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Aligned electrospun poly(L-lactide)
nanofibers facilitate wound healing

by inhibiting macrophage M1 polarization
via the JAK-STAT and NF-kB pathways

3

Jian Xie', Xiaowei Wu?, Shang Zheng', Kaili Lin®" and Jiansheng Su"

Abstract

Delayed wound healing remains a challenge, and macrophages play an important role in the inflammatory process
of wound healing. Morphological changes in macrophages can affect their phenotype, but little is known about the
underlying mechanism. Aligned electrospun nanofibers have natural advantages in modulating cell morphology.
Therefore, the current study constructed aligned electrospun nanofibers that could transform macrophages into
elongated shapes. Our results demonstrated that aligned nanofibers without exogenous cytokines could downregu-
late the proinflammatory M1 phenotype and upregulate the prohealing M2 phenotype in an inflammatory environ-
ment. Importantly, our study revealed that aligned electrospun nanofibers could inhibit macrophage M1 polarization
via the JAK-STAT and NF-kB pathways. Furthermore, the conditioned medium from macrophages cultured on aligned
nanofibers could encourage fibroblast migration, proliferation and collagen secretion. In vivo, aligned nanofibers
alleviated the inflammatory microenvironment, promoted angiogenesis and accelerated wound healing in mouse
skin defects by modulating macrophage phenotypes. Collectively, aligned electrospun nanofibers can influence
macrophage polarization via the JAK-STAT and NF-kB pathways and attenuate the local inflammatory response in skin
wounds. This study provides a potential strategy to modulate macrophage polarization and promote wound healing
by controlling the topology of biomaterials and offers a new perspective for the application of nanotechnology in
wound healing.

Keywords: Aligned nanofibers, Macrophage polarization, Inflammation, Wound healing, JAK-STAT, NF-kB

Introduction

Cutaneous wound healing is a complex process of skin
repair and regeneration following infection or mechani-
cal trauma and involves four phases: hemostasis, inflam-
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mation, proliferation and remodeling [1]. Favorable
wound healing requires numerous extracellular com-
ponents and the interactions of various cell types, such
as immune cells, fibroblasts, and endothelial cells [2, 3].
Among these, macrophages, which are indispensable cel-
lular members of intrinsic immunity, are key coordina-
tors of normal wound healing and tissue regeneration,
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especially during the inflammatory phase of healing [4,
5].

Macrophages can exhibit a range of different activa-
tion phenotypes in response to different microenviron-
mental or exogenous stimuli. When macrophages are
exposed to invading intracellular pathogens or bacteria,
they usually polarized to the M1 phenotype (the clas-
sic activation phenotype) [6]. M1 macrophages typically
appear in proinflammatory environments governed by
Toll-like receptor (TLR) or interferon (IFN) signaling.
These cells are characterized by high expression of pro-
inflammatory factors such as tumor necrosis factor-a
(TNF-a), interleukin-1p (IL-1p), and inducible nitric
oxide synthase (iNOS) [6]. M2 macrophages, which are
the alternative activation phenotype, are present in a
Th2 response-dominated environment and are induced
by interleukin-4 (IL-4) or interleukin-13 (IL-13) [2]. M2
macrophages express high levels of Arginase-1 (Arg-1),
which catalyzes the production of ornithine. Ornithine
serves as the direct substrate for the cellular production
of polyamines and is required for M2 macrophages to
perform functions such as collagen synthesis, prolifera-
tion, and tissue remodeling [6, 7].

Classically activated (M1) macrophages secrete proin-
flammatory factors and exhibit enhanced microbicidal
activity and high antigen-presenting capacity [8]. These
features are facilitated by IFN-y-mediated Janus kinase/
signal transduction and activator of transcription (JAK-
STAT) signaling. STAT1 is an important mediator of M1
macrophage polarization, and its activity is critical for
M1 polarization [9]. Another key mechanism of M1 mac-
rophage polarization is the nuclear factor-kB (NF-«kB)
signaling pathway. TLR activation on the membranes of
macrophages initiates downstream cascades that activate
the NF-kB pathway and promote the subsequent release
of proinflammatory mediators [10].

The regression of inflammation is necessary for tissue
regeneration, which involves a shift from the proinflam-
matory phenotype to the anti-inflammatory phenotype
of macrophages. Studies have shown that cytoskeletal
changes in macrophages can influence their phenotypes.
M2 macrophages show an elongated shape compared
with M1 cells [11]. Directly modulating the shape of mac-
rophages to an elongated state by micropatterning meth-
ods in the absence of exogenous cytokines can promote
M2 polarization and reduce the synthesis of proinflam-
matory cytokines [11]. Therefore, altering the cytoskel-
etal morphology of macrophages might be a promising
strategy to modulate their phenotype.

Currently, with the development of nanotechnology,
researchers have increasingly realized the importance
of topological signals on cell morphology. There-
fore, fabrication techniques such as laser structuring
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techniques and photolithography have been used to
prepare biomaterials with micro- or nanopatterns that
can modulate the morphology of cells and direct their
fate [12, 13]. However, the widespread application of
these technologies inevitably faces limitations such as
high manufacturing expenses and complex processes.

