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Background: The proper topography of implant surface can induce macrophages polariza-
tion, whereas the regulation mechanism has not been fully deciphered. The study aimed to
examine the regulation mechanism of macrophages M2 polarization by titanium (Ti) implant
surface micro/nano topography.

Results: Firstly, the titanium implant micropits-nanotubular surface with ~30 nm diameters
(MNT) can induce the M2 polarization of RAW264.7 spontaneously, as indicated by the
spindle-like cell morphological alteration and specific molecular marker arginase-1 (Argl)
expression. Next, the autophagic vacuoles (AVs) number is significantly increased on MNT
surface, as confirmed by the monodansylcadaverine (MDC) and CYTO-ID staining as well
as the transmission electron microscope (TEM) observation. In addition, increasing or
decreasing the autophagosomes number by rapamycin or 3-methyladenine (3-MA) will result
in augmentation or attenuation of Argl. Furthermore, blocking the fusion between autopha-
gosomes and lysosomes by bafilomycin also significantly reduces Argl, even in the presence
of rapamycin. Finally, the ERK phosphorylation is selectively upregulated on MNT surface
and the AVs number and Argl expression are significantly suppressed by U0126 treatment.
Conclusion: Our findings suggest that the ERK-Beclin-1-autophagy axis may play a pivotal
role in the regulation of M2 polarization induced by nanotopography.

Keywords: macrophages polarization, micro/nano topography, TiO2 nanotubes, autophagy,
ERK

Introduction

The role of macrophages polarization in tissue healing and remodeling has attracted
more and more attention recently.' Specifically, the classical M1 polarized macro-
phages secrete a variety of inflammatory cytokines that fine tune the inflammation
process, whereas the alternative M2 polarized macrophages are responsible for
tissue healing process.” As a result, inducing macrophages for M2 polarization
has become a promising strategy to better the tissue remodeling microenvironment,
which is a crucial idea in tissue engineering. To date, numerous stimuli can realize
M2 polarization, among which the IL-4/IL-10 cytokines are considered as
a standard model.> However, the cytokines are both vulnerable and cost-
consuming and this has constrained their application. With the development of
nanoscience and nanotechnology, the nanomaterials have been extensively investi-
gated as potential solutions for biomedical issues. To be specific, many reports have
demonstrated that the biophysical clues such as the surface topography which the
macrophages grow on is critical for polarization regulation.* ® Our previous studies
also indicate that the micro/nano topography of TiO, nanotubular surface with ~30
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nm diameter is able to induce M2 polarization and conse-
quently influence the osseointegration in vivo.”* This
phenomenon has not only provided a more convenient
and safe way to induce M2 polarization, but has also led
to the concept of “osteoimmunity” during the designation
of bone implant.”'® Unfortunately, how the macrophages
M2 polarization is regulated by implant surface topogra-
phy has not been systematically investigated yet, which
makes the designation vague.

Autophagy is a conserved intracellular self-digestion
system, which plays an important role in maintaining cell
homeostasis.'' A growing amount of evidence suggests
that autophagy is closely related to various cellular pro-
cesses in various cell types. For instance, autophagy is
required for mesenchymal stem cells (MSCs) differentia-
tion and osteoblast mineralization.'? Our previous study
also found that the MNT surface can induce autophagy
response in osteoblasts, which is required for the subse-
quent differentiation.'*> Moreover, in macrophages, the
autophagy activity is essential for M2 polarization and
the impaired autophagy will lead to proinflammatory
state.'* According to the report from Chen et al,'® the
autophagy may be responsible for the macrophages polar-
ization regulation by nanotopography.'> Therefore, we
hypothesize that the autophagy may also be a key point
in the regulation of M2 polarization by MNT surface.
However, unlike the biochemical factors that can either
enter into or target the receptor to induce intracellular
responses, the biophysical topography can only influence
the outside of cellular membrane and how this signal can
influence intracellular autophagy process remains unclear.

