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Abstract

Microglia/macrophage mediated-inflammation, a main contributor to the
microenvironment after spinal cord injury (SCI), persists for a long period of time and
inhibits ~ SCI  repair.  However, the effects of microglia/macrophage
mediated-inflammation on neurogenic differentiation of endogenous neural
stem/progenitor cells (NSPCs) are not well understood. In this study, to attenuate
activated microglia/macrophage mediated-inflammation in the spinal cord of
complete transection SCI mice, a combination of photo-crosslinked hydrogel
transplantation and CSF1R inhibitor (PLX3397) treatment was used to replace the
prolonged, activated microglia/macrophages via cell depletion and repopulation. This
combined treatment in SCI mice produced a significant reduction in CD68-positive
reactive microglia/macrophages and mRNA levels of pro-inflammatory factors, and a
substantial increase in the number of Tujl-positive neurons in the lesion area
compared with single treatment methods. Moreover, most of the newborn
Tujl-positive neurons were confirmed to be generated from endogenous NSPCs using
a genetic fate mapping mouse line (Nestin-CreERT2;LSL-tdTomato) that can label
and trace NSPC marker-nestin expressing cells and their progenies. Collectively, our
findings show that the combined treatment method for inhibiting
microglia/macrophage  mediated-inflammation  promotes endogenous NSPC
neurogenesis and improves functional recovery, which provides a promising

therapeutic strategy for complete transection SCI.
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1. Introduction

Spinal cord injury (SCI) causes complex protracted neuroinflammation in the
lesion epicenter and surrounding regions of the spinal cord, which contribute to the
chronicity of tissue damage [1-4]. However, the spinal cord has “immune privilege”
and a lack of lymphatic drainage making it hard to resolve inflammation [5]. The
resolution of inflammation requires a purge of inflammatory cells and a reduction of
pro-inflammation factors [6, 7]. Infiltrated polymorph-nuclear leucocytes (PMNs) and
T Ilymphocytes can be cleared 14 days post SCI, however, activated
microglia/macrophages can persist for a long time and contribute to prolonged
inflammation [6, 8, 9]. In the SCI microenvironment, the morphological and
immunological phenotypes of activated microglia/macrophages are difficult to return
to the naive state. Additionally, activated microglia/macrophages exist distal to the
lesion and produce inflammatory mediators, thereby inhibiting spinal cord repair and
homeostasis [6, 8, 10-13]. It has been well demonstrated that activated
microglia/macrophage mediated-inflammation of the injured brain microenvironment
not only impairs basal neurogenesis but also inhibits increased neurogenesis via
activated microglia/macrophages and pro-inflammatory factors, such as tumor
necrosis factor a (TNFa), interleukin 6 (IL6), and interferon y (IFNy) [14-19].
However, it is not clear whether microglia/macrophage mediated-inflammation
inhibits neurogenesis and affects repair after severe SCI.

Gelatin, a denatured form of collagen, is considered an attractive alternative to
native collagen (a major extracellular matrix component) as a biomaterial for tissue
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engineering. A visible light (VL)—photo-crosslinked gelatin 3D hydrogel system with
excellent biocompatibility and biodegradability has been developed that requires
relatively mild chemical conditions, and has fast photoactivation and in situ formation
[20, 21]. In addition, implanted gelatin sponges and gelatin-coated needles attenuated
inflammation and reduced pro-inflammatory microglial/macrophage activation after
SCI and brain injury, respectively [22, 23]. A three-dimensional (3D) gelatin sponge
reduced the numbers of CD68-positive microglia/macrophages at the injured site, but
not in surrounding tissue after SCI [24]. Although gelatin scaffolds effectively
suppress activated microglia/macrophages after acute SCI or brain injury, they may
only restrict in the lesion core, lack target specificity, and be unable to change the
morphology of abnormal activated microglia/macrophages. Single transplantation of
gelatin scaffolds may be not sufficient to resolve microglial/macrophage
mediated-inflammation. Therefore, a new combined treatment strategy for efficiently
resolving excessive activated microglial/macrophagemediated-inflammation s
necessary.

