) to promote bone
formation. Pathogen-associated molecular patterns (PAMPs) are motifs expressed by microbes that are recognized
by immune cells and induce an immune-stimulatory response. In this study, we combined PAMPs with low-dose
BMP-2 on a biphasic calcium phosphate (BCP) scaffold and evaluated its effect on ectopic bone formation in a sub-
cutaneous implantation model. The PAMPs tested include gamma-irradiated whole microbes (yi-Staphylococcus
aureus and yi-Candida albicans), a vaccine (Bacillus Calmette-Guérin containing Mycobacterium bovis), bacterial
cell wall components (peptidoglycan [PGN], lipopolysaccharide [LPS], lipoteichoic acid, and Pam3CysSerLys4),
an exopolysaccharide (Curdlan), and nucleic acid analogues (polyinosinic:polycytidylic acid [Poly(I:C)] and
Cytidine—phosphate—guanosine [CpG]-containing oligonucleotides type C). Implants consisting of BCP, PAMPs,
and BMP-2 were placed subcutaneously in rabbits and evaluated for ectopic bone formation after 5 weeks.
Implants with only BMP-2 served as controls. Of the PAMPs tested, only PGN and BMP-2 showed a positive bone
volume compared with the control, with borderline significance (+4.4%, p = 0.08). Decreased bone volume was
seen for LPS (=7.4%, p = 0.03) and Poly(I:C) (—=6.3%, p = 0.04). Fluorochrome labeling at weeks 2 and 3 assessed
mineralization onset, revealing no mineralization in the first 2 weeks and some implants showing onset at week 3.
We observed variability in ectopic bone formation across animals, associated with higher osteoclast numbers in
those where ectopic bone occurred versus those that did not (p = 0.004). PAMPs can modulate bone formation, but
their effects are variable, requiring further refinement to harness their osteoimmunomodulatory properties effec-
tively. Additionally, we highlight osteoclasts’ important role in stimulating ectopic bone formation.

Keywords: osteoimmunomodulation, bone regeneration, PAMPs, osteoclast, in vivo, rabbit

Impact Statement

Immune mediators have been shown to modulate both bone formation and bone loss. Pathogen-associated molecular patterns
(PAMPs) are potent immunomodulators that elicit a wide range of immune-stimulatory responses. To determine whether
PAMPs potentially function for osteoimmunomodulation to promote bone formation, we combined bone-substitute material
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with different PAMPs and low-dose bone morphogenetic protein 2 (BMP-2). Implants were tested in a challenging extraskele-
tal (ectopic) implantation model and evaluated for de novo bone formation. We saw a minimal effect of PAMPs on ectopic
bone formation for most PAMPs tested in our model. Only peptidoglycan, a prominent bacterial cell wall component, in com-
bination with BMP-2 resulted in a positive bone volume compared with BMP-2-only controls, with borderline significance.
Future studies using more predictive in vivo models are needed to evaluate the potential of PAMPs as osteoimmunomodula-
tory agents. Additionally, our results suggest osteoclasts to be associated with differences in ectopic bone formation across
animals and therefore a relevant parameter to be included in future studies using ectopic implantation models.

Introduction

B one is a specialized form of connective tissue that pro-
tects vital organs, supports load transfer during move-
ment, provides a reservoir for minerals, and is the source of
blood cells.! Tt can self-regenerate; however, conditions such
as large defects surpass this natural capacity, leading to dis-
ruptions in the skeletal system that can significantly diminish
the quality of life.> The current gold standard for managing
bone defects, autografting, involves harvesting bone and
transplanting within the patient’s body. Yet, this approach is
constrained by limited supply and necessitates additional
surgical procedures.® Therefore, an off-the-shelf bone graft
substitute replicating, for instance, the bone tissue’s inor-
ganic component presents a valuable alternative.

Efforts are increasingly focused on developing bone graft
substitutes that not only serve a structural purpose but also
have bioactive properties, enabling stimulation of new bone
formation.* One such strategy is rendering the biomaterials
with immune-modulating properties, referred to as osteoim-
munomodulation.’> Recent research has demonstrated that
bacterial ligands can trigger a biological response that pro-
motes the formation of new bone tissue, likely through mod-
ulation of the immune response.6‘8 For instance, the direct
injection of irradiated Staphylococcus aureus and Esche-
richia coli into the tibial canal of rabbits triggered significant
thickening of the bone cortex, with signs of healthy new
bone tissue formation.®

The unconventional approach of using microbial stimuli
as a therapeutic strategy is supported by the clinical observa-
tion that patients with osteomyelitis present symptoms of
both bone lysis and bone growth.® Bone lysis typically
occurs near the infection site, while in the periphery of the
infection, sporadic bone growth can occur.’ Moreover,
acquired bone formation in soft tissues can develop as in the
pathogenesis of heterotopic ossification, which involves
repeated exposure to inflammatory stimuli, heightened sensi-
tivity to bone morphogenetic protein 2 (BMP-2), and precip-
itation of calcium ions.'®!" Given the tight connection
between the activation of the immune system and bone for-
mation, modulation of one system can affect the other.
Nonetheless, there appears to be a specific range, in which
inflammatory conditions can promote bone formation rather
than hinder it.'? Harnessing inflammation can therefore be a
strategy to render bone graft substitutes with bioactive
properties.