In recent years, electrospinning has also been exten-
sively used to modulate cell morphology due to its
simplicity, convenience and affordability, and has been
widely applied in wound healing [14, 15] and tissue
regeneration [16—18]. Our previous work verified that
aligned electrospun membranes could induce long
spindle shapes rather than conventional polygons in
rat bone marrow-derived macrophages (BMSCs) and
promote their osteogenic differentiation [19]. Another
study demonstrated the ability of aligned fibers to
induce an elongated morphology and a prohealing phe-
notype of macrophages in a noninflammatory state
[20]. Moreover, oriented microfibrils (average diam-
eter 27.1 £3.9 um) could contribute to the recruitment
of macrophages and their subsequent transition to an
anti-inflammatory phenotype [21]. These works con-
firmed that aligned electrospun fibers might have a reg-
ulatory effect on the macrophage phenotype. However,
the effect of aligned nanofibers on macrophages in an
inflammatory environment and the underlying mecha-
nism are not yet known.

Poly (r-lactic acid) (PLLA) is a commonly used bio-
degradable polymer material. Its degradation product
is lactic acid, which is also a byproduct of the normal
metabolic process; therefore, PLLA has excellent bio-
compatibility [22]. More importantly, previous studies
have shown that a proper amount of lactic acid could
facilitate the lactylation of the promoter of Arg-1, an
important enzyme in M2 polarization, which in turn
promotes Arg-1 expression [23].

In this study, we aimed to elucidate the effects of
aligned PLLA electrospun nanofibers on macrophage
polarization in an LPS-induced inflammatory environ-
ment and preliminarily explore the molecular mecha-
nism. The current study first revealed that aligned
nanofibers could inhibit the lipopolysaccharide (LPS)-
induced M1 macrophage phenotype via the JAK-STAT
and NF-«kB signaling pathways. The aligned nanofiber
membranes also promoted skin wound healing in mice
(Scheme 1). This finding suggests that simply chang-
ing the surface morphology of electrospun nanofibers
can reverse the inflammatory environment and mac-
rophage polarization without the addition of exogenous
bioactive components, which provides a new strategy
for the use of biomaterials in macrophage polarization
and wound healing.
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Scheme 1 The fabrication of aligned electrospun PLLA nanofibers and their use in wound healing. A Schematic diagram showing the preparation
of aligned electrospun nanofibers. B Aligned nanofibers promote M2 macrophage polarization. C The conditioned medium of macrophages
cultured on aligned nanofibers promoted collagen secretion by fibroblasts. D Aligned nanofibers inhibit macrophage M1 polarization via the
JAK-STAT and NF-kB signaling pathways. E Aligned nanofibers facilitate skin wound healing in mice

Materials and methods

Materials and reagents

PLLA with an average MW of 138,000 was purchased
from Daigang Biomaterial Co. Ltd. (Jinan, China). Pri-
meScript RT Master Mix and FastStart Universal SYBR
Green Master were purchased from Takara (Japan). Pri-
mary antibodies of B-actin (4970) and IL-1f (31,202) was
purchased from CST Inc (USA). Primary antibodies of
Arg-1 (DF6657), iNOS (AF0199), NF-kB p65 (AF5006),
phospho-NF-kB p65 (AF2006), JAK-1 (AF5012), phos-
pho-JAK-1 (AF2012) JAK-2 (AF6002), phospho-JAK-2
(AF3024), STAT1 (AF6300), phospho-STAT1 (AF3300),
STAT3 (AF6294), phospho-STAT3 (AF3293) and TGF-f1
(AF1027) were purchased from Affinity BioScience LTD
(China). Primary antibodies of CD206 (ab64693), CD86
(ab220188), CD31(ab28364) and Goat Anti-Rabbit IgG
H&L (Alexa Fluro594, ab150080) were purchased from

Abcam Plc.(USA). Anti-CD86/APC (bs-1035R-APC),
Anti-macrophage mannose receptor 1/PE  (bs-
23178R-PE), Anti-F4/80/FITC (bs-11182R-FITC) and
Goat Anti-Rabbit IgG H&L (bs-0295G) were purchased
from Bioss Inc. (China).

Fabrication and characterization of electrospun fibers

Electrospun fibers with different structures (aligned and
random nanofibers) were fabricated according to our pre-
vious study [19]. Briefly, a 20% w/v solution of PLLA was
first prepared. Then, the fibers were prepared by electro-
spinning (18 kV voltage, 0.8 mL/h flow rate, 18 cm collec-
tion distance) with an ordinary roller collector (30 rpm)
to prepare random fibers and a cage-shaped roller collec-
tor (800 rpm) to prepare aligned fibers. The random elec-
trospun nanofibers were named R20, while the aligned
fibers were named A20. Then, the electrospun nanofiber
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membranes were sprayed with gold foil and observed by
scanning electron microscopy (SEM). The diameters of
both groups of electrospun nanofibers were calculated
by Image] software. In addition, the mechanical proper-
ties of A20 and R20 (n=3 for each group) were examined
by a mechanical test machine (HengYi, China), and the
water contact angles (n=3 for each group) were meas-
ured by the sessile-drop technique (Sunzern, China).