Activated microglia/macrophages in traumatic brain-injured mice can be
replaced with surveillant microglia via microglial elimination by PLX3397, a colony
stimulating factor 1 receptor (CSF1R) inhibitor, followed by microglial repopulation.
This treatment resolved the ongoing inflammation caused by the brain injury [25, 26].
This strategy provides an unprecedented cell replacement therapy for excessive
activated microglia/macrophages and for manipulating microglial/macrophage
morphology throughout the spinal cord, as well as for enhancing the effect of gelatin
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hydrogel on reducing neuroinflammation.

In this study, we combined gelatin hydrogel transplantation with PLX3397
treatment to resolve microglia/macrophage mediated-inflammation after SCI. The
number of activated microglia/macrophages was significantly reduced by the
combined treatment of hydrogel transplantation and PLX3397 after complete
transection SCI. The levels of pro-inflammatory factors also decreased dramatically
with this combination treatment. Interestingly, we found that a large number of
endogenous NSPCs differentiated into Tujl-positive neurons with PLX3397 treatment
and gelatin hydrogel implantation after SCI, and electrophysiological parameters and
locomotion were significantly improved during recovery. Taken together, our results
show that remodeling the microglia/macrophage  mediated-inflammation
microenvironment relieved inhibition of NSPC neurogenesis and enhanced

regeneration effects.
2. Materials and methods
2.1 Animal Treatments

C57BL/6 mice were used. Nestin-CreER™ (Stock No: 016261) and
LSL-tdTomato (Stock No: 007909) mice were purchased from Jackson Laboratories
(Port barrack, Maine, USA). Complete transection SCI mice were prepared according
to our previous study [27]. Briefly, 1 mm of T7-T8 spinal cord tissue was removed
after sodium pentobarbital (35 mg/kg) anesthesia. All animal husbandry and

experiments were approved by the Institutional Animal Care and Use Committee of



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

the Chinese Academy of Sciences.
2.2 Synthesis and Characterization of Gelatin Hydrogel

The gelatin powder (Sigma) was derived from porcine skin with Vetec™ reagent
grade. Preparation of methacrylated gelatin and the visible-light sensitive initiator,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), as well as fabrication of
gelatin hydrogel followed previously published instructions [20, 21, 28]. After
photo-crosslinking 6% (w/v) methacrylated gelatin (containing 0.02% (w/v) LAP),
the hydrogels were freeze-dried and the coated with gold. The micromorphology of
the gelatin hydrogel was observed by SEM (Thermo Scientific™ Quanta™ SEM
400FEG, FEI Company) at 30.00 kV. Seventy scaffold pores were measured to
analyze pore diameter. The compressive stress and modulus were measured using an
Instron 5943 electromechanical universal testing machine (Instron Inc., USA). The

swelling ratio of the hydrogel were calculated in accord with previous study [29].
2.3 Drug Administrations

PLX3397 was purchased from Plexxikon (USA) and added to AIN-76A chow
(Research Diets) at 290 mg per kilogram. For nestin-expressing stem/progenitor cell
lineage tracing, Nestin-CreER™ mice were intraperitoneally injected with tamoxifen
(Sigma) dissolved in corn oil (Sigma) (135 mg/kg) on 4 consecutive days before SCI

surgery.
2.4 Immunofluorescence Staining and Imaging

Animals were perfused intracardially with cold 4% paraformaldehyde (PFA) in
7



128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

phosphate buffered saline (PBS). Spinal cord tissues were collected, immersion-fixed
in 4% PFA overnight at 4°C, cryo-protected in 30% sucrose, embedded in
Tissue-Tek® O.C.T compound (Sakura) at -80°C, and then sectioned using a Leica
CM1950 cryostat (Leica). The spinal cord sections were incubated with primary
antibodies at 4°C overnight, followed by three washes with 1 x PBS and then
incubated with secondary antibodies (1:500, Alexa Fluor 488 or Alexa Fluor 568,
Invitrogen) for 2 hours at room temperature. The primary antibodies used were: rabbit
anti-Ibal (1:500, Wako, 019-19741), chicken anti-GFAP (1:1000, ab4674, Abcam),
rabbit anti-NeuN (1:500, ab17748, Abcam), rabbit anti-Oligo2 (1:500, ab109186,
Abcam), rat anti-CD68 (1:300, MCA1957, Bio-Rad), rabbit anti-Tujl (1:500,
GTX130245, GeneTex), and rat anti-RFP (1:500, 5f8, ChromoTek). The spinal cord

sections were imaged using a Leica SP8 confocal microscope.