There is one classical molecular signaling pathway that
bridges the extracellular stimulus and intracellular
responses, the mitogen-activated protein kinase (MAPK)
signaling pathway. There are three members of MAPK
family, ERK, p38, and JNK, which are associated with
numerous cell functions including cell division, differen-
tiation and secretion. Given the extensive regulation pro-
cesses and the links with extracellular stimuli, we infer
that the MAPK may help to induce autophagy response on
MNT surface. In fact, the crosstalk between MAPK and
autophagy has been elucidated enormously in different cell
types.'®'” In addition, our previous study also suggests
that the MAPK signaling pathway is activated on MNT
surface in osteoblasts.'® Taken together, we hypothesize
that the MNT surface may induce autophagy response
through MAPK pathway and consequently influence the
macrophages M2 polarization.

In the present study, the MNT surface was fabricated
on pure titanium (Ti) surface by acid etching plus anodiza-
tion under 5 V voltage to generate ~30 nm diameter
nanotubes, and the polished Ti (P) surface was taken as
control. Murine macrophage cell line RAW264.7 was cul-
tured on different surfaces and the M2 polarization, autop-
hagy and MAPK pathway was systematically investigated.

Materials and Methods

Implant Preparation and Characterization
Pure Ti plates (10 mm X 10 mm x 1 mm, Northwest
Institute for Nonferrous Metal Research, Xi’an, People's
Republic of China) were polished to mirror-like smooth-
ness by SiC sandpapers (Matador, Germany) from 800# to
7000# and denoted as the P group. To prepare the MNT
sample, the P sample was etched in 0.5 wt% HF for 20
minutes followed by anodization in an electrolyte contain-
ing 0.5 wt.% HF and 6.0 wt% H3PO4 under a constant
voltage of 5 V for 1 hour. The prepared sample was
sonicated sequentially in acetone, absolute ethanol, and
deionized water to remove potential contaminants. Prior
to cell culture, the sample was sterilized in 75% ethanol
for 12 hours plus UV irradiation. The surface architecture
and topography were examined by SEM (S-4800, Hitachi,
Japan) and AFM (Dimension Icon, Bruker, Germany)
respectively. The surface water contact angle was mea-
sured by the DSA1 System (Kruss, Germany).

Cell Culture and Seeding on Implant

Surface

Murine macrophage cell line RAW 264.7 (ATCC TIB-
71TM) were cultured in DMEM medium (Corning, NY,
USA) supplemented with 10% fetal bovine serum (FBS;
Hangzhou Sijiqing Biological Engineering Materials Co.,
Ltd, People's Republic of China) and 1% penicillin/strep-
tomycin, in a humidified incubator (37°C, 5% CO,). When
the confluence reached ~80%, the cells were trypsinized
for cell seeding on either the P or MNT surface at the
density of 5x10* cells/cm?.

Cell Morphology Observation

After 3 and 7 days culture on Ti implant surface, the cells
were rinsed in PBS and fixed either in 2.5% glutaralde-
hyde overnight at 4°C or 4% paraformaldehyde for 20
minutes at room temperature to perform the SEM and
CLSM observation (Leica AF6000, Germany) respec-

tively. For the SEM observation, the sample was
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dehydrated sequentially in ethanol (30100%), freeze-dried
and sputtering coated with platinum. For the CLSM obser-
vation, the actin cytoskeleton was stained with Alexa
Fluor 488-conjugated phalloidin (1:20, Cell Signaling
Technology, Danvers, MA, USA) for 30 minutes at room
temperature while the nucleus was stained with 4',6-dia-
midino-2-phenylindole (DAPI, Sigma).

Flow Cytometry Analysis

After 3 and 7 days culture on different surfaces, the cells
were collected by trypsinization to subject immunostaining
of PE-labeled anti-CD206 (eBioscience, USA) for 30 min-
utes at 4°C, while protected from light. The untreated cells
were defined as blank control. After washing in PBS to
remove unbounded dye background, the sample was
examined by the Beckman Coulter Epics XL cytometer
(Beckman Coulter, Fullerton, CA, USA).

