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ARTICLE INFO ABSTRACT

Keywords: The 3D printing technique is suitable for patient-specific implant preparation for bone repair after bone tumor
3D printing resection. However, improving the survival rate due to tumor recurrence remains a challenge for implants. The
Drug delivery macrophage polarization induction to M2-type tumor-associated macrophages (TAMs) by the tumor microen-
Microenvironment

vironment is a key factor of immunosuppression and tumor recurrence. In this study, a regenerative scaffold
regulating the macrophage immune microenvironment and promoting bone regeneration in a dual-stage process
for the postoperative treatment of bone tumors was constructed by binding a colony-stimulating factor 1 receptor
(CSF-1R) inhibitor GW2580 onto in situ cosslinked hydroxybutylchitosan (HBC)/oxidized chondroitin sulfate
(OCS) hydrogel layer covering a 3D printed calcium phosphate scaffold based on electrostatic interaction. The
hydrogel layer on scaffold surface not only supplied abundant sulfonic acid groups for stable loading of the
inhibitor, but also acted as the cover mask protecting the bone repair part from exposure to unhealthy growth
factors in the microenvironment at the early treatment stage. With local prolonged release of inhibitor being
realized via the functional material design, CSF-1R, the main pathway that induces polarization of TAMs, can be
efficiently blocked, thus regulating the immunosuppressive microenvironment and inhibiting tumor develop-
ment at a low therapeutic dose. At the later stage of treatment, calcium phosphate component of the scaffold can
facilitate the repair of bone defects caused by tumor excision. In conclusion, the difunctional 3D printed bone
repair scaffold regulating immune microenvironment in stages proposed a novel approach for bone tumor
postoperative treatment.

Macrophage polarization
Bone regeneration

1. Introduction microenvironment containing high levels of macrophage

colony-stimulating factor (MCSF), macrophages can be recruited and

With the development of 3D printing technology, bone defects
caused by tumors can be gradually repaired using printed implants with
customized shapes [1-4]. However, malignant tumors such as osteo-
sarcoma, are prone to recurrence and cause a low survival rate [5,6],
which is difficult to be improved by a single bone repair implant. The
role of macrophage in tumor development and recurrence has recently
been topical in research [7,8]. Macrophages exist in different tumor
types and can phagocytose cancer cells [6,9]. However, in the tumor
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induced to Mz2-polarized tumor-associated macrophages (TAMs),
causing immunosuppression and promoting tumor development
[10-12]. Therefore, design of 3D printed scaffolds functionally regulate
macrophage behavior in the tumor microenvironment may provide a
new approach for the bone tumor postoperative therapy [13-15].
Macrophages have phenotypes that change in response to external
stimuli [16-18]. The classic Ml-type macrophages initiate
pro-inflammatory cytokine responses, which can not only directly
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Scheme 1. Schematic demonstrates function process and mechanism of the 3D printed scaffold regulating macrophage immune microenvironment for postoperative

treatment of bone tumors.

phagocytose cancer cells, but also promote tumor killer T-helper 1 cell
response by participating in high-efficiency antigen delivery to inhibit
tumor development [19,20]. In contrast, M2-type macrophages are
often associated with poor prognosis [9,21]. After the CSF-1R on
macrophage surface binds to the MCSF secreted by tumor cells, mac-
rophages are polarized to TAMs, which promote tumor cells’ develop-
ment and metastasis [10,19,22]. Therefore, the CSF-1R pathway is a key
target of macrophage behavior regulation in the tumor microenviron-
ment [19]. As reported previously, CSF-1R inhibitors can reprogram
macrophage function, reduce the local TAMs cells number, and promote
Ml-type repolarization, thereby alleviating the unhealthy tumor
microenvironment [19]. However, the release behavior of the CSF-1R
inhibitor has been demonstrated to significantly affect its immunoreg-
ulation and tumor inhibition effect [23]. During treatment, inhibitors
need to be released in a sustained manner. Thus, the design and prep-
aration of 3D printed scaffolds functionally releasing CSF-1R inhibitors
are expected to inhibit tumor recurrence and promote bone defect repair
by regulating local macrophage behavior [24-26].