Cell culture

The electrospun membranes were sterilized accord-
ing to our previous study [19]. RAW264.7 cells were
seeded onto electrospun membranes and cultured with
high-glucose DMEM (Gibco, USA) containing 10% fetal
bovine serum (FBS, Gibco, USA) and 1% penicillin/strep-
tomycin (HyClone, USA) for 3 days to allow for full mor-
phological extension. The incubator was maintained at 37
C with 95% humidity and 5% CO,. Cells cultured on the
surface of the well served as the control group, which was
named Con and received the same treatment. Then, 1 pg/
mL LPS (Sigma, USA) was added to induce RAW?264.7
cells to polarize to the M1 phenotype. 24 h later, the cells
were collected for the following experiments.

Flow cytometry

After 24 h of induction, RAW?264.7 cells were collected,
blocked for 1 h with 5% bull serum albumin (BSA, Beyo-
time, China) and incubated with antibodies (CD86-APC
as a marker of the M1 phenotype and CD206-PE as a
marker of the M2 phenotype) for 1 h to analyze mac-
rophage polarization. Labeling was quantified with a BD
FACS Verse flow cytometer (USA).

Phalloidin fluorescent staining

To observe the morphologies of RAW264.7 cells on dif-
ferent electrospun membranes, cells were seeded on the
samples and cultured for 3 days. The cells were fixed with
4% paraformaldehyde (PFA, Beyotime, China), followed
by permeabilization with 0.5% Triton X-100 (Beyotime,
China). Then, the cells were blocked with 1% BSA for 1 h,
after which DAPI and FITC-labeled phalloidin (Sigma,
USA) were used to label the nucleus and cytoskeleton,
respectively. Finally, a laser confocal microscope (Nikon,
Japan) was used to observe the images.

Quantitative real-time polymerase chain reaction (qQPCR)

After 24 h of induction with LPS, total RNA was isolated,
and reverse transcription was performed to prepare
complementary DNA. qPCR was then performed on a
Light Cycler® 96 Real-Time PCR System (Roche, Switzer-
land) with Fast Start Universal SYBR Green Master Mix
(Takara RR820A, Japan). The expression of Arg-1, IL-4,
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IL-10, TGE-B, IL-1B, TNF-a and iNOS was examined,
and GAPDH was used as a housekeeping gene. The cal-
culation to normalize expression was performed based
on the difference between the threshold values of the tar-

get gene and GAPDH. The primer sequences are shown
in Additional file 1: Table S1.

ELISA

Macrophage-conditioned medium was collected,
and the levels of IL-4 were measured by an ELISA kit
(EK0405, Boster, China) according to the manufacturer’s
instructions.

Western blotting

After 24 h of induction with LPS, RAW?264.7 cells were
lysed in RIPA reagent (Beyotime, China). A BCA kit
(Beyotime, China) was used to measure the total protein
concentration. Then, the proteins were separated by gel
electrophoresis and transferred to NC membranes. The
membranes were blocked for 1 h with 5% skimmed milk
powder and incubated with primary antibodies against
Arg-1, iNOS and IL-1p overnight at 4 °C. Then, the mem-
branes were incubated with the secondary antibody for
1 h, and the expression of target proteins was visualized
with an enhanced chemiluminescence detection system
(Tanon V8, China).

Immunofluorescence staining

After 24 h of induction with LPS, RAW264.7 cells were
fixed with 4% PFA and permeabilized with 0.5% Triton
X-100. Then, the cells were blocked with 1% BSA for 1 h,
after which the primary antibodies (CD86, CD206 and
NF-«B) were added and incubated overnight at 4 °C. The
samples were rinsed with phosphate buffer saline (PBS,
HyClone, USA) a few times and incubated with second-
ary antibodies for 1 h at room temperature. Then, DAPI
and FITC-labeled phalloidin were used to label the
nucleus and cytoskeleton, respectively. Finally, laser con-
focal microscopy was used to observe the images.

RNA sequencing (RNA-seq)

Cell samples (n=3 for each group) were obtained as
described above and stored in RNAiso buffer, and the
samples were analyzed by Personalbio Co., Ltd. Differen-
tial gene expression was analyzed by gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
to filter the related targets. Further validation of these
results was performed by Western blotting.
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Conditioned medium of macrophages

After 24 h of induction with LPS, the supernatant of
RAW?264.7 cells was collected and mixed with DMEM
at a ratio of 1:2, and this conditioned medium was
named Con-CM, A20-CM, and R20-CM.

L929 fibroblasts and mouse arterial endothelial cells
(MAECs) were seeded in 24-well plates and cultured
with normal DMEM. Then, the medium was replaced
with conditioned medium after 24 h of culture. Cell
proliferation was examined by CCK-8 assays on the 1st,
4th and 7th days.

L929 fibroblasts/MAECs were seeded in 24-well
plates and cultured with normal DMEM. After the cells
had attached, a scratch was made using a pipette tip in
the middle of the cells, and the medium was replaced
with different conditioned medium. After 24 h, the cells
were stained with DAPI. Photographs were taken by an
inverted fluorescence microscope.