Microbes express molecular motifs that immune cells rec-
ognize.!® These motifs are collectively known as pathogen-
associated molecular patterns (PAMPs) and can bind to
immune cells via pattern recognition receptors (PRRs).

PRRs are expressed on cell membranes and in their cyto-
plasm, allowing constant surveillance of pathogens. When
PAMPs bind to PRRs, a series of signaling cascades is trig-
gered inside the cells resulting in the secretion of inflamma-
tory mediators.'? Different PAMPs induce different immune
responses, and therefore, it is intriguing to investigate which
types of PAMPs can modulate an immune response that ben-
efits bone formation.

This study investigates the application of various PAMPs
on ectopic bone formation in a biphasic calcium phosphate
(BCP) scaffold. The PAMPs tested include gamma-
irradiated whole microbes (yi-Staphylococcus aureus [SA]
and vyi-Candida albicans [CA]), a vaccine (Bacillus Calm-
ette-Guérin [BCG] containing attenuated Mycobacterium
bovis), various bacterial cell wall components (peptidogly-
can [PGN], lipopolysaccharide [LPS], lipoteichoic acid
[LTA], and Pam3CysSerLys4 [PAM]), an exopolysacchar-
ide (Curdlan), and analogs of microbial nucleic acids (polyi-
nosinic:polycytidylic acid [Poly(I:C)] and CpG-containing
oligonucleotides type C [CpG ODN C]). Based on the previ-
ous studies using extraskeletal (ectopic) implantation models
in rabbits,”!%1* we combined the inflammatory stimuli with
a low dose of BMP-2 in porous BCP scaffolds. By adding an
osteogenic factor such as BMP-2 at a low dose, we can
observe the effect of PAMPs on bone formation in two direc-
tions: inhibition or promotion.

Materials and Methods
Materials

Whole microbes were obtained from the microbiology
department of the University Medical Center Utrecht, the
Netherlands. S. aureus (Wood 46, ATCC 10832) was cul-
tured in lysogeny broth medium at 37°C to midlog phase,
and C. albicans (ATCC 10231) was cultured in malt agar
medium (ODggp 1.0). The microbes were made nonviable by
exposure to gamma irradiation (yi) at 25 kGy (Steris AST,
Ede, the Netherlands) and stored at —80°C in phosphate-
buffered saline (PBS) with 40% (v/v) glycerol. Attenuated
M. bovis in the form of BCG vaccine (Medac, Lamepro
B.V., The Netherlands) was obtained from the University
Medical Center Utrecht pharmacy. Peptidoglycan (PGN-
SAndi ultrapure peptidoglycan), polyinosinic:polycytidylic
acid high molecular weight, CpG oligodeoxynucleotide type
C (M362), PAM, Curdlan (beta-1,3-glucan from Alcaligenes
faecalis), LPS (from E. coli O55:B5), and LTA (purified
from S. aureus) were purchased from Invivogen (France).

The ceramic scaffold employed was commercially available
BCP in the shape of discs (6 X 9 mm @) comprising 65-75%
tricalcium phosphate [Caz(PO,4),] and 25-35% hydroxyapatite
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[Ca;o(PO4)s(OH),] (MagnetOs; Kuros Biosciences BV, Swit-
zerland). The discs had a porosity of £75% with submicron
(<3 um) needle-shaped surface topography. !>

Determining PAMP concentration using a whole blood
assay

To determine the working concentration of PAMPs to add
to the implants, we initially assessed the rabbits’ immune
response toward different concentrations of PAMPs. A whole
blood assay was conducted following a previously reported
protocol.'® Briefly, sterile blood was collected (1 = 5 rabbits)
in a sodium heparin-coated tube and then diluted 5x with
medium containing RPMI (1640, Gibco, Sigma-Aldrich,
USA) and 100 U/mL penicillin and 100 U/mL streptomycin
(Gibco, Sigma-Aldrich). PAMPs (0.01, 0.1, 1, and 10 pg/mL)
were added to the diluted blood and then incubated for 24 h at
37°C and 5% carbon dioxide. Supernatants were collected and
measured for interleukin (IL) 6 using the Rabbit DuoSet®
ELISA kit (R&D Systems, the Netherlands) following the
manufacturer’s protocol. IL-6 was chosen as a general indica-
tor of a proinflammatory response. Results of the whole blood
assay are depicted in Supplementary Figure S1.