Real-Time Quantitative Polymerase Chain
Reaction (qPCR)

The M2 polarization specific marker Argl was measured
by qPCR analysis. Briefly, the total RNA was extracted by
RNAiso Plus (Takara, Tokyo, Japan) according to the
manufacturer’s instructions, which was used as the tem-
plate for cDNA synthesis by using PrimeScriptTM RT
Master Mix (Perfects Real Time; Takara). The gPCR was
performed by SYBR®™Premix Ex TagTMII on a CFX96
system (Bio-Rad Laboratories, Hercules, CA, USA), with
the Argl primer sequence of Forward 5-AGCTCTGGG
AATCTGCATGG-3' and Reverse 5-ATGTACACGATG
TCTTTGGCAGATA-3". The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as housekeeper gene
to normalize the mRNA level, with the primer sequence of
Forward 5-CCAATGTGTCCGTCGTGGATCT-3’
Reverse 5'-GTTGAAGTCGCAGGAGACAACC-3'.

and

Western Blot

The intracellular total protein was isolated by lysing the cells
in RIPA buffer (Beyotime, People's Republic of China) con-
taining protease inhibitors, which was quantified by using the
bicinchoninic acid (BCA) method and boiled with loading
buffer. For Western blot analysis, 20 pg proteins were elec-
trophoresed on a 10% SDS-PAGE gel, and then transferred
onto the polyvinylidene fluoride membrane (PVDF, EMD
Millipore, Billerica, MA, USA). After blocking with 5%
BSA for 1 hour at room temperature, the membrane was
incubated with primary antibodies including anti-Argl

(1:1000, EMD Millipore), anti-ERK (1:1000, Cell Signaling
Technology), anti-phospho-ERK (1:1000, Cell Signaling
Technology), anti-p38 (1:1000, Cell Signaling Technology),
anti-phospho-p38 (1:1000, Cell Signaling Technology), anti-
JNK (1:1000, Cell Signaling Technology), anti-phospho-
JNK (1:1000, Cell Signaling Technology), anti-LC3A/B
(1:1000, Cell Signaling Technology), anti-Beclin-1 (1:1000,
Cell Signaling Technology), and anti-GAPDH (1:4000,
CWBIO, People's Republic of China) overnight at 4°C. The
membrane was washed thoroughly by TBST to remove the
unbounded antibodies and then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:40,000,
Cell Signaling Technology) for 2 hours at room temperature.
After thoroughly washing in TBST, the bands were visualized
by enhanced chemiluminescence and detected by Tanon-
5500. The greyscale of bands was analyzed by Imagel
software.

MDC and CYTO-ID Staining

The autophagosomes formation was detected by MDC and
CYTO-ID staining respectively according to previous
reports.'®*° Briefly, the cells were rinsed in HBSS and
either treated with MDC (Solarbio Science, People's
Republic of China) or CYTO-ID (Enzo Life Sciences
CAT.NO: ENZ-51,031-0050) for 30 minutes at 37°C.
Then the cells were rinsed in HBSS and imaged immedi-
ately by CLSM.

TEM Observation

The cells were collected by trypsin and pre-fixed in the
mixture of 2.5% glutaraldehyde and 4% paraformaldehyde
(1:1). The sample was post-fixed with 1% osmium tetr-
oxide, dehydrated sequentially with ethanol and embedded
in epoxy resin. Ultra-thin sections were prepared by the
diamond knife, which were stained by uranyl acetate-lead
citrate. Six images were taken randomly under the TEM
(FEI TECNALI, USA) observation and the AVs were recog-
nized and counted according to a previous publication.*'

Statistical Analysis

Data were analyzed by SPSS 19.0 software. All experi-
ments were independently repeated three times and pre-
sented as means + standard deviations. The means were
compared by Student’s #-tests and differences with
P-values of less than 0.05 were considered statistically

significant.
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Results
Implant Surface Characterization

Discussion

The surface architecture, topography and wettability of Ti
samples were determined first (Figure 1). The P surface
was quite flat both under lower and higher magnifications
of scanning electron microscope (SEM) observation
(Figure 1A). The MNT surface was occupied by regular
microscale etched pits under lower magnification (Figure
1A). Under higher magnification, uniform nanotubes with
average diameters of ~30 nm were vertically aligned
homogeneously (Figure 1A). The surface topographies
were detected by atomic force microscope (AFM) and
the height, phase and amplitude images were obtained
(Figure 1B). The Sq value calculated from the height
images was used to represent the average roughness. The
average roughness of P surface was 2.42 = 0.04 nm while
it increased to 6.5 £ 0.1 nm on MNT surface (Figure 1C).
The wettability was depicted as the static water contact
angle. The P surface showed ~400, which reduced to ~90
after the MNT topography fabrication (Figure 1D).