L1929 cells/MAECs were seeded in 6-well plates and
incubated with conditioned medium 24 h later. After
the cells were cultured for 3 days, total RNA was iso-
lated, and qPCR was performed to measure the expres-
sion of fibronectin, collagen-III (COL-III) and COL-I in
L929 fibroblasts. For MAECs, the expression of kinase
insert domain receptor (KDR), endothelial nitric oxide
synthase (eNOS) and basic fibroblast growth factor
(bFGF) was examined. Immunofluorescence staining
of fibronectin in L929 cells was performed according to
the protocols described above.

Animal experiments

Eight-week-old male C57 mice were used for animal
experiments (n=>5 for each group). All animal experi-
ments were approved by the Animal Protection and
Use Committee of Tongji University (Shanghai, China).
All mice were subjected to isoflurane inhalation anes-
thesia, the dorsal hair was removed, skin defects with
a diameter of 10 mm were prepared, and silicone rings
were sutured around the defects. Aligned and random
electrospun membranes were cut into circular patches
with diameters of 10 mm, sterilized with 75% alcohol
overnight and rinsed with PBS 3 times in advance. The
patches were pasted on the surface of the skin defect.
The defect group without electrospun membrane place-
ment was used as the control group (Con). Skin defect
healing in the mice was observed and photographed at
various time points. The silicone rings were checked
daily, and those that fell off were promptly replaced.
The mice were sacrificed under isoflurane inhalation
anesthesia on days 7 and 14, and 1x 1 cm? skin was
excised and fixed in 4% PFA.
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Histological experiments

The collected samples were dehydrated and embedded in
paraffin wax. The samples were cut into 5-pm-thick sec-
tions using a slicer (Leica, Germany). H&E and Masson
staining were performed according to the instructions.
Immunofluorescence staining for CD86 and CD206 was
performed on tissue sections on days 7 and 14 to measure
the polarization of macrophages in the samples. Xylene
was used to dewax the paraffin sections, and gradient
alcohol was used for rehydration. Then, antigen repair
was performed with protease K and trypsin at 37 “C, and
then the sections were treated with H,O, for 10 min and
blocked with BSA for 1 h. The sections were incubated
with primary antibodies at 4 °C overnight, and a second-
ary antibody was subsequently applied. TGF-p1, CD31
and iNOS immunofluorescence staining on days 7 and 14
was performed using the same procedure.

Statistical analysis

The numerical data are expressed as the mean £ standard
deviation. Statistical analysis of all experimental data was
completed by one-way analysis of variance (ANOVA) and
t tests. *p <0.05 was considered statistically significant.

Results and discussion

Characterization of electrospun membranes

The morphologies of aligned and random membranes
were observed by SEM, as shown in Fig. 1A. The nanofib-
ers in both groups presented smooth and continuous
morphology, and the arrangement direction of the fibers
in the A20 group was consistent, while that in the R20
group was disorderly. The diameters in both groups were
calculated by Image] software. The mean diameter in the
A20 group was 758 £102 nm, and the mean diameter in
the R20 group was 730 £ 94 nm. There was no significant
difference between the two groups (Additional file 1: Fig.
S1). In order to investigate the mechanical properties
and hydrophilicity of electrospun fiber membranes, and
assess the feasibility of their later application in wound
healing, mechanical properties and water contact angle
were examined. Compared with the R20 group, the A20
group exhibited higher tensile strength (Fig. 1B) and elas-
tic modulus (Fig. 1C). The water contact angle of the A20
group was significantly lower than that of the R20 group
(Fig. 1D).

Previous studies have shown that the topology of bio-
materials has a significant impact on subsequent cellu-
lar behaviors [24, 25]. Therefore, we sought to modulate
the cytoskeletal structure of macrophages using electro-
spun fibrous membranes with different alignments and
investigate their effects on macrophage polarization. It
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Fig. 1 Characterization of electrospun membranes. A SEM images, B stress—strain curves, C elasticity modulus and D water contact angles of the

is generally believed that nanoscale biological scaffolds
exhibit more advantages for tissue healing than micron-
sized scaffolds due to their larger surface areas for the
formation of more integrin adhesion sites [26]. After
parameter optimization, highly aligned nanofibers were
obtained. Significantly higher tensile strength and mod-
uli of elasticity were observed in the A20 group than in
the random group, which made these fibers more suit-
able for wound healing because they might provide more
appropriate mechanical strength during tissue regenera-
tion and reduce wound scar healing. Previous studies by
Ma et al. [27] were consistent with our results, and the
mechanical improvement was ascribed to the anisotropy
of the aligned nanofibers. In addition, aligned nanofib-
ers exhibited lower water contact angles than random
nanofibers, indicating better hydrophilicity, which was

reported to be beneficial for subsequent cell adhesion
and other biological behaviors [28, 29].

Aligned nanofibers inhibited the LPS-induced M1
macrophage phenotype

To investigate the effects of aligned nanofibers on mac-
rophage polarization, phalloidin staining was performed
to observe the morphology of macrophages cultured
on aligned and random nanofibers. The results showed
that macrophages in the A20 group exhibited an elon-
gated shape that extended along the fibers, while the
macrophages in the other groups remained spherical
(Fig. 2A). Flow cytometry showed that the proportion
of M2 macrophages in the A20 group was the highest
compared with that in the other two groups (Fig. 2B).
Then, qPCR was performed to evaluate the expression

(See figure on next page.)

