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Abstract: Therapeutic pathogen recognition receptor (PRR) ligands are reaching clinical practice
following their ability to skew the immune response in a specific direction. We investigated the effects
of various therapeutic PRR ligands on bone cell differentiation and inflammation. Following stimulation, alkaline phosphatase (ALP) activity (Day 10), osteocalcin, osteonectin expression (Day 14),
and calcium deposition (Day 21) were quantified in bone marrow-derived human mesenchymal
stem cells (hMSCs). The osteoclastogenic response was determined by measuring tartrate-resistant
acid phosphate (TRAP) activity in human monocytes. TNF-α, IL-6, IL-8, and IL-10 expressions were
measured by enzyme-linked immunosorbent assay as an indicator of the ligands’ inflammatory
properties. We found that nucleic acid-based ligands Poly(I:C) and CpG ODN C increased early ALP
activity in hMSCs by 4-fold without affecting osteoclast formation. These ligands did not enhance
expression of the other, late osteogenic markers. MPLA, Curdlan, and Pam3CSK4 did not affect
osteogenic differentiation, but inhibited TRAP activity in monocytes, which was associated with
increased expression of all measured cytokines. Nucleic acid-based ligands are identified as the most
promising osteo-immunomodulators, as they favor early osteogenic differentiation without inducing
an exaggerated immune-cell mediated response or interfering in osteoclastogenesis and thus can be
potentially harnessed for multifunctional coatings for bone biomaterials.
Keywords: multifunctional coatings; adjuvant; osteoimmunology; osteoblast; osteoclast; pathogenrecognition receptors; pathogen-associated molecular patterns
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Various off-the-shelf synthetic bone substitutes, such as biodegradable ceramics and
polymers, are readily available in the clinic for use in orthopedic interventions [1–3].
Although the performance of certain synthetic replacements are even reported to be noninferior to autograft in applications such as spinal fusion, the success rate is not optimal [4,5].
A challenge remains in their limited osteoinductive capacity, namely the ability to induce
the differentiation of bone progenitor cells, during the critical early weeks following
implantation [3,6,7]. To enhance the efficacy of synthetic bone biomaterials, one approach
is the development of coatings that align with the biological process of bone formation.
Since the immune and skeletal systems are closely entangled, strategies are being
explored to modulate the local host immune environment in favor of bone formation [6,7].
Referring to fracture healing as a model for efficient bone regeneration, the early inflammatory phase is proven to be a vital step in osteogenesis. During this initial phase,
pro-inflammatory cytokines including TNF-α, IL-6, IL-8, IL-17 and anti-inflammatory
cytokines such as IL-10 and IL-4 are being released at the site of injury and subsequently,
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recruit and differentiate progenitor cells towards the osteogenic lineage [8,9]. A balanced
inflammatory reaction is key, as a sustained inflammatory response will mitigate the bone
regenerative process [10–12]. Since microbial stimuli were found recently to be involved
in osteo-immunomodulation, it is thought that the induction and transcription of proosteogenic cytokines can also result from the activation of pattern recognition receptor
(PRR) signaling cascades present in immune or bone cells [11,13,14]. Indeed, the specific
targeting of PRRs with ligands derived from intact or fragmented bacterial cell wall components has been demonstrated to induce local and transient inflammation that results in
enhanced bone formation in vivo [15–17].
It is currently unknown which PRR ligands lead to the most optimal bone response,
and which class of PRR ligands have highest clinical merit. The realization that PRRtargeting ligands can selectively initiate and propagate immune responses has provoked
the pharmaceutical industry to develop synthetic immunological adjuvants that resemble microbial cell wall components or their nucleic acids, but with higher clinical merit
due to high purity and stability, lower toxicity, and ability to resist rapid degradation
in vivo [18–20]. This class of agents has shown success in the pre-clinical and clinical
testing phase as vaccine adjuvants to enhance the adaptive immune response by antigen
presentation or as stand-alone therapeutic agents to suppress or enhance the inflammatory
response depending on the specific need, e.g., treatment of infections, the suppression of
autoimmune responses, and the stimulation of anti-tumor immunity [21]. In the context of
orthopedic application, it is yet unknown if the immune modulating capacity of synthetic
therapeutic PRR ligands can be employed to recruit and dictate the fate of the various cells
involved in the bone healing process.
Mesenchymal stem cells (MSCs) are the progenitors of osteoblasts and therefore crucial
target cells in nearly all clinical scenario’s necessitating bone regeneration [22,23]. MSCs
express a multitude of PRRs that are thought to regulate their proliferation, differentiation
and inflammatory properties [24–26]. Until now, the bone-forming capacity of PRR ligands
has been explored in vivo mainly in rodents, with inconsistent responses in comparison to
human cells [27]. These inconsistencies are likely related to the difference in the expression
of PRRs in different species and the generally lower sensitivity of rodents to microbial
stimuli [24,25]. To better predict the possible clinical reaction, further investigation is
required to explore the response of human MSCs (hMSCs) towards therapeutic PRR ligand
stimulation.
Apart from hMSCs, the local activity of osteoclasts is also important for bone regenerative strategies. Osteoclasts derive from the hematopoietic cell line and are considered early
responders to PRR ligands after in vivo delivery [26,28]. Local depletion of osteoclasts or
their precursors during early inflammation is suggested to impair the onset of new bone
formation in biomaterials [28,29]. Therefore, potential therapeutic PRR ligands used for
orthopedic settings should not have inhibitory properties towards osteoclast formation
during the early phases of inflammation.
In this study we investigate the potential use of synthetically developed therapeutic
PRR ligands as immunomodulators for bone regeneration. Different classes of therapeutic
PRR ligands are evaluated for their effect on osteogenic differentiation of hMSCs, osteoclast
formation and cytokine expression by both hMSCs and monocytes.
2. Materials and Methods
2.1. Study Design
A set of therapeutic PRR ligands (Table 1) was evaluated for their effects on osteogenic
differentiation, osteoclast formation, and pro-inflammatory activity in human cells. Bonemarrow derived hMSCs were stimulated with the PRR ligands in dexamethasone-based
osteogenic differentiation medium to identify possible modulatory effects on osteogenic
differentiation. Moreover, hMSCs were stimulated with PRR ligands in expansion medium
to discriminate between possible pro-osteogenic effect independent of osteogenic stimuli,
namely osteoinduction. As a marker of early osteogenic differentiation, cells were assessed
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for the day 10 activity in alkaline phosphatase (ALP), an enzyme secreted by cells of the
early osteoblast lineage and that plays a role in matrix calcification. As markers of late
osteogenic differentiation, the day 14 expression of osteonectin and osteocalcin—noncollagenous proteins that regulate biological mineralization process—and day 21 biological
mineralization were measured [27,30,31].
Table 1. Overview of investigated pathogen recognition receptor (PRR) ligands and working concentrations.
Therapeutic PRR Ligand
Pam3CSK4
Curdlan
MPLA
Resiquimod
Murabutide
CpG ODN C
Poly(I:C)
a

Receptor
a

TLR1/2
Dectin-1 a
TLR4 a
TLR7/8 b
NOD2 b
TLR9 b
TLR3 b

Natural Ligand

Concentration

Bacterial lipoproteins
n/a
Gram-negative bacterial Lipid A
Microbial single-stranded RNA
Bacterial peptidoglycan
Microbial DNA
Microbial double-stranded RNA

0.01–1 µg/mL
0.1–10 µg/mL
0.01–1 µg/mL
0.01–1 µg/mL
0.1–10 µg/mL
0.01–1 µg/mL
0.1–10 µg/mL

Cell-surface, b intracellular, TLR = toll-like receptor, NOD2 = nucleotide-binding oligomerization domain-2.