Specifically, for LPS and LTA, the concentrations used
(100 pg/mL and 3 mg/mL, respectively) were based on a
previous study.’

Implant preparation

BCP discs were sterilized by autoclave at 121°C. A mixture
containing PAMPs and 25 pg/mL of BMP-2 (InductOS®™,
Wyeth/Pfizer, USA) in PBS was prepared. Subsequently,
200 pL of the solution was pipetted onto the BCP discs. The
volume added was retained by the BCP discs without

leakage. The final concentrations and dose per BCP disc are
depicted in Table 1. The implants were air-dried overnight
at room temperature and stored at 4°C until surgical implan-
tation. All preparations were done in sterile conditions.

Animal experiment

The study involved 24 New Zealand White Rabbits
(female, aged 20-25 weeks, Crl:KBL, Charles River, France).
Ethical approval was granted by the local animal ethics com-
mittee at Utrecht University, The Netherlands, under the Cen-
tral Authority for Scientific Procedures on Animals (license
AVD1150002016445). The rabbits were housed in pairs at
the Central Laboratory Animal Research Facility in Utrecht
adhering to specified environmental parameters with food
and water provided ad libitum. The animals’ general well-
being was assessed daily.

This study is the second procedure undergone by the ani-
mals. Five weeks prior, they underwent a posterolateral spinal
fusion procedure, the details of which are reported else-
where.!® The animals demonstrated full recovery from the spi-
nal surgery, as evident by baseline C-reactive protein (CRP)
levels (Supplementary Fig. S2) and general well-being.

For the subcutaneous implantation surgery, animals
received premedication with Buprenorphine (0.03 mg/kg,
subcutaneous, Temgesic, Belgium) and a single administra-
tion of prophylactic antibiotic Penicillin (4 x 10* mg/kg s.c.,
Duplocilline®, Merck Animal Health, Canada). General anes-
thesia was induced with Midazolam (0.5 mg/kg, intramuscu-
lar), Etomidate (1.8 mg/kg, intravenous), and sustained with
Sufentanyl (0.037 mg/kg) and Isoflurane (2-2.5 mL/h). The
rabbit was placed in a prone position. The dorsal skin was
shaved and disinfected with povidone-iodine. Ten subcutane-
ous pockets were created by making 1-2 cm incisions, spaced

TABLE 1. EXPERIMENTAL GROUPS OF IMPLANTS

No. Groups PAMP description PAMP concentrations BMP-2 (dose) n
1 Control — — — RTY 24
2 Bacillus Calmette-Guérin Whole microbe Hi 1 x 10° units/mL S5ug 12
(BCG) Lo 1 x 10° units/mL 5 g 12
3 vi-S. aureus (SA) Whole microbe Hi 1 x 10° units/mL 5ug 12
Lo 1 x 10° units/mL 5 g 12
4 vi-C. albicans (CA) Whole microbe Hi 1 x 10 units/mL 5ug 12
Lo 1 x 10° units/mL 5ug 12
5 Pam3CysSerLys4 (PAM) Synthetic triacylated Hi 10 pg/mL Sug 12
lipopeptide Lo 0.1 pg/mL 5ug 12
6 Curdlan Exopolysaccharide Hi 10 pg/mL S5ug 12
Lo 0.1 pg/mL Sug 12
7 CpG oligo-deoxynucleotide Analog of bacterial Hi 1 pg/mL Sug 12
type C (CpG ODN C) DNA Lo 0.1 pg/mL S5ug 12
8 Polyinosinic:polycytidylic Analog of viral RNA Hi 10 pg/mL S5ug 12
acid (Poly[I:C]) Lo 0.1 pg/mL Sug 12
9 Peptidoglycan (PGN) Gram-negative and Hi 10 pg/mL S5ug 12
positive bacterial cell Lo 0.1 pg/mL S5ug 12
wall component
10 Lipopolysaccharide (LPS) Gram-negative bacterial 100 pg/mL S5pug 12
cell wall component
11 Lipoteichoic acid (LTA) Gram-positive bacterial 3 mg/mL 5ug 12
cell wall component
Total sample number 240

BMP-2, bone morphogenetic protein-2; PAMP, pathogen-associated molecular pattern.
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approximately 4 cm apart. Implants were inserted into the
pockets, and the incisions were closed with absorbable
sutures (4.0 Monocryl®, Ethicon, USA).