Fig. 2 The effect of aligned nanofibers on macrophage polarization. A Phalloidin staining of macrophages on electrospun membranes. Actin

is stained green, and the nucleus is stained blue. B Flow cytometric analysis of macrophages. C gPCR analysis of M2 polarization-related genes.

D ELISA analysis of IL-4 secretion. E gPCR analysis of M1 polarization-related genes (*p <0.05, **p <0.01, ***p <0.001, n = 3). F Western blot analysis
of macrophage polarization-related proteins. G and H Immunofluorescence analysis of CD86 and CD206 expression in macrophages. CD86 and

CD206 are stained red, and the nucleus is stained blue
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of macrophage polarization-related genes. The A20
group had significantly upregulated expression of the M2
phenotype-related genes Arg-1, IL-4, IL-10 and TGF-p
(Fig. 2C) and downregulated expression of the M1 phe-
notype-related genes TNF-«, IL-1p and iNOS (Fig. 2E).
The ELISA results verified that the secretion of IL-4 in
the A20 group was significantly higher than that in the
Con and R20 groups, which was consistent with previ-
ous results (Fig. 2D). Western blotting images are shown
in Fig. 2F, and the results revealed that Arg-1 expres-
sion was upregulated, while iNOS and IL-1p levels were
downregulated in the A20 group. Immunofluorescence
staining of CD86 and CD206 showed inhibition of M1
macrophages and promotion of M2 macrophages in the
A20 group (Fig. 2G and H).

According to previous studies, the M2 macrophage
phenotype usually exhibits a long spindle shape [30]. Sim-
ilarly, induing macrophages to form spindle shapes with
biomaterials promoted M2 polarization in macrophages
[11]. It was reported that aligned electrospun nanofibers
had natural advantages that prompted cells to become
fusiform [31]. Thus, it might be reasonable that aligned
electrospun fibers could influence the immunomodula-
tory functions of cells. For example, aligned electrospun
microfibers allowed adipose-derived mesenchymal stem
cells (ASCs) to synthesize more immunomodulatory-
related factors than cells cultured on random fibers, and
their conditioned medium enhanced the M2 polariza-
tion of macrophages [32]. The results of Jia et al. [20] also
demonstrated that aligned nanofibers facilitated the pro-
healing phenotype in bone marrow-derived macrophage
(BMDMs) and that aligned nanofiber-constructed
nerve-guided conduits could promote peripheral nerve
regeneration. However, the effect of aligned electrospun
nanofibers on macrophage polarization in an inflamma-
tory environment and the molecular mechanism remain
unclear. We hypothesized that aligned nanofibers could
inhibit M1 phenotype macrophage polarization under
the induction of LPS. The phalloidin fluorescence images
showed the morphological changes in macrophages cul-
tured on aligned electrospun membranes. Subsequent
flow cytometry, which is regarded as the gold standard,
verified that the A20 group had decreased proportions of
M1 macrophages and increased proportions of M2 mac-
rophages. This finding indicated that aligned nanofibers
could alter the M2/M1 ratio in an inflammatory micro-
environment. Immunofluorescence staining of CD86 and
CD206 also added strong evidence to this conclusion.

Arg-1 is considered a crucial marker of M2 macrophage
polarization and catalyzes the hydrolysis of arginine to
ornithine and urea, which are necessary for collagen pro-
duction and fibrillation [8]. Arg-1 expression was signifi-
cantly inhibited by LPS-induced M1 polarization, while
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A20 significantly promoted the expression of Arg-1. The
expression of other M2 markers showed the same trend.
As pleiotropic cytokines, IL-4 and IL-10 can inhibit the
secretion of proinflammatory factors and play an impor-
tant role in immune regulation. Transforming growth
factor-p1 belongs to the TGF-p superfamily and regulates
cell growth and differentiation. TGF-B1 was reported to
have potential application prospects in treating wound
healing and promoting cartilage and bone repair [33].
Our results showed that the expression of TGF-f1 was
significantly upregulated in the A20 group, which indi-
cated that A20 might have greater advantages in wound
healing than the random nanofibers.

The expression of proinflammatory factors such as
iNOS, TNF-a and IL-1p increased significantly in the
M1 phenotype, but this effect was suppressed in the A20
group. TNF-a is the earliest and most important inflam-
matory mediator in the inflammatory response. IL-1p
plays a key role in multiple inflammatory diseases. iNOS
is considered a marker of M1 macrophages. iNOS is acti-
vated by inflammatory cytokine transcription, which
leads to increased levels of nitric oxide (NO) during
inflammatory responses [6, 34]. In general, macrophages
in the A20 group showed a trend toward M2-type polari-
zation in the presence of aligned fibers, which could
reduce the expression of inflammatory factors and relieve
inflammation. In addition, A20 promoted the expression
of anti-inflammatory factors, which had a positive effect
on later tissue repair.