Inspired by the interaction between macrophages and cancer cells, a
customized difunctional regenerative scaffold regulating the local
macrophage behavior in the tumor microenvironment was constructed
by loading the CSF-1R inhibitor GW3580 onto in situ cosslinked
hydroxybutylchitosan (HBC)/oxidized chondroitin sulfate (OCS)
hydrogel layer covering a 3D printed self-setting calcium phosphate
scaffold based on electrostatic interaction (Scheme 1). Self-setting cal-
cium phosphate ceramic (CPC) has been applied in clinical bone repair
and exhibited good integration [27]. In this study, the CPC-based bio-ink
displayed good formability for bone repair scaffold printing. The
hydrogel layer on scaffold surface can not only supply abundant sulfonic
acid groups for stable loading of the inhibitor, but also act as the cover
mask protecting the bone repair part from exposure to unhealthy growth
factors in the microenvironment at the early stage of treatment. In vitro
study indicated that gradually released GW2580 from the scaffold effi-
ciently blocked the CSF-1R and NF-xB pathways, thus, significantly
inhibited both the M2-type polarization of macrophages and osteoclast
differentiation from monocytes. At late stage of GW2580 release, the
CPC-based scaffolds showed regular properties to promote the osteo-
genic differentiation of bone marrow mesenchymal stem cells (BMSCs).
Furthermore, in vivo experiments demonstrated that the regenerative
scaffold gradually releasing GW2580 effectively reduced the proportion
of M2-type macrophages in the tumor and inhibited tumor growth after
implantation near the tumor at a low therapeutic dose, without affecting
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general behavior and survival of the animals.
2. Materials and methods
2.1. Synthesis of materials for 3D printing

HBC [28,29], OCS [30], and methylacrylate hyaluronic acid (HAMA)
[31] were prepared as described previously. The products were sepa-
rately dialyzed with distilled water, lyophilized and stored at 4 °C.

2.2. 3D printing of CPC scaffolds

CPC scaffolds were printed as previously reported [32]. CPC powders
(Rebone, Shanghai, China) were evenly mixed with 5 wt% HAMA
aqueous solution (containing 0.5% w/v lithium based photoinitiator) at
an optimized solid-liquid ratio to prepare the printable bio-ink. Scaffolds
were printed using a 3D bioprinter (Cellink, Gothernburg, Sweden) at
room temperature, post-crosslinked via visible light (405 nm) irradia-
tion for 30 s, and immersed overnight in deionized water at 37 °C for
hydration. Next, the scaffolds were dried and collected for further use.
Scaffolds for in vitro experiments were printed into a cuboid shape (side
length = 10 mm; height = 2 mm). Scaffolds for the in vivo experiment
were printed into a disc shape (diameter = 8 mm; height = 2 mm).

2.3. Fabrication and characterization of inhibitor loaded scaffold

HBC solutions (1 wt%, 2 wt%, 4 wt%) were prepared, dropped on the
scaffolds, and allowed to infiltrate for 15 min. Subsequently, the mac-
ropores interconnection in the scaffolds were assessed to optimize the
concentration of the HBC solution for scaffold coating. Next, the OCS
solution (40 mg/mL) was dropped onto the scaffolds for in situ cross-
linking with the HBC solution. The CPC scaffolds coated with the HBC/
OCS hydrogel (CPC/hydrogel) were dried at room temperature. The CPC
and CPC/hydrogel scaffolds morphologies were assayed using a scan-
ning electron microscope (SEM; TESCAN Inc Warrendale, PA, USA) to
verify the coating effect of the in situ crosslinked hydrogel. Furthermore,
CPC/hydrogel scaffolds were assayed using a microscopic imaging
infrared spectrometer (Thermofisher, Waltham, MA, USA) and an en-
ergy dispersive spectroscopy (EDS; TESCAN Inc).

To prepare the inhibitor loaded scaffolds, GW2580 (MedChemEx-
press, NJ, USA) was dissolved in dimethylsulfoxide at 10 mM as stock
solution, diluted to a certain concentration according to experiment
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contents and dropped onto the hydrogel coated scaffolds (100 pL per
scaffold). After incubating at room temperature for 120 min, the scaf-
folds were dried and stored at 4 °C until use. For most in vitro experi-
ments, 10 pM GW2580 solution was dropped onto each printed scaffold
to prepare the inhibitor loaded scaffold. In the macrophage polarization
experiment, printed scaffolds loaded with 10 pM and 100 pM GW2580
solution were prepared separately as the low and high dose group.

2.4. GW2580 release from scaffolds

CPC/hydrogel/GW2580 scaffolds were prepared as mentioned
above. CPC scaffolds loaded with same dosage of GW2580 were pre-
pared as control group. The scaffolds were then placed in 2 mL phos-
phate buffer saline (PBS) each in 12 well culture plate and incubated at
37 °C. After a standard curve of GW2580 solution being established
(Fig. S1), the supernatant in each well was extracted for absorbance
detection at 283 nm by an ultraviolet spectrophotometer (Eppendorf,
Germany) at set time points. Equal amount of fresh PBS was added each
time to continue the experiment. Afterwards, GW2580 concentration
was calculated for release ratio analysis.