Next, PRR ligands were investigated for their modulatory effects on monocyte-derived
osteoclast differentiation. We investigated the effects of PRR stimulation on day 6 tartrateresistant acid phosphatase (TRAP) activity, an enzyme secreted by resorptive osteoclasts,
in the presence of macrophage colony stimulating factor (M-CSF) and receptor activator of
NF-κB ligand (RANKL), as the presence of both of these factors is a prerequisite for the
differentiation of human monocytes into osteoclasts [26].
As the changes in local inflammatory milieu are thought to underlie the effects of PRR
immunomodulation on osteoblast and osteoclast differentiation [32–34], the effects of PRR
ligand stimulation were studied on the cytokine production by hMSCs and monocytes.
The levels of pro-inflammatory (TNF-α, IL-6, IL-8) and anti-inflammatory (IL-10) cytokines
were measured after 24 h stimulation, as they provide a general depiction of the degree of
inflammation induced by the different PRR ligands.
2.2. Reagents
Poly(I:C) high molecular weight, CpG oligodeoxynucleotide (ODN) type C (M362),
Resiquimod, Pam3CSK4, Monophosphoryl Lipid A (MPLA), Curdlan (Beta-1,3-glucan
from Alcaligenes faecalis), and Murabutide were obtained from Invivogen (San Diego, CA,
USA). These mediators were selected for their ability to activate different cell-surface and
intracellular PRRs (Table 1). Their final concentrations were based on the ability to induce
TNF-α production in human monocytes (Resiquimod, Pam3CSK4, MPLA Curdlan, and
Murabutide) (Supplementary Figure S1) or the manufacturer’s data sheet (Poly(I:C) and
CpG ODN). Recombinant human M-CSF and recombinant human RANKL were purchased
from Peprotech (London, UK).
2.3. Cell Sources and Culture Conditions
Human material was obtained in accordance with the Declaration of Helsinki, with
the approval of the local medical ethical committee (University Medical Center Utrecht,
Utrecht, The Netherlands) under the protocols METC 08-001/K and METC 07-125/C, and
with the written consent of the participants. Bone marrow was harvested from the vertebrae
of female patients aged 15–30 years (n = 7), diagnosed with idiopathic scoliosis. These
cell sources were selected because of the young donor age and the minimal probability of
interfering factors like systemic diseases, co-morbidities, or use of medication.
hMSCs were isolated and cryopreserved as described in detail previously, as this
method of MSC isolation yields multipotent cells as shown by standard differentiation
assays along osteogenic, adipogenic, and chondrogenic lineages [35]. Cells below passage 7
were used for the experiments. Human peripheral blood from healthy volunteers aged 25–
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40 years (4 females, 1 male) was obtained from the Mini Donor Service (University Medical
Center Utrecht, Utrecht, The Netherlands) in heparinized tubes. The mononuclear cell
fraction was isolated by density centrifugation using Ficoll–Paque, followed by monocyte
separation using positive CD14 magnetic-activated cell sorting (MACS), according to
the manufacturer’s instructions (Miltenyi Biotec, Bergisch-Gladbach, Germany). MSC
expansion medium consisted of α-MEM (Invitrogen, Carlsbad, CA, USA) with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Hyclone CSG0412, GE Healthcare Life Sciences),
100 units/mL penicillin and 100 µg/mL streptomycin (Gibco), and 0.2 mM L-ascorbic-acid2-phosphate (Sigma, St Louis, MO, USA). Monocyte medium consisted of RPMI (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) heat-inactivated FBS
and 100 units/mL penicillin and 100 µg/mL streptomycin. All cell culture experiments
were performed at 37 ◦ C in a humidified atmosphere containing 5% CO2 .
2.4. hMSC Osteogenic Differentiation
To test the effect of PRR ligands on early and late osteogenic differentiation, hMSCs
were seeded at a density of 15,000 cells/cm2 in a 96-well plate or 24 well-plate in technical
triplicates, and cultured in MSC expansion medium. Upon 100% confluency, cells were
cultured in expansion medium or osteogenic differentiation medium (expansion medium
supplemented with 10 mM β-glycerophosphate and 10 nM dexamethasone), in absence or
presence of PRR ligands (final concentrations in Table 1). The medium and PRR ligands
were refreshed twice a week for 10 days (early analyses), 14 days and 21 days (late analyses).
For ALP activity quantification, cells were lysed in 0.2% (v/v) Triton X-100/PBS for
30 min. ALP activity was measured by the conversion of the p-nitrophenyl phosphate
liquid substrate system (pH = 9.6) (SigmaFast p-nitrophenyl phosphate tablets, SigmaAldrich). The absorbance was measured at 405 nm and corrected at 655 nm (Bio-Rad,
Hercules, CA, USA). The cell lysate was also used to determine the DNA content with the
Quant-It PicoGreen kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. The ALP/DNA was normalized for the control not receiving any PRR ligands.
Osteocalcin (n = 3 MSC donors) and osteonectin (n = 2 MSC donors) expression were
visualized using immunocytochemical staining. At day 14, cells were fixed in 4% (w/v)
paraformaldehyde and permeabilized in 0.2% (v/v) Triton X-100/PBS. The cells were
treated with 5% (w/v) bovine serum albumin (BSA)/PBS for 30 min in order to block
aspecific binding of the antibody. Samples were incubated for 1 h at room temperature with
10 µg/mL mouse monoclonal antibody recognizing human osteocalcin (clone OCG4, Enzo
Life Sciences, Zandhoven, Belgium) or 10 µg/mL anti-human osteonectin (AON-1, DSHB,
Iowa City, IA, USA). The monoclonal mouse IgG1 antibody was used as isotype-matched
control Ab. This was followed by 1 h incubation with 10 µg/mL goat-anti-mouse polyclonal
antibody conjugated to Alexa Fluor 488 (Invitrogen). After washing with PBS, nuclei of the
cells were stained with 1 µg/mL 40 ,6-diamidino-2-phenylindole (DAPI) for 10 min. The
staining was visualized using a fluorescence microscope (Thunder, Leica microsystems,
Wetzlar, Germany). Quantification was done by measuring the mean intensity of the
binary image (area of the image = 0.6 mm2 ) obtained from experiments done in duplicates
per donor using ImageJ Freeware version 1.53e software (National Institutes of Health,
Bethesda, MD, USA).
To assess and quantify the matrix mineralization after 21 days, samples were incubated
with 0.2% Alizarin Red S (ARS) for 60 min (pH = 4.2, Sigma) and examined using light
microscopy. In addition, Alizarin Red was extracted from the monolayer of the cells by
incubating in 10% (w/v) cetylpyridinium dissolved in 10 mM sodium di-phosphate buffer
solution (pH = 7.2) (Sigma Aldrich) for 60 min. Absorbance was measured at 595 nm and
corrected at 655 nm. The amount of calcium deposited in each well (experiments done in
triplicates) was then quantified using the standard curve obtained by dissolving known
concentration of ARS and considering 2 mol of Ca2+ /mol of dye in solution.
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2.5. Osteoclast Differentiation Assay
CD14+ monocytes (n = 3–4 donors) were seeded at a density of 500,000 cells/cm2 in
a 96-well plate in technical triplicates and cultured in osteoclast differentiation medium,
consisting of α-MEM supplemented with 10% (v/v) heat-inactivated FBS, 100 units/mL
penicillin and 100 µg/mL streptomycin, 25 ng/mL M-CSF and 50 ng/mL RANKL. As a
negative control for osteoclast differentiation, macrophage differentiation was induced
using M-CSF medium in absence of RANKL. The effects of the PRR ligands were studied in
osteoclast differentiation medium at a final concentration as mentioned in the figure legend.
Culture was performed for a total of 6 days, with a medium/PRR ligand change on day
3. For TRAP staining, cells were fixed in 4% (w/v) paraformaldehyde and incubated for
20 min with 50 mM tartaric acid in 0.2 M acetate buffer (pH 5.0). Subsequently, 0.5 mg/mL
naphtol AS-MX phosphate (Sigma-Aldrich) and 1.1 mg/mL fast red TR salt (Sigma-Aldrich)
were added to the buffer and incubated for another 10 min at 37 ◦ C. The samples were
imaged on the IX53 Inverted Microscope (Olympus, Tokyo, Japan). Osteoclasts were
defined as TRAP-positive cells (pink/red) with 3 or more nuclei [32] and were counted by
a blinded observer (MC) in 4 predefined regions of interest (ROI) with a total surface area
of 0.6 mm2 . The osteoclast counts were normalized to the controls receiving only M-CSF
and RANKL.
2.6. Cytokine Expression
hMSCs were seeded at a density of 62,500 cells/cm2 in MSC expansion medium in 96well plates in technical triplicates. Monocytes were seeded at a density of 240,000 cells/cm2
in monocyte medium in 96-well plates in technical duplicates. Cells were stimulated for
24 h with PRR ligands according to the final concentrations mentioned in the figure legend
and the supernatant was stored at −20 ◦ C for cytokine determination. The concentrations of TNF-α, IL-6, IL-8, and IL-10 were measured using commercially available ELISA
kits (Duoset, R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s
instructions. The results were normalized to the non-stimulated control.
2.7. Statistical Analysis
Data were tested for a normal Gaussian distribution using the Shapiro–Wilk normality
test. Repeated measures ANOVA with Dunnett’s post hoc correction or repeated measures mixed model with Sidak’s post hoc correction were performed in SPSS (V24, IBM,
Armonk, NY, USA using p < 0.05 as a threshold for significance. All data are presented as
mean ± standard deviation, with the group sizes indicated in the figure legends.
3. Results
3.1. Effect of PRR Ligands on hMSC Osteogenic Differentiation
None of the cell surface PRR ligands affected the early osteogenic differentiation in
terms of the ALP activity in hMSCs as compared to the control (Figure 1A). A significant 5fold increase in ALP activity at day 10 was observed in the group stimulated with Poly(I:C),
and a similar trend in increased ALP activity was observed in the group stimulated with
CpG ODN C. On closer investigation of the responses per individual donor, it was observed
that the effects of Poly(I:C) and CpG ODN C were both donor- and dose-dependent
(Figure 1B). More specifically, only 4/7 donors were responsive to PRR stimulation in
terms of significantly enhanced ALP activity. Poly(I:C) and CpG ODN C had a synergistic
interaction with the osteogenic differentiation medium. No effects of these PRR ligands
were observed when culturing the cells in expansion medium (Supplementary Figure S2),
suggesting a lack of any osteoinductive effect.
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PRR ligands were observed when culturing the cells in expansion medium (Supplementary Figure S2), suggesting a lack of any osteoinductive effect.