The MNT Can Induce RAW?264.7 M2

Polarization

The macrophage polarization in response to different topo-
graphies was investigated. Since the macrophage polariza-
tion had a clear impact on the cell morphology, eg, the M1
macrophages were round while M2 macrophages were spin-
dle-shaped,”” the cell morphology was observed initially
(Figure 2). Generally, the shape of RAW264.7 macrophages
was round on the P surface whereas it was spindle-like on the
MNT surface, both at Day 3 and Day 7 (Figure 2A). The
quantitative analysis from the SEM images showed that the
RAW264.7 cells had higher spreading area on P surface
while the MNT surface was more favorable for their elonga-
tion (Figure 2B and C). To further confirm the M2 polariza-
tion state, the M2 macrophages specific markers were
determined. Flow cytometry analysis showed that the surface
marker CD206 was lower on MNT surface at Day 3 com-
pared to P, which, however, was increased to be higher at Day
7 (Figure 2D). Similarly, the mRNA level of Argl was nearly
the same at Day 3, while at Day 7 it was ~16-fold higher on
MNT surface compared to the P group (Figure 2E). The
protein expression of phenotype marker arginase-1 (Argl)
on MNT surface was enhanced ~3-fold higher at Day 3
compared to P surface, which was further promoted to
~5.7-fold at Day 7 (Figure 2F). The cytokines measurement

also revealed that the M2-type cytokines containing I1L-4 and
PDGF-BB were significantly up-regulated on MNT surface

(Figure S1).

The MNT Increases Autophagic Vacuoles

(AVs) Accumulation

We further analyzed whether autophagy activity was influ-
enced by different surface topographies in RAW264.7. As
indicated in the Western blot, the LC3-II were significantly
enhanced on the MNT surface (Figure 3A), suggesting
more autophagosomes (APs) formation. The APs forma-
tion was observed by confocal laser scanning microscope
(CLSM) after the monodansylcadaverine (MDC) and
CYTO-ID staining respectively. The number of green
dots formation on MNT surface was more than that on
the P surface, both in the MDC and CYTO-ID staining
respectively (Figure 3B and C). In addition, the autophagic
vacuoles (AVs) were directly examined by transmission
electron microscope (TEM), which also showed that more
AVs were accumulated in RAW264.7 on the MNT surface
(Figure 3D and E).

The AVs Formation is Involved in Argl

Expression

To confirm whether the accumulated AVs was involved in
the M2 polarization regulation, the AVs formation was
intervened by either the inhibitor 3-methyladenine
(3-MA) or the inducer rapamycin (RAPA) to observe the
consequent alterations (Figure 4). In the presence of 3-MA
or RAPA, the green dots number was decreased or
increased apparently on both surfaces, as indicated by
MDC and CYTO-ID staining (Figure 4A and B).
Similarly, the TEM images also showed that the AVs
number was significantly decreased or increased after
treatment of 3-MA or RAPA (Figure 4C and D). This
was also indicated by the Western blot analysis that the
LC3-II expression were inhibited or promoted in the pre-
sence of 3-MA or RAPA respectively (Figure 4EH). More
importantly, the Argl expression was significantly attenu-
ated or augmented after 3-MA or RAPA treatment (Figure
4E and F, I and J).

Autophagy Flux is Required for Argl
Expression
To figure out why the AVs accumulation was related to M2

polarization, the autophagy flux was intervened by bafilo-
mycin Al (BAF) to inhibit the fusion between APs and
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Figure | Implant surface characterization. The fabricated Ti implant surface structure was examined by SEM under both lower and higher magnifications (A). The surface
topography was scanned by AFM (B), and the average roughness was calculated as Sq value (C). The water contact angle was measured by DSA (D). *P<0.05.

lysosomes (Figure 5). As shown in the MDC and CYTO-ID  and B). The LC3-II expression was also significantly aug-
staining, the APs dots formation was enhanced after BAF  mented after BAF supplement (Figure 5C and D). However,
intervention, with or without RAPA co-treatment (Figure SA  the Argl expression was significantly inhibited, no matter
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associated LC3-Il was analyzed by Western blot (A). Meanwhile, the APs were observed in situ by CLSM after staining with MDC (B) and CYTO-ID (C) respectively. The
cells were trypsinized and examined by TEM, in order to directly observe the AVs architecture (D) as well as count the number (E). *P<0.05.