A total of 24 animals were used, accommodating 240
subcutaneous pockets for implant placement. Each rabbit
received 10 implants: 1 control implant (BMP-2 only),
1 implant with either LPS or LTA, and 8 implants contain-
ing high (Hi) and low (Lo) concentrations of four selected
PAMPs (Fig. 1A). The four PAMPs for each rabbit were
randomly chosen from a list of eight, according to a prede-
fined randomization scheme (see Supplementary Table
S1). Of the 240 total implants, 24 were control samples
(one per animal), while each experimental group, repre-
senting a specific PAMP concentration, included 12 sam-
ples (Table 1).

To monitor adverse effects, blood CRP levels were meas-
ured before and after surgery (weeks 1 and 3), body tempera-
ture was monitored daily during the postsurgical week, and
body weight was assessed weekly (Fig. 1B).

Fluorochrome labels were administered to determine the
onset and direction of mineralization, with calcein green at
week 2 (10 mg/kg subcutaneous, in 0.2 M NaHCO;, Sigma-
Aldrich) and xylenol orange at week 3 (30 mg/kg subcutane-
ous, in 0.12 M NaHCO;, Sigma-Aldrich). After 5 weeks,
euthanasia was carried out using a pentobarbital overdose
(Euthanimal®, The Netherlands).

Tissue samples were harvested and fixed in 4% formalde-
hyde. Each implant was sectioned (!/4 and 3/3) using a circu-
lar saw (Dremel 4000, Mount Prospect, USA). One section
(3/s) of the implant was embedded in methyl methacrylate
(MMA, Merck Millipore, USA) for hard-tissue analysis to
measure bone volume and detect fluorochrome signals. The
remaining 1/4 of the implant was decalcified in 0.5 M EDTA
and embedded in paraffin for osteoclast staining.

A B
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Bone histomorphometry

Undecalcified samples were used for histomorphometry.
Briefly, samples were fixed in 4% (v/v) formaldehyde and
dehydrated in an ethanol series (70%, 96%, and 100% etha-
nol). Afterward, the samples were incorporated into a mixture
of MMA with 20% (v/v) plastoid N (Sigma-Aldrich) and 2.8%
(w/v) benzoyl peroxide (Luperox, Sigma-Aldrich). Samples
were immersed in a water bath at 37°C for 3 h to start poly-
merization. Four thin sections (~ 30 pm) were made from the
middle region of each sample using a saw microtome (Leica,
NuBloch, Germany). Two of the sections were stained with
basic fuchsin and methylene blue, whereas the other two
remained unstained for fluorochrome analysis. Stained sections
were imaged (Olympus BX51 microscope), and the key struc-
tures including BCP scaffold, bone, and fibrous tissue were
pseudo-colored using Adobe Photoshop 2020 (Adobe Systems,
San Jose, USA). Bone tissue within the pore areas was quanti-
fied by calculating the proportion of bone pixels relative to the
total pore area (expressed as bone area %). Noteworthy, bone
marrow was excluded in this analysis. For each sample, an
average of two sections was analyzed and quantified.

Fluorochrome detection

Fluorochrome signals were identified on unstained MMA-
embedded samples. Signals were detected by fluorescence
microscopy (Olympus BX51) using a duo block filter for fluo-
rescein isothiocyanate/Texas red (dichroic mirror, 505/595 nm;
Nikon, Japan) to observe calcein green (494/509-550 nm) and
xylenol orange (570/610-780 nm).

Histology

A quarter of each sample was decalcified in 0.5 M EDTA
and then embedded in paraffin and sectioned. For identification

Implantation Calcein Xylenol

O Contral green orange
7 é‘\
O PAMP 1: Hior Lo y. y
. PAMP 2: Hi of Lo ° I t i t t } i
0 (] Wask-1  Day0 Week 1 Week 2 Week3  Week4 Week 5
. PAMP 3: Hior Lo @ ° ] c " ] et
-reactive