2.5. Extract preparation

The extracts of CPC, CPC/hydrogel, and CPC/hydrogel/GW2580
scaffold were prepared as previous report [33]. First, each of the scaf-
folds was put into a well in 24 well plate. Next, 1 mL of conditioned
culture medium was added and thermostatically incubated for 24 h.
Afterwards, the supernatant was extracted and stored at 4 °C until use.
The conditioned medium used to assay the effect of extracts on the in-
hibition of pathways was standard culture medium (alpha minimal
essential medium [a-MEM] containing 10% fetal bovine serum [FBS]
and 1% penicillin/streptomycin). A standard culture medium containing
30 ng/mL MCSF (PeproTech, USA) was used as the conditioned medium
to assay the effect of extracts on mouse bone marrow-derived monocyte
(BMM) proliferation. An osteoclast-differentiation inducing medium
containing 30 ng/mL MCSF and 100 ng/mL receptor activator for nu-
clear factor-kB ligand (RANKL; PeproTech) was prepared before the
experiment and used as the conditioned medium to assess the effect of
extracts on osteoclast differentiation. A polarization-inducing medium
containing 20 ng/mL IL-10, IL-4, and MCSF (Peprotech) was used as the
conditioned medium to evaluate the effects of the extract on the M2
polarization of BMMs. The osteogenic differentiation-inducing medium
(Cyagen Biosciences, Jiangsu, China) was used as the conditioning me-
dium to assess effects of the extract on osteogenic differentiation of
mesenchymal stem cells.

2.6. Ions concentration in the scaffold extract medium

The extract medium of CPC, CPC/hydrogel and CPC/hydrogel/
GW2580 scaffolds was prepared as described above with a-MEM. After
incubating for 24 h, the scaffold extract medium was collected respec-
tively. Fresh a-MEM was used as blank control. The concentration of
phosphorous and sulfide ions in the medium was detected with an
inductive coupled plasma emission spectrometer (Thermo Fisher Sci-
entific, USA).

2.7. Western blot assay for inhibition of pathways study

First, RAW264.7 cells were seeded in six-well plates at 8 x 10° cells/
well and incubated with the scaffolds extracted culture medium for 4 h.
Next, the cells were cultured with a standard culture medium for 24 h,
stimulated with medium containing 10 ng/mL MCSF for 2 h, and pro-
cessed for protein extraction and subsequent concentration measure-
ment. Western blot assay was then performed to detect content of
Phospho CSF1R, CSF1R, phospho-AKT, total AKT, phospho-NF—«B, total
NF-kB, phospho-ERK, total ERK, and actin antibodies (Sangon Biotech,
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Shanghai, China) in the samples. The results were quantified using
Image J software (National Institute of Health, USA).

2.8. Inhibition of proliferation and osteoclastogenesis of BMMs

BMMs were extracted and cultured as previous report [34,35]. First,
the effects of the extract medium on BMMs proliferation were investi-
gated. 1 x 10* BMMs were evenly seeded into each well of a 96-well
plate and incubated with the scaffold extract medium separately. Cell
viability was analyzed after 24 and 72 h of culture using the Cell
Counting kit-8 (CCK-8) assay kit. Cells cultured in standard media
containing 30 ng/mL MCSF were used as control group.

The effects of scaffold extract medium on osteoclastogenic cells were
subsequently assayed. Osteoclast differentiation-inducing medium was
prepared before the experiment. Scaffold extract medium were prepared
by incubating the scaffolds with an osteoclast differentiation-inducing
medium as described above. 1 x 10* BMMs were evenly seeded into
each well of a 96-well plate and incubated with the scaffold extract
medium separately. A standard osteoclast-inducing differentiation me-
dium was used as the control. The medium was refreshed every 72 h.
After 24 and 72 h of culture, cells were fixed using 4% para-
formaldehyde (PFA) and stained using a tartrate-resistant phosphatase
(TRAP) kit (Sigma-Aldrich), and TRAP-positive osteoclasts were
observed using an optical microscope (Leica, Weztlar, Germany). The
TRAP-positive cell area was calculated with the Image J software.
Furthermore, cells were stained with 2-(4-Amidinophenyl)-6-indole-
carbamidine dihydrochloride (DAPI) and rhodamine-phalloidin (Sigma-
Aldrich) and the cell morphology was observed under a confocal laser
scanning microscope (Carl Zeiss AG, Bena, Germany).

2.9. Inhibition of M2 polarization of BMMs

The M2 phenotype polarization inducing medium containing 20 ng/
mL MCSF, IL-4, and IL-10 was prepared 1 h before the experiment.
Scaffold extract medium was prepared by incubating the scaffolds with a
polarization-inducing medium as described above. 5 x 10* BMMs were
evenly seeded into each well of a 24 well plate and incubated with
scaffold extract medium separately. After 24 h of culture, cells were
collected for analysis. The specific marker expression of M1 macro-
phages (IL-1p, inducible nitric oxide synthase (iNOs)), and M2 macro-
phages (CD163 and CD206) was analyzed via real-time reverse
transcriptive polymerase chain reaction (RT-PCR). The M2 macrophage
phenotype proportion was further assessed by a flow cytometer after
staining the specific marker CD206.