whether the RAPA was co-treated (Figure 5C and D). This The ERK Pathway is Selective|y Activated
indicates that the autophagy flux, eg, the digestion of auto- b)’ MNT Surface

lysosomes (ALs), may be the key process for M2 polariza-  In order to find out how the autophagy was activated on
tion regulation. MNT surface, the MAPK signaling pathway was examined
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after culture of RAW264.7 for 7 days. It was notable that
the phosphorylation of ERK was upregulated to ~2-fold
higher on MNT surface while the p38 and JNK were not
changed (Figure 6A and B). This indicates that the ERK
pathway may be involved in the autophagy activation.

The ERK Pathway is Required for
Autophagy Activation and Argl

Expression

The influence of ERK pathway on autophagy and M2
polarization was investigated by inhibiting ERK activity
with UO0126. The AVs dots formation was severely
impaired after U0126 treatment, both on P and MNT
surfaces (Figure 7A and B). This was also confirmed by
TEM observation that the AVs were significantly
decreased by U0126 treatment, both on P and MNT
surfaces (Figure 7C and D). Similarly, the LC3-II pro-
tein was downregulated considerably (Figure 7E and F).
Moreover, the Argl expression was decreased to more
than 50% (Figure 7E and F), indicating that the M2

polarization was severely disturbed after ERK

inhibition.

The Beclin-1 May Be the Target of ERK

for the Activation of Autophagy

To find out how the ERK phosphorylation directly results
in autophagy activation, Beclin-1 has attracted our atten-
tion. It was notable that the Beclin-1 expression was
upregulated on MNT surface, which was inhibited to
more than 50% after U0126 treatment (Figure 8A and
B). Therefore, we may infer that the MNT surface can
influence macrophage M2 polarization through increasing
ERK phosphorylation level to induce Beclin-1 upregula-
tion and autophagy activation (Figure 8C).

Discussion

It is well accepted that different implant surface topographies
can induce distinct cellular responses and their in vivo
Additionally, due to the findings that the nano-
topography induced macrophages polarization also has
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substantial influence on implant in vivo fate, the role of polarization is regulated by different implant topographies
macrophages during tissue engineering has attracted more  has not been well elucidated compared to the soluble bio-
and more attention. However, how the macrophages chemical factors.”** The purpose of this study was to
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*P<0.05.

investigate the effect of nanotopography of Ti surface on M2
macrophage polarization and its molecular mechanism. First
of all, the MNT topography has been fabricated, which has
been a standard model for the investigation of cell responses
to substrate topographies in our group.?*?” There are several
ways to identify the M2 phenotype differentiation of macro-
phages, among which the specific molecular markers expres-
sion is considered as the gold standard.”® In agreement with
our previous reports, not only the cell morphology is elon-
gated on MNT surface, which is a general visualized altera-
tion of M2 macrophages,”’ but also the molecular markers of
CD206 and Argl are significantly upregulated. It should be
noted that the differences are not that obvious at an early
stage. This may be because the macrophages polarization is
sequentially activated from M1 to M2 under certain circum-
stances and the shift may not be completed at day 3 on MNT
surface.>*!

To confirm the relationship between autophagy and M2
polarization as regulated by the MNT surface, the basal

autophagy activity is determined. We have found that the
AVs accumulation is significantly increased on MNT sur-
face, as indicated by the LC3-II upregulation and the AVs
quantification by CLSM and TEM respectively. This
reminds us that the increased AVs may be related to M2
polarization. To test the hypothesis, the AVs formation is
inhibited or promoted by 3-MA and RAPA respectively to
survey whether the M2 polarization is changed. The
results have shown that the AVs number is decreased or
increased after 3-MA or RAPA treatment and the Argl is
down- or up-regulated accordingly. This suggests that the
AVs accumulation is closely related to the M2 polariza-
tion. However, it is still unknown why the increased AVs
accumulation is significant for M2 polarization. In brief,
the autophagy process can be divided into the upstream
autophagosomes formation stage and the downstream
autophagosomes fusion with lysosomes for degradation
stage.’> Therefore, there may be two possible ways of
how the autophagy can regulate macrophages polarization.
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Figure 8 ERK may directly target Beclin-| for autophagy activation. The RAW264.7 was grown on different surfaces with or without U0126 treatment. The related Beclin-|
expression was determined by Western blot (A) and the greyscale was analyzed by Image] software (B). (C) The scheme of potential M2 polarization regulation by MNT
surface. The MNT surface can enhance the phosphorylation level of ERK, which directly upregulates the Beclin-1 activity and promotes autophagy response and the

consequent M2 polarization. *P<0.05.