. PAMP 4: Hi or Lo ° o o I protein l l

. LPS or LTA

dorsal midline

-
daily temperature check

FIG. 1. Experimental setup. (A) The illustration depicts an example of the implants’ randomization scheme. Ten sub-
cutaneous pockets were made under the dorsal skin of each rabbit. Each animal received one control implant (only
BMP-2), one implant with either LPS or LTA, and both a high (Hi) and low (Lo) concentration of four selected
PAMPs. The four PAMPs were randomly chosen from a list of eight PAMPs according to a predefined randomization
list. (B) Timeline of the subcutaneous implantations in rabbits. Fluorochromes (calcein green and xylenol orange)
were administered on weeks 2 and 3 to detect mineralization onset. Monitoring for adverse effects was done by meas-
uring C-reactive protein levels in the blood, body temperature in the first week after surgery, and weekly body weight.
After 5 weeks of implantation, samples were harvested for analysis. Illustration created in https://BioRender.com.
BMP-2, bone morphogenetic protein 2; LPS, lipopolysaccharide; LTA, lipoteichoic acid; PAMP, pathogen-associated

molecular pattern.
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of osteoclasts, samples were stained for tartrate-resistant acid
phosphatase (TRAP). Briefly, samples were dewaxed, rehy-
drated, and then incubated in 0.2 M acetate buffer-tartaric acid
(pH 5.0) for 20 min at room temperature. Afterward, they were
immersed in a fresh solution of Naphtol AS-MX phosphate
(0.5 mg/mL, Sigma-Aldrich) and Fast Red TR salt (1.1 mg/mL,
Sigma-Aldrich) diluted in 0.2 M acetate buffer-tartaric acid (pH
5.0) for 1.5-2 h at 37°C. Then, the samples were rinsed and
counterstained with Mayer’s hematoxylin. Osteoclasts were
identified as TRAP-positive multinucleated cells directly located
on the surface of bone tissue or scaffold. Osteoclasts were iden-
tified as large or small, and when TRAP+ cells were lined adja-
cent with unclear borders, we arbitrarily counted them as two
osteoclasts. Absolute numbers were counted for an average of
two sections per sample. Results are reported as total cell count
per area (number/mmz).

Statistical analysis

The sample size calculation was performed for the pri-
mary outcome of this study; the relative difference in bone
volume (bone area %) of the experimental group compared
with the control informed by data from a prior study.” Power
analysis was performed using G*Software (version 3.1.9.7,
Germany) using the following parameters: F-tests (analysis
of variance: fixed effect, special, main effects, and interac-
tions), effect size (Cohen’s ) of 0.3536 (equivalent to d =
0.5), o of 0.05, and power of 0.80, for comparison of each
experimental group to the control. A sample size of 10 ani-
mals per group was required. We increased this by 20% to
account for potential missing data, which resulted in a final
sample size of 12 per group.

Descriptive statistics are presented as proportion (%) and
mean * standard deviation (SD). Bone volume of the Hi and
Lo concentrations of each PAMP was initially analyzed sep-
arately. Normality was assessed using the Shapiro—Wilk test,
and differences were tested with the Mann—Whitney test. As
no significant differences were found between Hi and Lo
concentrations within any group, the data were pooled for
both concentrations per PAMP to enhance statistical power
for further analysis.

To normalize data distribution, Abone area % was used as
the parameter to compare the experimental groups (contain-
ing BMP-2 + PAMPs) to the control (BMP-2 only), where
Abone area % was calculated as the difference between the
bone volume (bone area %) of an experimental group and
the corresponding control within the same animal. A linear
mixed model (LMM) with Benjamini—Hochberg!” post hoc
analysis was applied to assess the effect of PAMPs. The
LMM included a fixed effect to estimate the average impact
of the experimental groups on bone volume and random
effects to account for variability among animals.

Osteoclast counts (number/mmz) were presented as mean *
SD. Normality was assessed using the Shapiro—Wilk test, and
differences in osteoclast count between groups of animals
(nonresponders vs. responders) were tested with the Mann—
Whitney test. All statistical analyses were performed using
SPSS Statistics (version 29, IBM, USA) and figures created
with GraphPad Prism 9 software (USA).

Results
Bone formation in the ectopic implants

The subcutaneous implantation of BCPs treated with the
combination of low-dose BMP-2 and PAMPs did not lead to
systemic adverse effects, as evidenced by stable CRP levels,
body temperature, and weight throughout the study period
(Supplementary Fig. S3). One animal failed to recover from
the general anesthesia immediately after surgery and was
therefore excluded from the study. Additionally, 7 implants
(3%) out of the remaining 230 were found to partially or
completely protrude from the skin during the healing process
and therefore were not included in the analysis. In six ani-
mals, no ectopic bone was formed in any of the implants,
and we further termed these animals as “nonresponders”
(Fig. 2A). The number of implants per group included in the
analysis is depicted in Table 2.