2.10. Effects on BMSCs function

The effect of scaffolds at the later stage of GW2580 release on pro-
liferation, adhesion, and osteogenic differentiation of mouse BMSCs
(mBMSCs) was analyzed. The CPC, CPC/hydrogel, and CPC/hydrogel/
GW2580 scaffolds were put separately into a 24 well culture plate (each
in a well) and incubated with 1 mL of standard culture medium. The
medium was refreshed daily. After 7 days of incubation, scaffolds were
collected for following study. mBMSCs were isolated as previous report
[36].1 x 10* mBMSCs were seeded onto each scaffold in a 24-well plate
and cultured for 24 and 72 h. Cell viability was then assayed with a
CCK-8 kit to test the effect of scaffolds on cell proliferation. Cells
cultured in standard medium were used as controls.

To assay cell adhesion on the scaffolds, nBMSCs were evenly seeded
onto each scaffold (1 x 10* per scaffold) and co-cultured for 3 days; cell
morphology on the scaffolds was detected with a confocal laser scanning
microscopy (Zeiss) after fixing, staining with rhodamine-phalloidin and
DAPI. To assess the effect of scaffolds on cell function, mBMSCs were
evenly seeded into a 24-well plates (5 x 10* per well), cultured with the
scaffold extract medium separately for seven days. Then, the cells were
fixed, stained with an alkaline phosphatase (ALP) kit (Beyotime,
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Fig. 1. Design of an inhibitor-loaded scaffold. (a) Schematic shows preparation process and related mechanism of the inhibitor-loaded scaffold. (b) SEM images show
pore structure and surface morphology of CPC and CPC/HBC-OCS scaffolds. (c) EDS images show coating efficiency of HBC-OCS hydrogel on CPC scaffolds. (d)
Microscopic infrared spectra of the CPC/HBC-OCS scaffold. (e) GW2580 release ratio from CPC and CPC/HBC-OCS scaffolds in 120 h (n = 3).

Shanghai, China), and observed under an optical microscope (Leica). China) and divided into three experimental groups: (1) untreated, (2)
CPC, and (3) CPC/hydrogel/GW2580 (GW2580: 50 mg/kg). Luc-4T1
2.11. Anti-tumor efficacy in murine 4T1 breast cancer model breast cancer cells (1 x 10°) were injected subcutaneously into the
groin of each mouse. Implantation therapy was initiated when the

3 .
Eighteen healthy female BALB/c mice (four-week old, 20 g) were average tumor volume approached 100 mm~. The mice were anaes-

obtained from Shanghai Jihui Laboratory Animal Co., Ltd. (Shangha, thetized with pentobarbital (1 mL/kg), and the scaffolds were implanted
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Fig. 2. Released components inhibit CSF-1R and downstream pathways. (a) Cropped blots and (b) related quantification results of Western blot assay show the effect
of released components from scaffolds on signaling pathways inhibition (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; ###P < 0.001 vs. CPC group;

@@@P < 0.001 vs. CPC/hydrogel group by one-way ANOVA).

subcutaneously near the tumor. Tumor volume was measured by
palpation and in vivo imaging system (IVIS, PerkinElmer, Waltham, MA,
US) after injection of 100 pL d-luciferin substrate solution respectively.
Mice body weight was measured every alternate day. The animals were
sacrificed after 10 days of implantation; the tumors and scaffolds were
collected and processed for analysis. The animal experiments were
performed following the guidelines and regulations of the Institutional
Animal Care and Use Committee of Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine.

2.12. FACS analysis of tumor samples

The harvested tumor tissues were processed for single-cell suspen-
sion preparation according to a reported procedure [19]. The expression
of CD86 and CD206 was evaluated to identify the percentage of M1 and
M2 macrophages in the tumor after CD11b* macrophage isolation and
phenotype quantification.

2.13. Histological analysis

Tumor samples were fixed in 4% PFA and processed into sections to
analyze the local macrophage phenotype. Immunofluorescence staining
against iNOs and CD206 was performed and subsequently observed
under a confocal microscope (Zeiss). To quantitatively evaluate the
polarized macrophages, the Image J software was used to calculate the
mean fluorescence intensity.

2.14. Statistical analyses
Data are presented as the means + standard deviations. GraphPad

Prism software was used to do the statistical analyses among different
groups.
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3. Result and discussion
3.1. Characteristic of inhibitor loaded scaffolds

As previously described, the CPC-based bioink was prepared and fed
into a 3D printer to prepare the bone repair scaffolds [33]. A
photo-crosslinkable HAMA solution was introduced into the bio-ink for
formability promotion after scaffold printing. In an aqueous environ-
ment, the inorganic component calcium phosphate cement would
gradually set into biodegradable hydroxyapatite, which is similar to the
main component of bone and promotes osseointegration [37,38]. The
HBC solution was first assembled onto the scaffolds to bring amine
groups. The OCS solution was then crosslinked in situ with HBC to
provide sulfonic acid groups for the subsequent loading of inhibitor
GW2580 on the scaffolds (Fig. 1a).