Aligned nanofibers suppressed M1 polarization
via the JAK-STAT and NF-kB signaling pathways
To further examine the mechanism, mRNA-seq was per-
formed. As shown in Fig. 3A, there were 49 differentially
expressed genes among the three groups. The heatmap
of differentially expressed genes among the three groups
is shown in Fig. 3C. When both experimental groups
were compared with the Con group, the differentially
expressed genes in the A20 and R20 groups were consist-
ently upregulated or downregulated compared with those
in the Con group. Therefore, only changes in gene expres-
sion between the A20 and R20 groups were subsequently
analyzed. KEGG signaling pathway analysis showed that
the TLR, NOD-like receptor and MAPK pathways cor-
related with the effects of A20 on macrophage polariza-
tion (Fig. 3B). The heatmap in Fig. 3D indicates that the
expression of M1 phenotype polarization-related genes,
such as STAT1 and TLR2, was significantly downregu-
lated in the A20 group. A volcano diagram shows the
same trend for STAT1 (Fig. 3E).

To further validate the RNA-seq results, Western
blot analysis was performed. The results showed down-
regulated expression of p-NF-kB p65 in the A20 group



Xie et al. Journal of Nanobiotechnology

(2022) 20:342

Page 9 of 16

A

Con_vs_A20 A20_vs_R20

912

91

R20_vs_Con

D

Mapllc3a
Nrg4
Hspalb

| Statl

[ T2 ]
Nirplb
Trpm2
Pdkl
Cx3erl
Fpr2
Arrbl
DIH4

R20

DAPI FITC

Con

A20

R20

pathway (*p <0.05, **p<0.01,n=3)

B

KEGG Pathway

KEGG Enrichment

..
s
ing pathway [ J
orrOTSETSE .
Rheumatoid L d
( d
LJ
Glucagon signaling pathway | ©
Chagas disease (AMLCAN INANOSOMIASIS). e
MAPK signaling pathway [ ]
Regulat o : ! .
insulin resistance - °
egionellosis - .
Inflammatory bowel disease (IBD)-| .
Influenza A - L
Amphetamine addiction | -
Leishmaniasis .
Chemokine signaling pathway - e
Cortisol synthesis and secretion - .
icoholism - L]

0.00 002 004 006 0.08

Rich factor

E

o910 (ac P Vi)

C

Pvalue
l 1
0s

N

Number
e 2
®s
@

Con A20 R20

log2 (fold change)

H

JAK1
Merge

p-JAK1

JAK2
p-JAK2
STAT1

p-STAT1
STAT3
p-STAT3

B-actin

pos | B e
p-p65 | D e —
B-actin | ee— ——
CON A20 R20 .,
s - - - §'-° . =
E
2 05

CON A20 R20

—

PAK2/JAK2

CON A20 R20

wox

P-STAT1/STATY

0.54

0.0-

CON A20 R20
0.84

0.64

0.4+

Pp-STAT3/STAT3

r,

0.2

0.0+
CON A20 R20

Fig. 3 The underlying mechanism by which aligned fibers affected macrophage polarization. A Venn diagram showing differentially expressed
genes. B KEGG pathway analysis between the A20 and R20 groups. C Heatmap of differentially expressed genes among the three groups.

D Heatmap of macrophage polarization-related genes between the A20 and R20 groups. E Volcano diagram of differentially expressed genes.
F Western blot analysis of the NF-kB signaling pathway. G Immunofluorescence staining showing the nuclear translocation of NF-kB p65. The
nucleus is stained blue, and NF-kB p65 protein is stained red. H Western blot images and semiquantitative analysis of the JAK-STAT signaling




Xie et al. Journal of Nanobiotechnology (2022) 20:342

(Fig. 3F). Immunofluorescence staining showed that the
nuclear translocation of NF-kB P65 in the A20 group
was significantly lower than that in the other groups
(Fig. 3G). In addition, the JAK-STAT signaling pathway
(p-JAK1, p-JAK2, p-STAT1 and p-STAT3) was inhibited
by A20 treatment. Semiquantitative analysis showed
that the difference was statistically significant (Fig. 3H).

The RNA-seq results showed that the MAPK, NOD-
like receptor and TLR signaling pathways were highly
associated with the difference between the A20 and
R20 groups. For example, TLR2 was downregulated in
the A20 group, as shown on the heatmap. It has been
widely documented that the NF-kB signaling path-
way, as the downstream of the TLR signaling pathway,
plays an important role in macrophage polarization. In
response to intracellular stimulation, such as LPS and
proinflammatory cytokines, NF-kB translocates to the
nucleus. In the nucleus, NF-kB binds to target genes to
facilitate transcription [35]. Thus, nuclear translocation
is a key part of NF-«B signaling pathway activation. The
immunofluorescence staining results verified the low-
est colocalization of NF-«kB p65 with the nucleus in the
A20 group, indicating that A20 inhibited NF-kB path-
way activation.

The JAK-STAT signaling pathway is involved in
numerous vital biological processes, such as cell pro-
liferation, differentiation, apoptosis, and immune
regulation. When cytokines bind to the receptor, JAK
is phosphorylated and activated, which subsequently
leads to phosphorylation and dimerization of STAT [36,
37]. The activated STAT dimer migrates to the nucleus
and binds to specific DNA sites, ultimately causing
changes in cell function. STAT1, which is a major tran-
scription factor that is activated by IFN, plays a crucial
role in normal immune responses and is critical for M1
macrophage polarization. STAT1 activates the expres-
sion of several proinflammatory genes. It has been
reported that suppressing STAT1 facilitates M2 mac-
rophage polarization [38].