2.5 Evans Blue Analysis

Two-month-old mice were intraperitoneally injected (4 mL/kg) with 2% (w/v)
Evans Blue (Sigma) dissolved in 1xPBS, 6 hours before euthanasia. Spinal cords,
spleens, livers, hearts, lungs, and kidneys were collected and incubated in 1 mL
formamide for 24 hours at 55°C. The supernatant was collected and absorbance
measured at 595 nm by a microplate reader (SpectraMax Plus 384, Molecular

Devices).

2.6 Quantitative Real-Time PCR (QRT-PCR)

The mRNA levels of pro-inflammatory factors were measured by qRT-PCR.
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Spinal cord tissues were harvested and total RNA extracted using Trizol (Invitrogen).
cDNA was synthesized from total RNA by reverse transcription using a 1st Strand
cDNA Synthesis SuperMix for gPCR (11123ES10, Yeasen). qRT-PCR was performed
using SYBR Green Master Mix (A25742, Applied Biosystems) and a CFX96
Real-time system (Bio-Rad). Previously published primer sequences were used for all

pro-inflammatory factors (Table S1) [30, 31].

2.7 Flow Cytometry

Whole blood (1.5 mL) was mixed with 3.8% sodium citrate (Beijing Chemical
Work) at a 1:10 ratio. An equal volume of 1xPBS (Hycoll) was then added and mixed
and then 5 mL Ficoll (Life Sciences) was added and the mixture centrifuged to collect
the supernatant. The interface of the solutions was collected and washed with PBS
three times. The spleen was triturated and washed with 1xPBS. Then, 2 mL red blood
cell lysis buffer (40401ES60, Yeasen) was added and incubated for 5 minutes at room
temperature. The antibodies used for staining were: APC-CD3 (Biolegend, 100236),
PE-CD4 (BD biosciences, 3217924), FITC-CD8 (Biolegend, 100706), APC-CD19
(Biolegend, B240787), APC-Cy7-CD11b (Biolegend, 101226), PE-F4/80 (Biolegend,
B262795), ACP-Ly6c (Biolegend, B234315), and PerCP-Cy5.5-MHCII (Biolegend,
B253463). All samples were analyzed on a Life Technologies Attune NXT flow

cytometer.

2.8 Functional Analysis

The Basso Mouse Scale (BMS) was used to evaluate the functional recovery of
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SCI mice with or without treatment. Animals were assessed for hindlimb function
every week by two independent observers. After treating SCI mice for 60 days,
motor-evoked potentials were examined. Two stimulating electrodes were inserted
onto the skull surface above the motor cortex. The recording electrodes were placed
on the gastrocnemius muscle of the contralateral hindlimb to record after simulation at

45 mA.
2.9 Quantitative analyses

The region of interest (ROI) for quantification of Ibal positive cells and Olig2
positive cells were measured within the entire cross-section of the spinal cord. The
ROIs for quantification of NeuN positive cells were measured within the gray matter
of the spinal cord. The ROIs for quantification of Ibal, CD68 positive cells were
measured in the region 1 mm rostral and caudal to the lesion epicenter. The ROI for
quantification of Tujl, tdTomato positive cells was measured within the lesion
epicenter of the spinal cord. The outline of the lesion epicenter was delineated by
GFAP-staining, because the lesion area was surrounded by GFAP-positive astrocytes
[32, 33]. The total numbers of immunolabeled cells in the ROI per section were
counted in series with a random 147 um x 147 um counting frame. Cell bodies were
only counted if they were located entirely within the counting frame. The cell density
was represented as the average number of immunolabeled cells per mm? per section,
calculated by the total number of cells in the entire counting frame divided by the area
of the entire counting frame. An average of 300 counting frames were obtained from