SEM and EDS assays were performed to analyze the HBC/OCS
hydrogel coating efficiency on the scaffolds. Fig. 1b shows that the pore
sizes of CPC and CPC/hydrogel scaffolds are approximately 500 pm and
are ideal for bone tissue regeneration. Printed CPC scaffolds were sub-
jected to a hydration process for complete setting and mechanical
strength improvement. Correspondingly, the hydrated CPC scaffolds
were covered with needle-like hydroxyapatite nanoparticles on the
surface (Fig. 1b). At optimum concentration and assembly process of
HBC and OCS, pore connectivity and structure of the scaffolds were not
affected by the hydrogel coating. The HBC/OCS hydrogel evenly
covered the hydroxyapatite layer as a thin mask shield on the surface of
the CPC/hydrogel scaffolds. According to the EDS mapping results
(Fig. 1c), Nitrogen (N) element in HBC, sulfur (S) element in OCS and the
oxygen (O) existing in both HBC and OCS show a similar and even
distribution of macroporous structure in scaffolds, verifying the HBC/
OCS hydrogel fine coating. The groups of HBC and OCS on the scaffolds
were analyzed using a microscopic imaging infrared spectrometer
(Fig. 1d). According to the results, the peaks of the N-H and C—=0 groups
were detected around 1650 cm ™! and 1715.3 cm ™, respectively, indi-
cating the successful assembling of HBC and OCS, and remaining free
aldehyde groups on the OCS molecular chain.

To prolong the inhibitor release time, GW2580 was designed to bind
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Fig. 3. Released components inhibit proliferation and osteoclastogenesis of BMMs. (a) Effect of released components from scaffolds on BMMs proliferation after 1
and 3 days of culture. (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control by one-way ANOVA). (b) TRAP staining images and (c) related quantification results
show the effect of released components on BMMs osteoclastogenesis after 1 and 3 days of culture. (n = 3, ***P < 0.001 vs. control; ###P < 0.001 vs. CPC group;
@@P < 0.01 vs. CPC/hydrogel group by one-way ANOVA). (d) Confocal microscope images show morphology of BMMs in scaffold extract medium after 3 days
of culture.
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Fig. 4. Released components regulate polarization of macrophages. (a) Schematic shows the process of released components regulating polarization of macrophages.
(b) FACS assay images and (c) statistical analysis results demonstrate the effect of scaffold extract medium on marker expression (CD206™) of M2-type macrophages.
(n = 3, ***P < 0.001 vs. MCSF + IL4+IL10 group; @@@®P < 0.001 vs. CPC/hydrogel group by one-way ANOVA). (d) RT-PCR results show the effect of released
components from scaffolds on genes expression of M1 (IL-1f, iNOs) and M2 (CD163, CD206) type macrophages (n = 3, **P < 0.01, ***P < 0.001 vs. MCSF +
IL4+IL10 group; P < 0.01, WP < 0.001 vs. CPC/hydrogel + low dose group by one-way ANOVA).

on scaffolds through electrostatic interaction. According to the micro-
scopic infrared spectrum results, some of the inhibitor could also in situ
crosslink with OCS via schiff-base reaction. Calculated release ratio
curves (Fig. 1e) indicated the release rate of GW2580 was effectively
slowed on CPC/hydrogel scaffolds, compared with on the CPC scaffolds.
The inhibitor was found to gradually release from the hydrogel coated
scaffolds in one week.

3.2. Inhibition of signaling pathways

MCSF is a key cytokine responsible for proliferation and differenti-
ation of macrophages [39]. Abundant MCSF in the tumor microenvi-
ronment is associated with the recruitment and polarization of M2-like
TAMs, which led to localized immunosuppression, growth and metas-
tasis of cancer cells [40-42]. Therefore, high levels of MCSF are asso-
ciated to a poor prognosis of bone tumors [43]. In this study, the CSF-1R
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inhibitor GW2580 was designed to be loaded on a CPC scaffold based on
electrostatic interactions between amidogen (GW2580) and sulfonic
acid (OCS) groups. After incubation in a microenvironment rich in
growth factors, the competitive interaction between the factors and OCS
could promote the release of GW2580, which inhibited the CSF-1R
signaling pathway and sequentially regulated the immune microenvi-
ronment. Therefore, the effect of GW2580 release on the inhibition of
CSF-1R signaling was first investigated.