Table 2 shows the average bone volume in each group
and the percentage of implants in which ectopic bone was
present or not. In the control group (BMP-2 only), the aver-
age bone volume was 6.8% * 8.5% with 59% of the implants
showing the presence of ectopic bone and 41% not. In the
experimental groups, ectopic bone was detected in >50% of
implants in the PGN, BCG, and CpG ODN C group; <50%
in the SA, CA, PAM, Poly(I:C), and LTA group; and no
ectopic bone was detected in Curdlan and LPS group. Addi-
tionally, no differences in average bone volume were found
between the implants with Hi and Lo concentration per
PAMP (Supplementary Fig. S4). As a result, the data from
both were pooled in the subsequent analysis to enhance sta-
tistical power.

Differences in bone volume between experimental groups
and the control

Figure 2A depicts a paired dot plot that shows the bone
volume of each implant treated with different PAMPs at
both Hi and Lo concentrations, compared with its corre-
sponding control implanted in the same animal. Most
implants showed a negative or no change in bone volume
compared with their respective control. Except for PGN, in
which 9 out of 15 implants (60%) showed a positive change
in bone volume compared with its relative controls.

Due to the large variations in bone volume (bone area %)
within each group, the data were not distributed normally.
To improve data distribution, Abone area % was used as the
parameter to compare PAMP groups and control. Abone
area% represents the difference in bone volume between the
experimental implant and the control implant within each
animal (Fig. 2B). Among the 10 PAMPs tested, PGN was
the only group to show a positive mean in Abone area %
(+4.4%, p = 0.08) compared with the control. Decreased in
bone volume was seen for Poly(I:C) (—=6.30%, p = 0.04) and
LPS (-7.4%, p = 0.03).

Histological analysis

The large variation in bone volume did allow for observa-
tion of the pattern, in which new bone formed inside BCP
pores (Fig. 3A). More specifically, bone was typically found
in a centrally located confined area inside the disc and never
on the outside.
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FIG. 2. The effect of PAMPs + BMP-2 (5 pg) on ectopic bone formation in BCP discs after 5 weeks of subcutaneous
implantations in rabbits. (A) Paired dot plots showing bone volume (area %) from implants treated with different
PAMPs at both Lo (light gray) and Hi (dark gray) concentrations, compared with its corresponding control. Dashed
lines connect measurements from the same animal, and sample size (n) indicates the number of implants. Dots and lines
may represent overlapping samples. (B) The percentage change of bone volume (Abone area %) for the PAMP groups
at both Lo (light gray) and Hi (dark gray) concentrations relative to their respective controls implanted within the same
animal. Data are presented as mean * SD. Statistical analysis was performed using the linear mixed model with
Benjamini—Hochberg post hoc test (*p < 0.05). BCP, biphasic calcium phosphate; BMP-2, bone morphogenetic protein
2; PAMP, pathogen-associated molecular pattern; SD, standard deviation.

Basic fuchsin and methylene blue staining shows fibrous 17 animals) compared with those without ectopic bone in
connective tissue and bone marrow filling the pores of the any implant (nonresponders; 6 animals; Fig. 4B).
BCP with some bone tissue present (Fig. 3B). Bone tissue
formed directly on the BCP surface, with cuboid osteoblasts

. . Mineralization onset in ectopic implants
visible on the newly formed bone. In several implants of the P P

LPS group, the pores were infiltrated by numerous round,
inflammatory cells.

TRAP staining shows multinucleated osteoclasts on the
surface of BCP (Fig. 4A). The number of osteoclasts within
the implants did not differ between the various PAMP
groups. However, it was associated with whether an animal
formed ectopic bone in the implants. Osteoclast numbers
were significantly higher (p = 0.004) in implants retrieved
from animals with ectopic bone present (responders;

Fluorescent labels were administered to detect mineraliza-
tion onset in the newly formed bone. Fluorescent signals
were analyzed only in implants in which ectopic bone was
present. We observed no signal for calcein green in any of
the implants, indicating no mineralization to occur in the first
2 weeks after implantation. Positive signals were detected for
xylenol orange (Fig. 4C) and were animal-dependent, irre-
spective of the different treatment groups. Of the 17
“responding animals,” 47% showed positive signals (Fig. 4D)
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suggesting that mineralization onset occurred between 2 and
3 weeks after implantation. In the other 53%, ectopic bone
formed after the 3" week of implantation.

Discussion

PAMPs are potent immunomodulators that elicit a wide
range of immune-stimulatory responses.!> To determine
whether PAMPs could function as osteoimmunomodulatory
agents to enhance bone formation, we combined BCPs with
different PAMPs and low-dose BMP-2. Implants were
placed in the subcutaneous pockets of rabbits, with each ani-
mal receiving an internal control implant containing BMP-2
alone for comparison. After 5 weeks, our results showed
minimal ectopic bone formation across the implants. No sig-
nificant differences in bone volume were observed between
the high and low concentrations of PAMPs. Among the
PAMPs tested, PGN was the only group to exhibit a trend
toward increased bone formation, although the effect size
was modest, and with borderline significance. Only 60% of
PGN-treated implants exhibited a positive response, indicat-
ing variability in its effect. Additionally, Poly(I:C) and LPS
decreased bone volume compared with their relative con-
trols. The variation in bone formation across animals sug-
gests a degree of interindividual variability, as some animals
did not form ectopic bone in any implants, including the
BMP-2-only control.