Figure 1. Effect of PRR ligands on human mesenchymal stem cells (hMSCs) osteogenic differentiation. (A) Alkaline
phosphatase (ALP) activity in hMSCs after stimulation with PRR ligands in osteogenic differentiation medium for 10 days.
hMSCs were stimulated with a concentration range of each PRR ligand (Table 1). ALP activity was corrected for DNA
content of the cells and normalized to the control in osteogenic medium. Results show the mean ± standard deviation
for 3 MSC donors. (B) ALP activity for 7 individual MSC donors after stimulation with CpG ODN C or Poly(I:C). Results
show the mean ± standard deviation of the technical triplicate performed per donor. (C) Immunocytochemical staining for
intracellular osteocalcin (representative for 3 MSC donors) and osteonectin (green) (representative for 2 MSC donors) was
performed in hMSCs after stimulation with CpG ODN C (1 µg/mL) and Poly(I:C) (10 µg/mL) in osteogenic medium for
14 days. The staining was compared to the isotype control (negative control) to confirm the specificity of the positive signal.
Cell nuclei were stained with DAPI (blue). Scale bar: 200 µm. Mean intensity of the images was calculated using ImageJ and
normalized to the control in osteogenic medium. Results show the mean ± standard deviation. (D) Alizarin Red S staining
was performed after stimulation with CpG ODN C (1 µg/mL) and Poly(I:C) (10 µg/mL) for 21 days (representative for
7 MSC donors). Total amount of calcium deposited per well was quantified and normalized to the control in osteogenic
medium. Results show the mean ± standard deviation for 7 MSC donors. Significance was tested using repeated-measures
ANOVA with Sidak’s post hoc test for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001.
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In contrast to the findings regarding the early osteogenic marker ALP, groups stimulated with Poly(I:C) and CpG ODN C did not show an increased response to the late
osteogenic differentiation markers, i.e., osteocalcin and osteonectin expression at day 14
(Figure 1C) and biological mineralization at day 21 (Figure 1D). An inhibitory effect of
Poly(I:C) in 5/7 donors and CpG ODN C in 4/7 donors was even seen in terms of biological
mineralization. Less variation was observed in their protein expression among the donors
(Supplementary Figure S3).
3.2. Effect of PRR Ligands on Cytokine Expression of hMSCs
In hMSCs, generally low production of TNF-α and IL-10 was observed in comparison to the production of IL-6 and IL-8 (Supplementary Table S1). As compared to the
non-stimulated control, a significantly increased production of IL-6 was observed following stimulation with Curdlan (7-fold), MPLA (7-fold), or Poly(I:C) (12-fold) (Figure 2c).
Poly(I:C) stimulation resulted in a significantly higher production of IL-8 (15-fold) as comMaterials 2021, 14, x FOR PEER REVIEW
of 16
pared to the control. A trend towards increased production of IL-8 was seen8 following
treatment with the cell surface PRR ligands.
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3.3. Effect of PRR Ligands on Human Osteoclast Differentiation
It was confirmed that the combination of M-CSF and RANKL in the osteoclastogenic
medium led to the differentiation of monocytes into TRAP-positive multinucleated osteoclasts. In comparison, monocytes maintained their mono-nucleated phenotype in absence of RANKL (Figure 3A). Cell-surface PRR ligands had strong effect as compared to
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3.3. Effect of PRR Ligands on Human Osteoclast Differentiation
It was confirmed that the combination of M-CSF and RANKL in the osteoclastogenic
medium led to the differentiation of monocytes into TRAP-positive multinucleated osteoclasts. In comparison, monocytes maintained their mono-nucleated phenotype in absence
of RANKL (Figure 3A). Cell-surface PRR ligands had strong effect as compared to intracellular PRR ligands on the day 6 TRAP activity in osteoclastogenic medium. A significant
75% decrease in TRAP activity was observed following stimulation with the cell surface
PRR ligands Pam3CSK4 or Curdlan, while MPLA completely inhibited the TRAP activity.
Materials 2021, 14, x FOR PEER REVIEW
9 of 16
On the other hand, stimulation with the intracellular PRR ligands Resiquimod, Murabutide,
CpG ODN C, or Poly(I:C) did not affect osteoclast differentiation (Figure 3B,C).
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3.4. Effect of PRR Ligands on Cytokine Expression of Human Monocytes
Cell surface PRR stimulation in monocytes resulted in increased levels of cytokine
production, whereas the intracellular PRR ligands had almost no effect. A significant increase in TNF-α production was observed following stimulation with Pam3CSK4 (20fold), Curdlan (50-fold) or MPLA (50-fold) (Figure 4a). IL-6 production increased even
500-fold after MPLA treatment (Figure 4c). IL-8 production increased following stimula-
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3.4. Effect of PRR Ligands on Cytokine Expression of Human Monocytes
Cell surface PRR stimulation in monocytes resulted in increased levels of cytokine
production, whereas the intracellular PRR ligands had almost no effect. A significant
increase in TNF-α production was observed following stimulation with Pam3CSK4 (20fold), Curdlan (50-fold) or MPLA (50-fold) (Figure 4a). IL-6 production increased even
500-fold after MPLA treatment (Figure 4c). IL-8 production increased following stimulation
with Pam3CSK4 (20-fold), Curdlan (25-fold), or MPLA (25-fold) (Figure 4d). Only a trend
towards increased IL-10 production was seen following stimulation with cell surface
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PRR ligands (Figure 4b). Resiquimod, Murabutide, CpG ODN C, and Poly(I:C) had no
significant effects on the cytokine production.
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Absolute
values of the controls can be found in supplementary Table S2. Normality of the data was tested using the Shapiro–Wilk test.
values of the controls can be found in supplementary Table S2. Normality of the data was tested
Significance was tested using repeated-measures ANOVA with Sidak’s post hoc test for multiple comparisons. ** p < 0.01,
using the Shapiro–Wilk test. Significance was tested using repeated-measures ANOVA with
*** p < 0.001.
Sidak’s post hoc test for multiple comparisons. ** p < 0.01, *** p < 0.001.