After incubating with the extract medium of CPC, CPC/hydrogel, and
CPC/hydrogel/GW2580 scaffolds separately for 4 h, macrophages were
normally cultured for 24 h and stimulated with the medium containing
MCSF for 2 h before the Western blot assay. According to results shown
in Fig. 2, the extract medium containing released GW2580 exhibited an
efficient inhibition of phosphorylation of CSF-1R at 24 h (P < 0.001).
Furthermore, the phosphorylation of AKT and NF-kB signaling pathways
were also significantly ablated by the released GW2580. As is known,
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Fig. 5. Effect of GW2580-loaded scaffolds on mBMSCs function at late stage of inhibitor release. (a) CCK-8 assay results show the effect of scaffolds on mBMSCs
proliferation after 1 and 3 days of culture (n = 3). (b) Confocal microscope images show mBMSCs morphology on CPC, CPC/hydrogel and CPC/hydrogel/GW2580
scaffolds after 3 days of coculture. (c) ALP staining images show the effect of scaffold extract medium on osteogenic differentiation of mBMSCs after 7 days of culture.

the activation of NF-kB and AKT pathways is essential in the progression
of aggressive malignancies [44,45].

3.3. Inhibition of osteoclastogenesis

Osteoclastogenesis, the leading cause of bone destruction, is closely
related to the activation of CSF-1R and NF-kB signaling pathways [43,
46]. Especially, MCSF is known to promote both growth and osteoclast
differentiation of mononuclear macrophages by binding to its receptor
on cell-surface [47]. Once osteoclasts were activated in the tumor
microenvironment and start to destroy the bone matrix, growth factors
further enhancing tumor growth would be released [48,49]. Based on
the results in section 3.2, it was speculated that the GW2580 loaded
scaffolds may obtain the potential to inhibit osteoclastogenesis, and thus
block the important link in the vicious cycle of tumor recurrence and
metastasis [50].

Herein, the effects of scaffold extracts on BMMs proliferation and
osteoclastogenesis were carefully analyzed. In previous studies,
GW2580 was reported to inhibit the proliferation of MCSF-dependent
cells such as monocytes [47]. Therefore, the concentration-dependent
inhibition effect of dissociative GW2580 was verified first (data not
shown). After that, GW2580 was loaded onto the scaffolds at an effective
concentration. The viability of BMMs cultured in scaffold extracts was
assayed using a CCK-8 kit after 12 and 72 h of co-culture. Fig. 3a shows
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the proliferation of BMMs cultured in the extract medium of CPC/hy-
drogel/GW2580 scaffolds is significantly inhibited (P < 0.001). The
results confirmed that released GW2580 from the scaffolds worked the
same as the dissociative ones.

The effect of scaffold extract medium on osteoclastogenesis of BMMs
was then analyzed by TRAP staining after 1 and 3 days of co-culture.
Consistent with our speculation, Fig. 3b and c shows that osteoclasto-
genesis of BMMs is completely inhibited in the CPC/hydrogel/GW2580
extract medium (P < 0.001). TRAP-positive osteoclasts were hardly
detected after 3 days of co-culture. Additionally, cell morphology
observation under a confocal microscope confirmed the TRAP staining
results (Fig. 3d). Induced multi-nucleated osteoclasts were found in the
control group after 3 days of culture but were not detected in the CPC/
hydrogel/GW2580 group.

Unexpectedly, the extracts of CPC/hydrogel scaffolds partially
blocked the CSF-1R signaling pathway and inhibited osteoclastogenesis
(P < 0.001). Therefore, we collected the scaffolds release medium and
analyzed the N and S ion concentrations. The results indicated that HBC
and OCS were released from the scaffolds during the extraction process
(Fig. S2). Although the mechanisms were not understood, it was hy-
pothesized that the inhibitory effect might be related to the release of
OCS, which interacted with growth factors such as MCSF and RANKL in
the inducing medium, interfering with the interaction of the signaling
molecules. In previous studies, CS was reported to suppress osteoclast
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Fig. 6. GW2580-loaded scaffolds effectively inhibit 4T1 breast tumor growth in a mice model. (a) Schematic shows the anti-tumor therapy of inhibitor-loaded
scaffolds. (b) IVIS images and (c) tumor size curves show the effect of implanted scaffolds on tumor growth when mice were alive (n = 4, *P < 0.05, ***P <
0.001 vs. Untreated by two-way ANOVA). (d) Body weight measurement results show histocompatibility of the scaffolds (n = 4). (e) Digital photograph of the tumors

shows the anti-tumor effect of implanted scaffolds after 10 days of treatment.

activity even at a low concentrations [51]. It has been demonstrated that
the inhibition effect may be related to CS interaction with amino groups
on osteoclastic mediators (e.g., RANKL) through the sulfonic acid group
[52,53]. Additionally, sulfation of glycosaminoglycan was found to
significantly inhibit osteoclast differentiation and resorption, and the
efficiency depends on the sulfation degree [54]. Furthermore, our pre-
vious study revealed that the oxidation process did not change the
molecular structure of sulfonic acid group and interfere with the bio-
logical function [55].