Previous studies have explored the effects of whole
microbes on de novo bone formation at skeletal®!® and
extraskeletal (ectopic) locations.” At skeletal sites, different
strains of nonviable bacteria including S. aureus, E. coli, and
BCG (attenuated M. bovis) have induced a net increase in
bone volume, suggesting a potential to promote bone forma-
tion under specific conditions.®!® However, the same micro-
bial stimuli failed to promote bone formation at ectopic
locations such as intramuscular and subcutaneous sites.” In a
comparative study using different strains of nonviable bacte-
ria, yi-Haemophilus influenzae (10°-107 units/mL) was
shown to promote bone formation when combined with
BMP-2 (1.5 pg/mL) in BCP scaffolds after 8 weeks of
implantation at subcutaneous sites in rabbits.” In contrast,
other strains, including vyi-Bacillus cereus, yi-Escherichia
coli, yi-Mycobacterium marinum, and SA, showed no effect
under similar conditions.”"'? Likewise, in our study, SA,
BCG, and CA did not induce ectopic bone formation.

Inconsistent findings were also observed with bacterial
cell wall components in the subcutaneous implantations. Pre-
vious work has demonstrated that LTA (3 mg/mL), a Gram-
positive cell wall component, promoted ectopic bone forma-
tion in BCP scaffolds when combined with lower-dose
BMP-2 (1.5 pg/mL) in subcutaneous implants in rabbits after
8 weeks.!2 However, in our study, LTA at the same concen-
tration failed to promote bone formation, suggesting a

RAHMANI ET AL.

context-dependent effect. Several factors could contribute to
this discrepancy, including implantation period, scaffold
properties, BMP-2 dosage, and differences in host immune
responses. These findings highlight the difficulty in compar-
ing results across studies with different experimental
parameters.

Different PAMPs induce distinct immune responses, yet a
common feature is the activation of the canonical nuclear
factor kappa B pathway, leading to the induction of proin-
flammatory mediators.'® While inflammation is often associ-
ated with bone resorption in conditions such as osteoporosis
and rheumatoid arthritis, its role in bone formation remains
complex and context dependent.'® Paradoxically, many of
the mediators and signaling pathways implicated in patho-
logical bone loss are also being studied in the pathogenesis
of sporadic bone growth, for instance, in the case of hetero-
topic ossification (bone formation in soft tissue following
trauma) and juvenile amputee overgrowth (excessive bone
formation at amputation sites).!%!® Deeper understanding of
the biology underlying inflammation-mediated bone forma-
tion is essential to harness its potential for bone regeneration
purposes.

The positive effects of microbial stimulation on bone vol-
ume are more frequently observed at skeletal locations com-
pared with nonskeletal sites. One possible explanation is that
skeletal tissues, particularly the periosteum, are highly
responsive to inflammatory cues.!® In adults, the osteogenic
properties of the periosteum can be activated by trauma,
infection, and growing tumors.!® Cells within the periosteal
layer, including osteoblasts and undifferentiated mesenchy-
mal stem cells, respond by increasing their proliferation and
differentiation activity, ultimately contributing to new bone
formation.?? A response is primarily regulated by inflamma-
tory mediators and growth factors.?? Given this, we propose
that the cellular environment at skeletal locations provides a
more favorable setting for inflammation-mediated bone
regeneration.

We observed interindividual variations in ectopic bone
formation across animals. We used the term “nonrespond-
ers” for animals in which no bone was present in any of the
implants and the term “responders” for animals in which at
least one implant showed ectopic bone formation. One possi-
ble explanation for this variability is differences in osteoclast
activity. We observed a significantly higher number of osteo-
clasts in implants of the responder group compared with
nonresponders (p = 0.004), aligning with previous reports
linking increased osteoclast activity to enhanced in vivo
bone regeneration.?!