4. Discussion
The current study identifies nucleic acid-based PRR ligands as the most promising
osteo-immunomodulators. Poly(I:C) and CpG ODN C comprise of synthetic microbial
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4. Discussion
The current study identifies nucleic acid-based PRR ligands as the most promising
osteo-immunomodulators. Poly(I:C) and CpG ODN C comprise of synthetic microbial RNA
and DNA, respectively, and are currently being investigated in clinical trials to be used as
clinical adjuvants in asthma therapy and anti-tumor therapies [23,36]. Upon recognition by
the intracellular receptors TLR3 and TLR9, Poly(I:C) and CpG ODN C induce the activation
of the NF-κB and TIR domain-containing adapter-inducing interferon β (TRIF) signaling
pathways, which results in the secretion of mostly Interferon (IFN)-α, IL-6, and IL-10 in
immune cells [36,37]. In our current work, it was found that Poly(I:C) and CpG ODN C
strongly enhance the hMSC early osteogenic differentiation capabilities. In line with previous studies for selective pro-inflammatory cytokines, Poly(I:C), and CpG ODN C also acted
in synergy with the osteogenic inducer dexamethasone [9,31]. It can be inferred from the
current results that PRR ligands are capable of inducing pro-osteogenic cytokines in hMSCs
favorable for osteogenesis. It was observed that the specific micro-environment induced by
Poly(I:C), characterized by high IL-6 and IL-8 production in hMSC, could in part underlie
the enhanced osteogenic differentiation seen, as these cytokines have demonstrated proosteogenic effects [38,39]. In agreement with recent studies, upon continuous stimulation
with Poly(I:C), hMSCs may switch to a pro-inflammatory phenotype [40]. Although CpG
ODN C treatment did not promote the production of any of the tested cytokines in hMSCs, it is likely that CpG ODN C stimulation may favor their production of TRIF-related
cytokines similar as in immune cells [36]. Hence, in the future, it will be of importance
to investigate the production of type I IFNs in the supernatant to get a better insight into
the pathways leading to enhanced osteogenic differentiation. Considering the response of
human monocytes derived cells to be most important sign of acute inflammation, absence
of pro-inflammatory cytokines in human monocytes upon stimulation with these nucleic
acids indicates a lack of immune cell mediated inflammation in vitro [11]. However, a
strong inflammatory environment induced by the MSC may contribute and modulate the
immune response in vivo. In contrast to other reports [31,41], TNF-α was found not to
be a critical regulator of inflammation-induced osteogenesis in hMSCs. Whereas TNF-α
expression is increased in immune cells after PRR stimulation [42], the low levels of TNF-α
secreted by hMSCs after PRR stimulation has been explained by an absence of TNF-α
enhancer complexes needed for their efficient TNF-α gene expression [40]. As a strong
MSC donor dependency was seen in the changes in ALP activity in response to Poly(I:C)
and CpG ODN C, it is of interest to regard the large differences in responsiveness to PRR
ligands between human individuals [43–45] and establish a possible relationship between
inter-individual differences in TLR expression by MSCs and the strength of the osteogenic
responses.
Notably, there was an obvious discrepancy between the effects of CpG ODN C and
Poly(I:C) on early and late osteogenic differentiation. Opposing the observed increase
in ALP activity, Poly(I:C) and CpG ODN C did not increase the expression of late osteogenic markers, that is, osteocalcin, osteonectin, and matrix mineralization. In vitro, ALP
activity in hMSCs is a far superior predictor of in vivo bone formation as compared to
the late osteogenic markers osteocalcin and osteonectin [46]. Moreover, although biological mineralization is considered as functional end point of differentiation assays, there
is evidence that ALP activity does not necessarily correlate with the ability of the cells
to mineralize, and it is imperative to investigate the expression of Collagen type 1 and
Bone sialoprotein along with biological mineralization [47]. Our in vitro findings are only
partially predictive for in vivo bone formation, reason why the use of in vivo models is
warranted to validate and verify whether nucleic acid-based ligands are indeed effective
osteo-immunomodulators, considering that osteogenesis can only be determined in vivo.
To further determine the final role of nucleic acid-based PRR ligands in osteogenic
differentiation and their optimal delivery method, it can be hypothesized that timing
effects (i.e., short or continuous stimulation) may differently affect the expression of late
bone markers. With this respect, shorter stimulation with CpG ODN C and Poly(I:C) may
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lead to more optimal upregulation of late osteogenic markers as compared to continuous
stimulation to mimic the in vivo acute inflammatory response, as shown by many previous
findings [48,49]. Moreover, given that innate immune cells mediate PRR ligand recognition
and indirectly lead to cytokine-mediated regulation of hMSC functionality, the investigation
of these PRR ligands in a co-culture setup comprising immune cells and hMSCs would
provide additional insight into immune-mediated osteogenesis [50].
Considering that a normal osteoclast activity is a prerequisite for the onset of new
bone formation around biomaterials [28,29], it was an important finding that, in addition to
their pro-osteogenic effects, Poly(I:C) and CpG ODN C did not impair osteoclast formation.
Although it was found that therapeutic PRR ligands could also profoundly affect human
osteoclast formation, the outcome depends strongly on the cellular target [51–53]. Our
study shows that in general, cell-surface PRR ligands (Curdlan, MPLA, and Pam3CSK4)
markedly impaired osteoclast formation, whereas intracellular PRR-targeting ligands
(Resiquimod, Murabutide, CpG ODN C, Poly(I:C)) did not influence osteoclastogenesis. In
agreement, human monocytes have been reported to show higher expression of cell surfacebound TLR2 and TLR4 compared to intracellular TLR3, TLR7, and TLR9 [54], although the
expression of these PRRs can also change in response to different stimuli [48,55].
Following stimulation with the former PRR ligands, a negative association existed
between the expression of NF-κB-related pro-inflammatory cytokines produced by monocytes and RANKL-mediated osteoclast formation. While PRR activation and subsequent
pro-inflammatory cytokine induction is known to mediate osteoclast formation through
the NF-κB signaling pathway [43,44], it reportedly leads to varying outcomes depending