3.4. Regulation of macrophage polarization

A previous study reported that MO macrophages could be polarized
into M2 type after inducing-culture by IL-10 and IL-4 [56]. Therefore,
the scaffold extract medium containing MCSF, IL-10, and IL-4 was pre-
pared to analyze the inhibitory effect of GW2580 loaded scaffolds on
M2-polarization of macrophage (Fig. 4a). The cells were collected for
phenotypic assays after incubating in the extract medium for 24 h. Ac-
cording to the FACS assay results (Fig. 4b and c), macrophages in the
control group were effectively polarized into the M2 type after inducing
culture with MGCSF, IL-10 and IL-4. The CD206" M2 macrophages pro-
portion was much lower in the CPC/hydrogel/GW2580 group than in
other groups (P < 0.01).

The RT-PCR assay results were consistent with the FACS results
(Fig. 4d). Cells in the CPC/hydrogel/GW2580 group showed lower
genes expression of M2 macrophages (CD206 and CD163) and higher
genes expression of M1 macrophages (IL-1p and iNOS) when compared
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to the control group (P < 0.001); thus, indicating the polarize-inhibiting
effect. Furthermore, the inhibitory effect was found to be highly related
to the GW2580 loading dose. Cells cultured in the high dose group
showed lower gene expression of M2 macrophages and higher gene
expression of M1 macrophages than in the low dose group. These results
demonstrated that CSF-1R inhibitor-loaded scaffolds could inhibit the
polarization of primary macrophages to M2 type in a GW2580
concentration-dependent approach. Though less effective than the CPC/
hydrogel/GW2580 group, the CPC/hydrogel group partially inhibited
the M2-polarization of macrophages. In section 3.3, the CPC/hydrogel
group was hypothesized to block CSF-1R pathway by competitive
binding to inducing cytokines. Polarization inhibition effect of CPC/
hydrogel scaffolds may be associated to the competitive binding of
released OCS with MCSF, IL-10 and IL-4, which interfered with the
binding to macrophages for phenotype modulation.

3.5. Effect on mBMSCs function

Apart from the anti-tumor property, a scaffold for bone tumor
postoperative treatment was supposed to promote bone regeneration
[13]. Herein, the immunoregulatory scaffold was designed to function in
a dual-stage process: regulating harmful macrophage immune micro-
environment in the early stage and promoting bone regeneration in the
later stage. Although CPC based biomaterials were known to promote
bone integration with the biomimetic chemical composition and
controllable microstructure [32,33], effects of the developed immuno-
regulatory scaffold on bone regeneration remain unknown. Therefore,
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the influence of scaffolds at the later stage of GW2580 release on pro-
liferation, adhesion, and osteogenic differentiation of mBMSCs was
carefully assayed. Fig. 5a shows that mBMSCs had similar proliferation
performance after culturing for 24 and 72 h with CPC, CPC/hydrogel,
and CPC/hydrogel/GW2580 scaffolds, respectively. No significant dif-
ferences were observed between the control and scaffold groups. Then,
the attachment of mBMSCs to the scaffolds after 72 h of culture was
observed under a confocal microscope. Fig. 5b shows that mBMSCs
spread better on the HBC/OCS hydrogel coated scaffolds than on CPC
scaffolds. However, no substantial differences were observed between
the CPC/hydrogel and CPC/hydrogel/GW2580 groups. It was hypoth-
esized that free amino groups of HBC in the hydrogel promoted cell
spreading on the scaffolds through charge affinity to the cell membrane.
Finally, the effect of scaffolds on the mBMSCs osteogenic differentiation
was detected using an ALP kit (Fig. 5¢). The results demonstrated that
larger ALP-positive areas were induced in the scaffold groups than in the
control group. Additionally, no substantial differences were detected
among the CPC, CPC/hydrogel, and CPC/hydrogel/GW2580 groups.
Therefore, the results suggested that inhibitor-loaded scaffolds did not
affect the stem cells function at the later stage of GW2580 release and
promoted osteogenesis.
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Fig. 7. GW2580-loaded scaffolds effectively regulate
polarization of macrophage in 4T1 breast tumor
micro-environment in vivo. (a) FACS results show M1
(CD86™) and M2 (CD206™) type macrophage ratio in
tumors after 10 days of treatment (n = 3, *P < 0.05
vs. Untreated; #P < 0.05 vs. CPC group by one-way
ANOVA). (b) Immunofluorescent staining images
and (c) related quantitative fluorescence intensity
results show distribution of M1 (iNOS) and M2
(CD206) type macrophages in the tumors (n = 3,
***p < 0.001 vs. Untreated; ###P < 0.001 vs. CPC
group by one-way ANOVA).
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3.6. Immunoregulation and anti-tumor efficacy in vivo