Both NF-«kB and JAK-STAT are involved in regulating
cell behaviors. NF-kB and JAK-STAT signaling pathways
can independently cause cytokine storms that regulate
immune inflammatory responses, while the secretion
of inflammatory factors can in turn initiate each other’s
responses. According to previous reports, STAT-NF-kB
synergistically shaped the transcriptional response to
infection [39]. And the synergistic effects between the
NF-kB and STAT1 pathways might be the main path-
way of M1 polarization [6]. All these studies verified that
there is certain interaction between NF-kB and JAK-
STAT pathways. Our RNA-seq and Western blot results
indicated that the inflammatory process was suppressed
via the NF-kB and JAK-STAT signaling pathways in the
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A20 group. However, this modulatory effect might be
achieved through the indirect interactions between
NF-«kB and JAK-STAT pathways rather than the direct
interactions of protein-colocalization.

Aligned nanofibers facilitated wound healing in the skin
defects in mice

The dorsal skin defects of mice in the three groups healed
over time, and wound healing was significantly promoted
in the A20 group. The residual wound area in the A20
group was the smallest on day 14, and the wound trace
diagram made the results more intuitive (Fig. 4A). The
line chart showed a similar trend, and there was a sig-
nificant difference between the A20 group and the Con
group on day 7 and a significant difference between the
A20 group and the other two groups on day 14 (Fig. 4B
and C).

Immunofluorescence staining was performed to
observe the distribution of M1 and M2 macrophages
in skin tissue sections on days 7 and 14. Immunofluo-
rescence images on day 7 showed a large number of
CD86-labeled M1 macrophages in all three groups;
however, a relatively lower number of M1 macrophages
was observed in the A20 group (Fig. 4D). Immunofluo-
rescence staining for iNOS at the two time points also
showed similar results (Additional file 1: Fig. S2). CD206-
positive cells were significantly increased in the A20
group compared to the other two groups and were mainly
concentrated in the sites of the skin defects (Fig. 4E). On
day 14, the A20 group still exhibited the fewest CD86™
cells (Fig. 4H), and CD206™ cells were mostly found in
the A20 group (Fig. 4I). The statistical analysis of the
mean fluorescence intensity was shown in Fig. 4F, G, ]
and K, and the differences were statistically significant.

Unlike humans, mice develop spontaneous contrac-
tures after skin defects [40]. Therefore, 10 mm diameter
silicone was sewn onto the backs of the mice to allevi-
ate contracture. Encouragingly, the A20 group showed
accelerated healing results from day 7 onward. Hu et al.
also reported similar results, and verified that aligned
nanofibers could promote active extracellular matrix
synthesis [41]. Based on our previous experiments, we
hypothesized that A20 promoted the polarization of M2
macrophages in the wound area earliest and improved
the anti-inflammatory response. Later, M2 macrophages
produced a large number of cytokines to promote tis-
sue regeneration, which could mobilize fibroblast dif-
ferentiation and eventually promote wound healing. The
immunofluorescence staining results also confirmed this
hypothesis. Abundant M1 macrophages were observed in
all three sections, indicating a progressive inflammation
stage in wound sites. The high expression of CD206 in the
A20 group suggested that vigorous tissue regeneration
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was taking place, which was also consistent with the pro-
gression of wound healing.

Subsequently, HE and Masson staining was conducted
to assess the process of wound healing. The H&E stain-
ing results are shown in Fig. 5A. The thickest regenerated

granulation tissue and the fewest inflammatory cells, such
as macrophages and neutrophils, were observed in the
A20 group on day 7. In addition, there were more regen-
erated vessels in the A20 group than in the other groups.
By the 14th day, a more complete epidermal layer was
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produced in the A20 group than in the other groups. The Collagen deposition is an important indicator of wound
wound surface was covered with a more complete epider-  healing. After Masson staining, the collagen fibers were
mal structure, more collagen deposition and fewer inflam-  stained blue, and their relative intensity indicated the col-
matory cells were observed than in the other two groups.  lagen content [42]. On day 7, collagen was fully deposited
These results showed that the repair quality was the bestin  and densely arranged in the A20 group, and the neo-
the A20 group. plastic epithelial layer was more visible than in the other
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groups. In addition, on day 14, collagen deposition was
significantly higher in the A20 group than in the other
groups, and collagen fibers were intertwined to form a
network structure (Fig. 5B).

Furthermore, TGF-B1 and CD31 immunofluorescence
staining was performed to investigate tissue regeneration
and neovascularization in the skin samples. The immu-
nofluorescence images of TGF-P1 (Fig. 5C) on days 7 and
14 showed that the level of TGF-B1 increased with time,
and its expression was higher in the A20 group at both
time points. Figure 5D shows the immunofluorescence
staining of CD31, and that there was more CD31-labeled
neovascularization in the A20 group on days 7 and 14.
The statistical analysis of the mean fluorescence inten-
sity of TGF-B1 and CD31 on days 7 and 14 were shown in
Fig. 5E, F, G and H, and the differences were statistically
significant.