Several studies have investigated the role of osteoclasts in
calcium phosphate (CaP) scaffolds. Evidence suggests that
depleting osteoclast precursors, such as monocytes and mac-
rophages, impaired bone formation at both extraskeletal??—2*
and skeletal sites.?>>® Importantly, osteoclasts appear earlier

>

FIG. 3. Histology of undecalcified MMA-embedded sections. (A) Pseudo-coloring of implant sections shows the dis-
tribution of the different percentages of ectopic bone (red) in the pores (purple) of BCP (gray). (B) Basic fuchsin and
methylene blue staining shows BCP scaffold (S, dark brown), bone tissue (B, pink), fibrous tissue (F, purple), and
cuboid osteoblasts lining the surface of bone (arrow). In the LPS group, numerous round, nucleated cells (¥, dark pur-
ple) are seen in the pores. Images are representative of implants with ectopic bone present (no ectopic bone was found
for Curdlan and LPS). Scale bar: white =200 pum and yellow = 50 um. BCP, biphasic calcium phosphate; LPS, lipo-

polysaccharide; MMA, methyl methacrylate.
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Osteoclast Count
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FIG. 4. Detection of osteoclasts and fluorescent labels. (A) TRAP staining on the decalcified sample shows osteoclasts (red)
on the surface of BCP (S, light purple) and fibrous tissue filling the pores (P, dark purple). This image is representative of
samples containing osteoclasts. (B) Osteoclast numbers were counted from implants retrieved from the nonresponders (animals
with no ectopic bone in any implants; 6 animals) and responders (animals with at least one implant containing ectopic bone;
17 animals). Some data points may represent overlapping samples. Data are presented as mean = SD. Statistical analysis was
performed using the Mann—Whitney test; **p < 0.01. (C) Fluorescent images showing the signal for xylenol orange (X.O.,
orange line) administered at week 3 but not calcein green administered at week 2. B = bone tissue, S = BCP scaffold. (D)
The percentage of animals (responders, n = 17) with implants showing positive or no xylenol orange (X.0.) signal, irrespective
of the treatment groups. BCP, biphasic calcium phosphate; SD, standard deviation; TRAP, tartrate-resistant acid phosphatase.

than osteoblasts in CaP implants.2*?527 Higher osteoclast
activity has been associated with ectopic bone induction
across species. For example, in a comparative study using
similar CaP materials, ectopic bone formation occurred in
dogs but not in rats, with a striking 600-fold difference in
osteoclast numbers between the two species.>* Supporting
this, Li et al. found differences in the capacity of bone mar-
row macrophage to differentiate into osteoclasts among rat
strains, identifying a strain in which ectopic bone formation
can occur, and those that did not.2® Our findings align with
these reports, as higher osteoclast numbers were observed in
animals that formed ectopic bone (Fig. 4B).

Several limitations should be considered. First, not all
control group implants formed ectopic bone, which contrasts
with earlier studies in rabbits, where ectopic bone was con-
sistently present in scaffolds when BMP-2 was added.”-!%14
In a pilot study (unpublished, n = 5) using the same experi-
mental setup, mineralization in BCPs treated with 5 pg
BMP-2 was observed between weeks 3 and 4 after implanta-
tion. Based on this, we applied a 5-week implantation period
in the present study. However, our results showed consider-
able variation in bone formation (Table 2). Previous studies
used a lower dosage of BMP-2 (1.5-3 ng) but a longer

implantation period (8—12 weeks).”*!2 Future studies should
explore longer implantation times to determine if this leads
to more consistent bone formation outcomes.

Additionally, we used subcutaneous implant as the experi-
mental unit rather than individual animals. While this design
allows for multiple test groups per animal, it limits direct
comparison of immune parameters between individual ani-
mals, as each rabbit received a unique combination of
PAMPs. Exclusion of data from nonresponders and missing
samples also reduced statistical power. However, since no
significant differences were observed between the Hi and Lo
PAMP concentrations, a pooled analysis remained feasible.

Conclusion

Our findings suggest that while PAMPs have the potential
to modulate bone formation, their effects are variable, and
further refinement is needed to harness their osteoimmuno-
modulatory properties effectively. In our model, PGN
showed a positive trend in ectopic bone formation, whereas
Poly(I:C) and LPS were associated with negative effects.
However, variability in bone formation and the lack of statis-
tical significance highlight the need for further validation
studies. A more predictive in vivo model will be essential to
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systematically evaluate PAMP effects, including dose—
response relationships, different implantation locations, and
extended implantation periods to create conditions more con-
ducive to bone formation. A deeper understanding of the
inflammatory profiles elicited by different PAMPs is also
necessary to determine how immune stimulation can be fine-
tuned to promote a controlled and beneficial inflammatory
response. Additionally, osteoclast activity may play a role in
interindividual variability, suggesting future studies should
include parameters that assess osteoclast activities. While
challenges remain, this study provides valuable insights that
can inform the development of immune-targeted strategies
for bone regeneration.
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