on the maturation stage of the osteoclast precursor cell [49,50,56]. Early myeloid precursors
not yet primed with RANKL maintain their phagocytic phenotype when exposed to PRR
ligands [48,57,58]. On the other hand, PRR stimulation of committed myeloid precursor
cells further increases the differentiation of myeloid cells into osteoclasts and maintains
their survival [44,51]. In the current study, the monocytes were simultaneously exposed to
PRR ligands and RANKL from the start of culture, as this is thought to best represent the
acute in vivo setting after biomaterial implantation [59,60]. As RANKL is also generated
by osteoblasts under the stimulation of pro-inflammatory mediators [32], future studies
investigating the effects of PRR ligands towards osteoblast-mediated osteoclast formation
would also be of interest.
With the current novel findings, several future strategies could lead to improved
bone biomaterials for clinical use. The successful application of PRR ligands ideally
establishes a balanced local innate immune response without leading to sustained or
systemic reactions [33,52]. Following this premise, the delivery of nucleic acid-based PRR
ligands in the form of nano-particles or other delivery vehicles could be formulated to
more effectively target hMSCs and the bone formation process around biodegradable bone
substitutes, since they could otherwise lead to suboptimal effectiveness or cause systemic
toxicities [53,56]. Various coating techniques like layer-by-layer or direct immobilization
of the nucleic acids have already been employed to modify biomaterial surfaces for the
controlled release and/or the intracellular delivery of nucleic acids [57,58]. Moreover, many
biological effects of nucleic acid-based PRR ligands could potentially lead to their multipurpose use in orthopedic biomaterials at high risk of bacterial colonization [61,62]. CpG
ODN pretreatment confers protection against different types of infection, involving changes
in both innate and adaptive host immune cells [63]. Consequently, local pretreatment with
CpG ODN has protective effects against S. aureus infection in a rat bone infection model [64].
At the same time, the immune protective effect of CpG ODN follows the premise that it
enhances bacterial phagocytosis and intracellular killing by various cell types, including
osteoblasts [65–67]. As opposed to CpG ODN, Poly(I:C) is a booster of the antiviral response.
Since viral infections are known to increase the susceptibility to bacterial infections [68], it
is questionable whether Poly(I:C) would have protective effects against bacteria commonly
found in orthopedic infections. To illustrate, although Poly(I:C) is anti-infective towards
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Gram-negative bacteria [65], contrarily, mice pretreated with Poly(I:C) are more susceptible
to Methicillin-resistant Staphylococcus aureus infection [69].
5. Conclusions
Therapeutic PRR ligands have immunomodulatory effects that exceed their current
clinical indication, having different effects on bone-forming and bone-resorbing cell types.
Most notably, the nucleic acid-based PRR ligands Poly(I:C) and CpG ODN C may have
potential to be applied as immunomodulators of bone regeneration. As favorable characteristics to support new bone formation, these PRR ligands had a direct stimulatory effect
on the early differentiation of hMSCs into the osteogenic lineage but without interfering
with osteoclast formation. Since late osteogenic markers were not upregulated in response
to these PRR ligands, further investigation and verification is necessary to determine the
final role of nucleic acid-based PRR ligands in osteogenic differentiation and their optimal
delivery strategy. The cytokine expression profiles of human MSCs and monocytes indicated that the early pro-osteogenic effects of Poly(I:C) and CpG ODN C were associated
with a mild pro-inflammatory response. Since therapeutic PRR ligands have demonstrated
anti-infective properties, it should be established whether nucleic acid-based ligands could
be harnessed for multifunctional coatings that may enhance the bone forming capacity of
synthetic biomaterial in orthopedic application, while mitigating the risk of orthopedic
infections.
Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/5/1119/s1. Figure S1: TNF-α production by human monocytes upon stimulation with PRR
ligands for 24 h, Figure S2: Effect of PRR ligands on hMSCs on day 10 ALP activity in absence
of dexamethasone. Figure S3: Effect of Poly(I:C) and CpG ODN C ligands on hMSCs on day 14
osteocalcin (n = 3) and osteonectin (n = 2) expression. Table S1: Absolute values in cytokine expression
(pg/mL) by hMSCs, expressed as mean ± SD for each donor, Table S2: Absolute values in cytokine
expression (pg/mL) by human monocytes, expressed as mean ± SD for each donor.
Author Contributions: Conceptualization, M.C., P.K., N.R.R., and A.K.; methodology, P.K., N.R.R.,
and A.K.; software, H.W., and M.C.K.; validation, P.K., N.R.R., and A.K.; formal analysis, P.K., N.R.R.,
and A.K.; investigation, P.K., N.R.R., and A.K.; resources, H.W. and M.C.K.; data curation, P.K.,
N.R.R., and A.K.; writing—original draft preparation, P.K., N.R.R., and M.C.; writing—review and
editing, all authors; visualization, P.K. and N.R.R.; supervision, M.C., F.C.Ö., J.A., H.W., and M.C.K.;
project administration, M.C., H.W., and M.C.K.; funding acquisition, H.W., J.A., and M.C.K. All
authors have read and agreed to the published version of the manuscript.
Funding: This work is funded by PPS allowance from the Health~Holland LSH-TKI (grant number:
LSHM18011) and the EU’s H2020 research and innovation programme under Marie S. Curie Cofund
RESCUE (grant agreement No 801540).
Institutional Review Board Statement: Human material was obtained in accordance with the
Declaration of Helsinki, with the approval of the local medical ethical committee (University Medical
Center Utrecht, Utrecht, The Netherlands) under the protocols METC 08-001/K and METC 07-125/C.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.
Acknowledgments: We would like to thank Alasdair Irvine for his help with the English language.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Campana, V.; Milano, G.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Lattanzi, W.; Logroscino, G. Bone Substitutes in
Orthopaedic Surgery: From Basic Science to Clinical Practice. J. Mater. Sci. Mater. Med. 2014, 25, 2445–2461. [CrossRef]
Kolk, A.; Handschel, J.; Drescher, W.; Rothamel, D.; Kloss, F.; Blessmann, M.; Heiland, M.; Wolff, K.-D.; Smeets, R. Current Trends
and Future Perspectives of Bone Substitute Materials – From Space Holders to Innovative Biomaterials. J. Cranio-Maxillofac. Surg.
2012, 40, 706–718. [CrossRef]