The first way may be that the autophagosomes formation
and the polarization signaling have some critical common
molecules. For example, during the osteogenic differentia-
tion of stem cells, the AMMPK signaling pathway is
crucial for calcium homeostasis.>> In the meanwhile, the
AMMPK pathway is also a key tache for autophagy
initiation.>* The other way may be that some digestion
products of autophagy flux may play as critical switches
for cell differentiation.
Nuschke’s report, the rest stage of hMSCs are filled with

autophagosomes, whose digestion products may switch on

For example, according to

the differentiation process.>> Since we have observed an
increase of AVs accumulation, we infer that the autopha-
gosomes digestion products may be important for M2
polarization. To test this deduction, the fusion between
autophagosomes and lysosomes is inhibited by BAF. Due
to the inhibition of autolysosomes formation, the accumu-
lation of AVs number is increased and LC3-II expression
is also augmented considerably. However, the Argl
expression is significantly attenuated, suggesting that the
M2 polarization is inhibited. Moreover, even in the pre-
sence of RAPA to improve the AVs formation, the BAF
treatment still results in attenuation of Argl expression.

This indicates that the digestion of AVs may be the key
process which initiates M2 polarization.

The next question is how the autophagy activity is
influenced by different surface topographies. In fact,
there are several publications suggesting that different
implant surface physical characteristics, such as topogra-
phies, stiffness and surface charges, can influence autop-
hagy activity.'>*® However, the related mechanisms have
not been fully elucidated. In our previous study, we found
that the ERK and p38 MAPK signaling pathways play
important roles during osteoblast differentiation regulation
by the MNT surface. Since the MAPK signaling and
autophagy are extensively cross-talked, we infer that the
MNT surface may also influence the macrophages autop-
hagy activity through the MAPK pathway. After validation
of the three main members of MAPK family in
RAW264.7, it is the phosphorylation level of ERK that
has been significantly upregulated by MNT. In addition,
after inhibition of ERK pathway by U0126, the AVs num-
ber is significantly reduced and the Argl expression is also
downregulated. Taken together, these results indicate that
the activation of ERK signaling pathway may be the
upstream of autophagy induction and the consequent M2
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polarization by the MNT topography. In fact, the ERK can
induce autophagy mainly through two different ways
according to previous reports. One way is that the ERK
upregulates the tuberous sclerosis complex (TSC) activity
and thus inhibits the mammalian target of rapamycin
(mTOR) and results in autophagy.’’~® The other way is
that the ERK directly promotes Beclin-1 expression and
activates autophagy.’® From our previous observation, the
NT surface can induce autophagy in osteoblasts without
influence of mTOR activity."> In addition, the phosphor-
ylation of mTOR did not change obviously on the MNT
surface (Figure S2). Consequently, the MNT surface may
also induce autophagy through the mTOR-independent
way in the macrophages. Thus, the MNT may induce
macrophage autophagy through the ERK-Beclin-1 path-
way. This is confirmed by the Western blot analysis that
the Beclin-1 is upregulated on MNT surface and that
considerably decreased after ERK inhibition by U0126.
Finally, how the ERK pathway is activated by the substrate
surface topography remains unclear. According to pre-
vious reports, manipulating cell adhesive ligands to for-

nanotopography is able
40,41

mulate proper to control

macrophage polarization directions. Therefore, our
implant surface may have influenced the cell adhesion

organization, thus resulting in ERK pathway activation.

Conclusion

The present study has systematically investigated the regula-
tion mechanisms of the physical topography on the M2 polar-
ization of macrophages. Specifically, the MNT surface can
influence the activity of ERK-Beclin-1-autophagy axis in
RAW264.7. Although increasing or decreasing the number
of autophagosomes will result in enhancement or attenuation
of M2 polarization respectively, the digestion of autophago-
somes may be more important to initiate the M2 polarization
process.
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