Tissue-resident macrophages may be the earliest
responders to traumatic injury. After injury, the cells
synthesize adhesion molecules that recruit and direct a
variety of cell types. These macrophages are subsequently
highly polarized to the M2 phenotype in response to IL-4
and coordinate the wound healing phase [43]. M2 mac-
rophages can express TGF-$1, a multifunctional growth
factor that regulates the proliferation, migration and dif-
ferentiation of functional cells, modulates ECM produc-
tion, exerts immunomodulatory effects, and ultimately
promotes wound healing.

The proliferation stage of wound healing mainly
depends on fibroblasts, which are responsible for initi-
ating angiogenesis and synthesizing collagen fibers [44].
We hypothesized that aligned nanofibers polarized mac-
rophages to the M2 phenotype, which contributed to
the migration and proliferation of fibroblasts. In addi-
tion, TGF-Bf1 secreted by M2 macrophages promoted
not only the proliferation of fibroblasts and epidermal
cells but also the synthesis of extracellular matrix, which
was closely related to wound healing and affected almost
every stage of wound healing [45]. In a model of idi-
opathic pulmonary fibrosis, the production and activa-
tion of TGF-B1 was responsible for the profibrotic effects
of macrophages [46]. In addition, a robust and dynamic
angiogenic response has been reported to be essential
for wound healing, and new capillaries provide nutrients
and oxygen for wound healing [47, 48]. Macrophages
can mediate angiogenesis in wound healing and secrete
regulatory factors to influence neointimal growth [49].
A widely accepted opinion is that the M2 phenotype is
closely associated with angiogenic activity through the
synthesis of angiogenic growth factors [50, 51].
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Macrophage-conditioned medium from the A20 group
promoted the biological behaviors of L929 fibroblasts

and MAECs

Next, the effect of macrophage conditioned medium on
the biological behaviors of L929 and MAEC cells was
explored. As shown in Fig. 6A, A20-CM accelerated the
migration of 1L929 fibroblasts compared with that in the
Con-CM and R20-CM groups. Immunofluorescence
staining showed that the A20-CM group expressed higher
levels of fibronectin than the Con-CM and R20-CM
groups (Fig. 6B). The CCK-8 assay showed that the OD
value in the A20-CM group was significantly higher than
that in the other groups on days 4 and 7 (Fig. 6C). Moreo-
ver, qPCR was used to measure the expression of colla-
gen formation-related genes, and A20-CM significantly
upregulated the expression of fibronectin and COL-III
in L929 fibroblasts; COL-I was not significantly different
among the three groups (Fig. 6D).

The CCK-8 assay results (Additional file 1: Fig. S3) indi-
cated that all the conditioned medium promoted the pro-
liferation of MAECs, and the OD value in the A20-CM
group was significantly higher than that in the other
groups on day 7. Additional file 1: Fig. S4 shows that
A20-CM facilitated the migration of MAECs. The results
of qPCR (Additional file 1: Fig. S5) showed that A20-CM
upregulated the expression of angiogenesis related genes.

Fibroblasts play an important role in skin wound heal-
ing by promoting angiogenesis and facilitating epithe-
lialization and collagen production. After injury occurs,
fibroblasts migrate to the damaged sites and prolifer-
ate under the stimulation of cytokines secreted by M2
macrophages, which is the basis for tissue reconstruc-
tion. Angiogenesis is also essential for the maintenance
of granulation tissue and is associated with the activity
of a large number of cytokines (e.g., bFGF and TGEF-p).
Granulation tissue formation, collagen deposition and
angiogenesis occur simultaneously with epithelialization
and wound contraction. Subsequently, fibroblasts secrete
type III collagen and fibronectin, resulting in mechani-
cally strong tissue. Fibronectin is essential in all three
phases of wound healing: inflammation, proliferation,
and remodeling [52]. Fibronectin regulates cell adhe-
sion kinetics and subsequently provides the necessary
ECM templates for collagen deposition [53]. A20-CM
promoted the migration and proliferation of fibroblasts
in vitro and upregulated the expression of fibronectin
and COL-III. According to our previous experiments,
we hypothesize that macrophages cultured on aligned
nanofibers synthesized increased levels of regenerative
factors, such as TGF-p1, which could result in higher
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expression of fibronectin and COL-IIL. Relevant studies
also indicated that TGF-B1 could induce cellular expres-
sion of fibronectin in skin wounds to promote repair and
wound healing [54].

Conclusions

In this study, we fabricated aligned and random PLLA
nanofibers. Improved mechanical characteristics and
hydrophilia were observed in the A20 group. In vitro,
highly aligned fibrous structures in the A20 group
induced macrophages to polarize toward the M2 phe-
notype. The A20 group had significantly attenuated
expression of proinflammatory genes and promoted
anti-inflammatory gene expression. Most importantly,
our results revealed that A20 inhibited macrophage M1
polarization via the JAK-STAT and NF-xB signaling
pathways. In addition, we verified that A20-CM signifi-
cantly facilitated L929 fibroblast migration, proliferation,
differentiation and fibronectin expression. In vivo, A20
accelerated wound healing in the skin defects of mice,
attenuated inflammation, and promoted epidermal
regeneration, collagen fiber deposition and neovasculari-
zation. Overall, our study demonstrates that well-aligned

electrospun nanofibers can suppress the M1 macrophage
phenotype and inhibit inflammatory progression via the
JAK-STAT and NF-«B signaling pathways and thus hold
promise as an ideal dressing for wound healing.
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