Materials 2021, 14, 1119

3.
4.

5.
6.

7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

13 of 15

Barradas, A.M.C.; Yuan, H.; Blitterswijk, C.A.V.; Habibovic, P.; Medicine, T. Osteoinductive Biomaterials: Current Knowledge of
Properties, Experimental Models and Biological Mechanisms. 2011, 21, 407–429. [CrossRef]
Lehr, A.M.; Oner, F.C.; Delawi, D.; Stellato, R.K.; Hoebink, E.A.; Kempen, D.H.R.; van Susante, J.L.C.; Castelein, R.M.; Kruyt, M.C.
Efficacy of a Standalone Microporous Ceramic Versus Autograft in Instrumented Posterolateral Spinal Fusion. Spine 2020, 45,
944–951. [CrossRef]
Morris, M.T.; Tarpada, S.P.; Cho, W. Bone Graft Materials for Posterolateral Fusion Made Simple: A Systematic Review. Eur. Spine
J. 2018, 27, 1856–1867. [CrossRef] [PubMed]
Spiller, K.L.; Nassiri, S.; Witherel, C.E.; Anfang, R.R.; Ng, J.; Nakazawa, K.R.; Yu, T.; Vunjak-Novakovic, G. Sequential Delivery
of Immunomodulatory Cytokines to Facilitate the M1-to-M2 Transition of Macrophages and Enhance Vascularization of Bone
Scaffolds. Biomaterials 2015, 37, 194–207. [CrossRef] [PubMed]
Mountziaris, P.M.; Spicer, P.P.; Kasper, F.K.; Mikos, A.G. Harnessing and Modulating Inflammation in Strategies for Bone
Regeneration. Tissue Eng. Part B Rev. 2011, 17, 393–402. [CrossRef] [PubMed]
Bastidas-Coral, A.P.; Bakker, A.D.; Zandieh-Doulabi, B.; Kleverlaan, C.J.; Bravenboer, N.; Forouzanfar, T.; Klein-Nulend, J.
Cytokines TNF-α, IL-6, IL-17F, and IL-4 Differentially Affect Osteogenic Differentiation of Human Adipose Stem Cells. Stem Cells
Int. 2016, 2016. [CrossRef] [PubMed]
Croes, M.; Kruyt, M.C.; Groen, W.M.; van Dorenmalen, K.M.A.; Dhert, W.J.A.; Öner, F.C.; Alblas, J. Interleukin 17 Enhances Bone
Morphogenetic Protein-2-Induced Ectopic Bone Formation. Sci. Rep. 2018, 8, 7269. [CrossRef] [PubMed]
Claes, L.; Recknagel, S.; Ignatius, A. Fracture Healing under Healthy and Inflammatory Conditions. Nat. Rev. Rheumatol. 2012, 8,
133–143. [CrossRef]
Pajarinen, J.; Lin, T.; Gibon, E.; Kohno, Y.; Maruyama, M.; Nathan, K.; Lu, L.; Yao, Z.; Goodman, S.B. Mesenchymal Stem
Cell-Macrophage Crosstalk and Bone Healing. Biomaterials 2019, 196, 80–89. [CrossRef]
Croes, M.; Kruyt, M.C.; Loozen, L.; Kragten, A.H.; Yuan, H.; Dhert, W.J.; Öner, F.C.; Alblas, J. Local Induction of Inflammation
Affects Bone Formation. Eur. Cell. Mater. 2017, 33, 211–226. [CrossRef]
O’Neill, L.A.J.; Golenbock, D.; Bowie, A.G. The History of Toll-like Receptors — Redefining Innate Immunity. Nat. Rev. Immunol.
2013, 13, 453–460. [CrossRef]
Hwa Cho, H.; Bae, Y.C.; Jung, J.S. Role of Toll-Like Receptors on Human Adipose-Derived Stromal Cells. Stem Cells 2006, 24,
2744–2752. [CrossRef]
Croes, M.; Kruyt, M.C.; Boot, W.; Pouran, B.; Braham, M.V.; Pakpahan, S.A.; Weinans, H.; Vogely, H.C.; Fluit, A.C.; Dhert, W.J.;
et al. The Role of Bacterial Stimuli in Inflammation-Driven Bone Formation. Eur. Cell. Mater. 2019, 37, 402–419. [CrossRef]
Croes, M.; Wal, B.C.H.; Vogely, H.C. Impact of Bacterial Infections on Osteogenesis: Evidence From In Vivo Studies. J. Orthop. Res.
2019, 37, 2067–2076. [CrossRef] [PubMed]
Croes, M.; Boot, W.; Kruyt, M.C.; Weinans, H.; Pouran, B.; van der Helm, Y.J.M.; Gawlitta, D.; Vogely, H.C.; Alblas, J.; Dhert,
W.J.A.; et al. Inflammation-Induced Osteogenesis in a Rabbit Tibia Model. Tissue Eng. Part C Methods 2017, 23, 673–685. [CrossRef]
[PubMed]
Dowling, J.K.; Mansell, A. Toll-like Receptors: The Swiss Army Knife of Immunity and Vaccine Development. Clin Transl Immunol.
2016, 5, e85. [CrossRef] [PubMed]
Hussein, W.M.; Liu, T.Y.; Skwarczynski, M.; Toth, I. Toll-like Receptor Agonists: A Patent Review (2011–2013). Expert Opin Ther
Pat 2014, 24, 453–470. [CrossRef]
Basith, S.; Manavalan, B.; Lee, G.; Kim, S.G.; Choi, S. Toll-like Receptor Modulators: A Patent Review (2006–2010). Expert Opin.
Ther. Pat. 2011, 21, 927–944. [CrossRef]
Kline, J.N. Eat Dirt: CpG DNA and Immunomodulation of Asthma. Proc. Am. Thorac. Soc. 2007, 4, 283–288. [CrossRef] [PubMed]
Colnot, C. Skeletal Cell Fate Decisions within Periosteum and Bone Marrow during Bone Regeneration. J. Bone Miner. Res. 2009,
24, 274–282. [CrossRef] [PubMed]
Zheng, C.; Chen, J.; Liu, S.; Jin, Y. Stem Cell-Based Bone and Dental Regeneration: A View of Microenvironmental Modulation.
Int. J. Oral Sci. 2019, 11, 23. [CrossRef]
Qi, C.; Xiaofeng, X.; Xiaoguang, W. Effects of Toll-like Receptors 3 and 4 in the Osteogenesis of Stem Cells. Stem Cells Int. 2014,
2014, 917168. [CrossRef] [PubMed]
Ha, H.; Lee, J.-H.; Kim, H.-N.; Kwak, H.B.; Kim, H.-M.; Lee, S.E.; Rhee, J.H.; Kim, H.-H.; Lee, Z.H. Stimulation by TLR5 Modulates
Osteoclast Differentiation through STAT1/IFN-β. J. Immunol. 2008, 180, 1382–1389. [CrossRef]
Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast Differentiation and Activation. Nature 2003, 423, 337–342. [CrossRef]
Ducy, P.; Karsenty, G. Two Distinct Osteoblast-Specific Cis-Acting Elements Control Expression of a Mouse Osteocalcin Gene.
Mol. Cell. Biol. 1995, 15, 1858–1869. [CrossRef]
Davison, N.L.; Gamblin, A.L.; Layrolle, P.; Yuan, H.; de Bruijn, J.D.; Barrère-de Groot, F. Liposomal Clodronate Inhibition of
Osteoclastogenesis and Osteoinduction by Submicrostructured Beta-Tricalcium Phosphate. Biomaterials 2014, 35, 5088–5097.
[CrossRef]
Soto-Peñaloza, D.; Martín-de-Llano, J.J.; Carda-Batalla, C.; Peñarrocha-Diago, M.; Peñarrocha-Oltra, D. Basic Bone Biology
Healing During Osseointegration of Titanium Dental Implants. Atlas Immed. Dent. Implant Load. 2019, 17–28.