Metastatic and development of bone cancer are closely related to
TAMs in the microenvironment [7]. The 4T1 breast tumor, a common in
vivo model for immunoregulation strategy assessment, was constructed
to analyze the therapeutic effect of the immunoregulating scaffolds
(Fig. 6a). Tumor-bearing mice were randomly divided into (1) un-
treated, (2) CPC scaffold, and (3) CPC/hydrogel/GW2580 scaffold
groups. The experiments were initiated 5 days after 4T1 cells injection
when the tumor reached 100 mm>. Scaffolds were implanted near the
tumor. To detect the anti-tumor effect of the scaffolds, tumor size was
assayed with IVIS spectrum and palpation every other day. Fig. 6b shows
that the GW2580 loaded scaffolds inhibited tumor growth more effi-
ciently than the untreated and CPC scaffold group. CPC scaffold showed
little anti-tumor effect, probably due to physical obstruction. When mice
body weights were recorded every 48 h, no substantial differences were
observed among the three groups (Fig. 6¢), indicating good histocom-
patibility of the developed scaffolds. Ten days after implantation, the
animals were sacrificed, and tumors were excised for general observa-
tions, FACS, and histological assays. The images of the collected tumors
showed a similar result to the IVIS spectrum images taken before mice
were sacrificed. The average tumor size of the CPC/hydrogel/GW2580
group was smaller than that of the other two groups (Fig. 6d).

A FACS assay was further performed to detect effect of GW2580
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loaded scaffolds on macrophage phenotype regulation in the tumor. The
results revealed that treatment with GW2580 loaded scaffolds signifi-
cantly reduced the proportion of M2 macrophages (CD11b"CD206") (P
< 0.001) and increased the proportion of M1 (CD11b"CD86") pheno-
type macrophages (Fig. 7a). The immunofluorescence histological assay
results (Fig. 7b and c¢) conformed with the FACS results. More iNOs™ M1
macrophages and fewer CD206" M2 macrophages were found in the
GW2580 loaded scaffold group tumors than in the other two groups (P
< 0.001). Thus, the GW2580 loaded scaffolds successfully regulated the
local M1/M2 macrophage phenotype proportion.

According to previous report [47], the effective dose of GW2580 for
tumor growth inhibition is 20-80 mg/kg twice a day orally. With local
prolonged release of inhibitor being realized via material design, the
GW2580 loaded scaffolds effectively regulated the harmful microenvi-
ronment and inhibited tumor growth without affecting normal tissue
function at much lower inhibitor loading dose throughout the treatment
process.

However, there’re expandable points deserve further study. First,
GW2580 was here combined with 3D printed scaffolds through elec-
trostatic interaction to prolong its release time. Although GW2580
gradually released in one week and efficiently blocked CSF-1R pathway,
stronger bonds can be designed to load the inhibitor on the scaffolds for
therapeutic efficiency analysis of inhibitor action time. Second, the
loading dose of GW2580 is closely associated with both tumor inhibition
and tissue regeneration properties of the scaffolds. Owing to the func-
tional material design, scaffolds containing a relative low dose of
GW2580 have been found to effectively regulate macrophage polariza-
tion in tumor microenvironment without affecting bone regeneration. In
the following study, scaffolds with different loading dose of GW2580
should be prepared to analyze the effect of inhibitor loading dose on
postoperative treatment of bone tumor in detail. Third, GW2580 was
chosen as a model inhibitor to explore the feasibility of immunoregu-
latory scaffolds construction for tumor postoperative treatment. Other
signal pathway inhibitors or immunoregulatory molecules can be
introduced into the scaffolds for drug screening and strategy optimiza-
tion based on the present data. Fourth, even though we preliminary
verified the inhibition effect of immunoregulatory scaffolds on osteo-
clast formation, the long-term effects in bone tumor postoperative
microenvironment and related molecular mechanisms deserve further
studies.

4. Conclusions

In this study, 3D printed scaffolds regulating macrophage polariza-
tion behavior in the tumor microenvironment were constructed through
functional loading of a CSF-1R inhibitor. Bone repair scaffolds were
finely printed with a calcium phosphate-based bioink. After concentra-
tion optimization, HBC and OCS solutions were evenly coated on the
scaffold layer by layer to provide a surface rich in sulfonic acid group for
rapid and stable loading of the inhibitor GW2580. In vitro results
demonstrated that the released inhibitor effectively blocked the CSF-1R
pathway, inhibited the M2-type polarization of macrophages, and
reprogrammed M2-type to the M1-type. Due to its inhibition of the
phosphorylation of CSF-1R and NF-kB pathways, released GW2580 from
the scaffolds also significantly inhibited osteoclastogenesis, the impor-
tant link in the vicious cycle of tumor recurrence and metastasis. At the
later stage of GW2580 release, the scaffolds promoted adhesion,
spreading, and osteogenic differentiation of mBMSCs, which is prom-
ising for bone regeneration. More so, the in vivo tumor model verified
that GW2580 loaded scaffolds significantly reduced the proportion of
M2-type macrophages in tumors and inhibited tumor growth. In
conclusion, we proposed a novel postoperative treatment strategy for
bone tumors with 3D printed regenerative scaffolds that regulate
macrophage immune microenvironment in stages.
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