Materials 2021, 14, 1119

30.

31.
32.
33.
34.

35.

36.

37.

38.

39.
40.
41.

42.
43.
44.
45.
46.

47.
48.

49.
50.
51.

52.
53.

14 of 15

Akhavan, B.; Croes, M.; Wise, S.G.; Zhai, C.; Hung, J.; Stewart, C.; Ionescu, M.; Weinans, H.; Gan, Y.; Amin Yavari, S.; et al.
Radical-Functionalized Plasma Polymers: Stable Biomimetic Interfaces for Bone Implant Applications. Appl. Mater. Today 2019,
16, 456–473. [CrossRef]
Croes, M.; Oner, F.C.; Kruyt, M.C.; Blokhuis, T.J.; Bastian, O.; Dhert, W.J.A.; Alblas, J. Proinflammatory Mediators Enhance the
Osteogenesis of Human Mesenchymal Stem Cells after Lineage Commitment. PLoS ONE 2015, 10, 1–14. [CrossRef] [PubMed]
Terheyden, H.; Lang, N.P.; Bierbaum, S.; Stadlinger, B. Osseointegration-Communication of Cells. Clin. Oral Implants Res. 2012,
23, 1127–1135. [CrossRef]
Souza, P.P.C.; Lerner, U.H. The Role of Cytokines in Inflammatory Bone Loss. Immunol. Investig. 2013, 42, 555–622. [CrossRef]
Guihard, P.; Danger, Y.; Brounais, B.; David, E.; Brion, R.; Delecrin, J.; Richards, C.D.; Chevalier, S.; Rédini, F.; Heymann, D.;
et al. Induction of Osteogenesis in Mesenchymal Stem Cells by Activated Monocytes/Macrophages Depends on Oncostatin M
Signaling. Stem Cells 2012, 30, 762–772. [CrossRef] [PubMed]
Pennings, I.; van Dijk, L.A.; van Huuksloot, J.; Fledderus, J.O.; Schepers, K.; Braat, A.K.; Hsiao, E.C.; Barruet, E.; Morales, B.M.;
Verhaar, M.C.; et al. Effect of Donor Variation on Osteogenesis and Vasculogenesis in Hydrogel Cocultures. J. Tissue Eng. Regen.
Med. 2019, 13, 433–445. [CrossRef]
Krug, A.; Rothenfusser, S.; Hornung, V.; Jahrsdörfer, B.; Blackwell, S.; Ballas, Z.K.; Endres, S.; Krieg, A.M.; Hartmann, G.
Identification of CpG Oligonucleotide Sequences with High Induction of IFN-Alpha/Beta in Plasmacytoid Dendritic Cells. Eur. J.
Immunol. 2001, 31, 2154–2163. [CrossRef]
Romieu-Mourez, R.; François, M.; Boivin, M.-N.; Bouchentouf, M.; Spaner, D.E.; Galipeau, J. Cytokine Modulation of TLR
Expression and Activation in Mesenchymal Stromal Cells Leads to a Proinflammatory Phenotype. J. Immunol. 2009, 182,
7963–7973. [CrossRef]
Yang, A.; Lu, Y.; Xing, J.; Li, Z.; Yin, X.; Dou, C.; Dong, S.; Luo, F.; Xie, Z.; Hou, T.; et al. IL-8 Enhances Therapeutic Effects
of BMSCs on Bone Regeneration via CXCR2-Mediated PI3k/Akt Signaling Pathway. Cell. Physiol. Biochem. 2018, 48, 361–370.
[CrossRef]
Huh, J.-E.; Lee, S.Y. IL-6 Is Produced by Adipose-Derived Stromal Cells and Promotes Osteogenesis. Biochim. Biophys. Acta BBA
Mol. Cell Res. 2013, 1833, 2608–2616. [CrossRef]
Dumitru, C.A.; Hemeda, H.; Jakob, M.; Lang, S.; Brandau, S. Stimulation of Mesenchymal Stromal Cells (MSCs) via TLR3 Reveals
a Novel Mechanism of Autocrine Priming. FASEB J. 2014, 28, 3856–3866. [CrossRef]
Glass, G.E.; Chan, J.K.; Freidin, A.; Feldmann, M.; Horwood, N.J. TNF-α Promotes Fracture Repair by Augmenting the
Recruitment and Differentiation of Muscle-Derived Stromal Cells. Proc. Natl. Acad. Sci. USA 2011, 108, 1585–1590. [CrossRef]
[PubMed]
Mayringer, I.; Reindl, M.; Berger, T. A Critical Comparison of Frequently Used Methods for the Analysis of Tumor Necrosis
Factor-α Expression by Human Immune Cells. J. Immunol. Methods 2000, 235, 33–40. [CrossRef]
Takami, M.; Kim, N.; Rho, J.; Choi, Y. Stimulation by Toll-Like Receptors Inhibits Osteoclast Differentiation. J. Immunol. 2002, 169,
1516–1523. [CrossRef]
Souza, P.P.C.; Lerner, U.H. Finding a Toll on the Route: The Fate of Osteoclast Progenitors after Toll-like Receptor Activation.
Front. Immunol. 2019, 10, 1–12. [CrossRef]
Zou, W.; Bar-Shavit, Z. Dual Modulation of Osteoclast Differentiation by Lipopolysaccharide. J. Bone Miner. Res. 2002, 17,
1211–1218. [CrossRef] [PubMed]
Prins, H.-J.; Braat, A.K.; Gawlitta, D.; Dhert, W.J.A.; Egan, D.A.; Tijssen-Slump, E.; Yuan, H.; Coffer, P.J.; Rozemuller, H.; Martens,
A.C. In Vitro Induction of Alkaline Phosphatase Levels Predicts in Vivo Bone Forming Capacity of Human Bone Marrow Stromal
Cells. Stem Cell Res. 2014, 12, 428–440. [CrossRef] [PubMed]
Hoemann, C.D.; El-Gabalawy, H.; McKee, M.D. In Vitro Osteogenesis Assays: Influence of the Primary Cell Source on Alkaline
Phosphatase Activity and Mineralization. Pathol. Biol. 2009, 57, 318–323. [CrossRef]
Dickie, L.J.; Church, L.D.; Coulthard, L.R.; Mathews, R.J.; Emery, P.; McDermott, M.F. Vitamin D3 Down-Regulates Intracellular
Toll-like Receptor 9 Expression and Toll-like Receptor 9-Induced IL-6 Production in Human Monocytes. Rheumatol. Oxf. Engl.
2010, 49, 1466–1471. [CrossRef]
Huang, H.; Zhao, N.; Xu, X.; Xu, Y.; Li, S.; Zhang, J.; Yang, P. Dose-Specific Effects of Tumor Necrosis Factor Alpha on Osteogenic
Differentiation of Mesenchymal Stem Cells. Cell Prolif. 2011, 44, 420–427. [CrossRef]
Kovach, T.K.; Dighe, A.S.; Lobo, P.I.; Cui, Q. Interactions between MSCs and Immune Cells: Implications for Bone Healing. J.
Immunol. Res. 2015, 2015. [CrossRef] [PubMed]
Kobayashi, K.; Takahashi, N.; Jimi, E.; Udagawa, N.; Takami, M.; Kotake, S.; Nakagawa, N.; Kinosaki, M.; Yamaguchi, K.; Shima,
N.; et al. Tumor Necrosis Factor α Stimulates Osteoclast Differentiation by a Mechanism Independent of the ODF/RANKL-RANK
Interaction. J. Exp. Med. 2000, 191, 275–285. [CrossRef]
Hancock, R.E.W.; Nijnik, A.; Philpott, D.J. Modulating Immunity as a Therapy for Bacterial Infections. Nat. Rev. Microbiol. 2012,
10, 243–254. [CrossRef] [PubMed]
Suzuki, Y.; Wakita, D.; Chamoto, K.; Narita, Y.; Tsuji, T.; Takeshima, T.; Gyobu, H.; Kawarada, Y.; Kondo, S.; Akira, S.; et al.
Liposome-Encapsulated CpG Oligodeoxynucleotides as a Potent Adjuvant for Inducing Type 1 Innate Immunity. Cancer Res.
2004, 64, 8754–8760. [CrossRef] [PubMed]

Materials 2021, 14, 1119

54.

55.

56.
57.
58.

59.
60.

61.
62.
63.

64.

65.

66.
67.
68.
69.

15 of 15

Hornung, V.; Rothenfusser, S.; Britsch, S.; Krug, A.; Jahrsdörfer, B.; Giese, T.; Endres, S.; Hartmann, G. Quantitative Expression
of Toll-Like Receptor 1–10 MRNA in Cellular Subsets of Human Peripheral Blood Mononuclear Cells and Sensitivity to CpG
Oligodeoxynucleotides. J. Immunol. 2002, 168, 4531–4537. [CrossRef] [PubMed]
Muzio, M.; Bosisio, D.; Polentarutti, N.; D’amico, G.; Stoppacciaro, A.; Mancinelli, R.; van’t Veer, C.; Penton-Rol, G.; Ruco,
L.P.; Allavena, P.; et al. Differential Expression and Regulation of Toll-Like Receptors (TLR) in Human Leukocytes: Selective
Expression of TLR3 in Dendritic Cells. J. Immunol. 2000, 164, 5998–6004. [CrossRef]
Gale, E.C.; Roth, G.A.; Smith, A.A.A.; Alcántara-Hernández, M.; Idoyaga, J.; Appel, E.A. A Nanoparticle Platform for Improved
Potency, Stability, and Adjuvanticity of Poly(I:C). Adv. Ther. 2020, 3, 1900174. [CrossRef]
Scharnweber, D.; Bierbaum, S.; Wolf-Brandstetter, C. Utilizing DNA for Functionalization of Biomaterial Surfaces. FEBS Lett.
2018, 592, 2181–2196. [CrossRef]
Amin Yavari, S.; Croes, M.; Akhavan, B.; Jahanmard, F.; Eigenhuis, C.C.; Dadbakhsh, S.; Vogely, H.C.; Bilek, M.M.; Fluit, A.C.;
Boel, C.H.E.; et al. Layer by Layer Coating for Bio-Functionalization of Additively Manufactured Meta-Biomaterials. Addit.
Manuf. 2020, 32, 100991. [CrossRef]
Marsell, R.; Einhorn, T.A. The Biology of Fracture Healing. Injury 2011, 42, 551–555. [CrossRef]
Irie, K.; Alpaslan, C.; Takahashi, K.; Kondo, Y.; Izumi, N.; Sakakura, Y.; Tsuruga, E.; Nakajima, T.; Ejiri, S.; Ozawa, H.; et al.
Osteoclast Differentiation in Ectopic Bone Formation Induced by Recombinant Human Bone Morphogenetic Protein 2 (RhBMP-2).
J. Bone Miner. Metab. 2003, 21, 363–369. [CrossRef]
Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. Biomaterials Approaches to Treating Implant-Associated Osteomyelitis.
Biomaterials 2016, 81, 58–71. [CrossRef]
Yavari, S.A.; Castenmiller, S.M.; van Strijp, J.A.; Croes, M. Combating Implant Infections: Shifting Focus from Bacteria to Host.
Adv. Mater. 2020, 32, 2002962. [CrossRef] [PubMed]
Weighardt, H.; Feterowski, C.; Veit, M.; Rump, M.; Wagner, H.; Holzmann, B. Increased Resistance Against Acute Polymicrobial
Sepsis in Mice Challenged with Immunostimulatory CpG Oligodeoxynucleotides Is Related to an Enhanced Innate Effector Cell
Response. J. Immunol. 2000, 165, 4537–4543. [CrossRef] [PubMed]
Sethi, S.; Thormann, U.; Sommer, U.; Stotzel, S.; Mohamed, W.; Schnettler, R.; Domann, E.; Chakraborty, T.; Alt, V. Impact of
Prophylactic CpG Oligodeoxynucleotide Application on Implant-Associated Staphylococcus Aureus Bone Infection. Bone 2015,
78, 194–202. [CrossRef] [PubMed]
Ribes, S.; Arcilla, C.; Ott, M.; Schütze, S.; Hanisch, U.-K.; Nessler, S.; Nau, R. Pre-Treatment with the Viral Toll-like Receptor 3
Agonist Poly(I:C) Modulates Innate Immunity and Protects Neutropenic Mice Infected Intracerebrally with Escherichia Coli. J.
Neuroinflammation 2020, 17, 24. [CrossRef] [PubMed]
Mohamed, W.; Domann, E.; Chakraborty, T.; Mannala, G.; Lips, K.S.; Heiss, C.; Schnettler, R.; Alt, V. TLR9 Mediates S. Aureus
Killing inside Osteoblasts via Induction of Oxidative Stress. BMC Microbiol. 2016, 16, 230. [CrossRef] [PubMed]
Wu, H.-M.; Wang, J.; Zhang, B.; Fang, L.; Xu, K.; Liu, R.-Y. CpG-ODN Promotes Phagocytosis and Autophagy through JNK/P38
Signal Pathway in Staphylococcus Aureus-Stimulated Macrophage. Life Sci. 2016, 161, 51–59. [CrossRef]
Sun, K.; Metzger, D.W. Inhibition of Pulmonary Antibacterial Defense by Interferon-γ during Recovery from Influenza Infection.
Nat. Med. 2008, 14, 558–564. [CrossRef]
Ruiz, J.; Kanagavelu, S.; Flores, C.; Romero, L.; Riveron, R.; Shih, D.Q.; Fukata, M. Systemic Activation of TLR3-Dependent TRIF
Signaling Confers Host Defense against Gram-Negative Bacteria in the Intestine. Front. Cell. Infect. Microbiol. 2016, 5. [CrossRef]