9-12 sections from three to five mice per group. The mean gray values of GFAP
10
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staining were measured within the entire transection of spinal cord in arbitrary units
(A.U.). The optical density of Tujl-stainning per section was measured in series in a
random 147 um x 147 um box of the lesion area of the spinal cord. ImageJ software
was used to measure the cell number and fluorescence intensity, and to delineate ROIs

in each section.

3.0 Statistical Analysis

The data are presented as the mean * standard deviation. Statistical analyses
were performed with a one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. All statistical analyses were performed using GraphPad, SPSS and
Imaris 9.0.1. *, ** and *** are used to indicate P<0.05, P<0.01 and P<0.001,

respectively.

3. Results

3.1 Characterization of Photo-crosslinked Gelatin Hydrogel

Implantation of gelatin sponges into SCI lesion sites can reduce the
inflammatory response because fewer CD68-positive microglia/macrophages reside
within the scaffold compared with the surrounding tissues [24]. In this study, gelatin
hydrogels were formed in situ in the cavity of the injured spinal cord (Fig. S1). The
morphology of the photo-crosslinked gelatin hydrogel was observed by scanning
electron microscopy (SEM). As shown in Fig. 1A and B, freeze-dried hydrogel has a
porous structure with holes ranging from 20 pm to 200 pum in diameter. The
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compressive stress-strain curve of the gelatin hydrogel is shown in Fig. 1C, which is a
typical curve for hydrogel scaffolds [34]. The compressive modulus of the gelatin
hydrogel was 0.13+0.03 MPa, which is suitable for central nervous system (CNS)
tissue engineering (Fig. 1D) [35]. The swelling ratio of the gelatin hydrogel was
approximately 9.71 £ 1.04. After treating with gelatin hydrogel for 7 days, the NSPCs
exhibited no obvious differences, indicating good biocompatibility of the scaffold

(Figure S2).
3.2 Microglial Depletion and Repopulation in Uninjured Spinal Cord

To specifically regulate microglia/macrophages, PLX3397 was used to block
CSF1R and to eliminate microglia from the spinal cord. After withdrawal of PLX3397,
residual microglia repopulate the CNS via a self-renewal process. PLX3397
administration produces no obvious side effects or inflammatory responses in healthy
mice [36, 37]. To confirm depletion and then repopulation of microglia in integrated
spinal cord, we first examined microglial fate by feeding mice with a chow diet
containing PLX3397. Approximately 26% and >80% of microglia were eliminated
from the spinal cord after PLX3397 treatment for 7 days and 14 days, respectively
(Fig. 2A and C). After stopping PLX3397 administration on the 14" day, the
microglial repopulation occurred at 1 day and the number of residual microglia
recovered to pre-administration levels over the next 14 days (Fig. 2B and D, Fig S3).
To examine whether microglial depletion and subsequent repopulation affected other
main cell types in the spinal cord, we immunohistochemically stained neurons,

astrocytes and oligodendrocytes for NeuN, GFAP and Olig2, respectively. As shown
12
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in Fig. 3A-E, the numbers of neurons and oligodendrocytes, and the fluorescence
intensity of astrocytes displayed no difference among the healthy wild-type (WT)
group, the microglial depletion (MD) group and the microglial repopulation (MP)
group. In addition, there was no change in leukocyte populations in blood and spleen
after PLX3397 microglial depletion (Fig. S4-S9). These results indicate that
PLX3397 treatment is an effective pharmacological method to eliminate microglia
that has few side effects on neural and glial cells and that does not alter the numbers
of peripheral immune cells to disturb circulating immunity.

Next, to examine whether peripheral leukocytes invade the spinal cord after
PLX3397-induced microglia depletion and repopulation in uninjured spinal cord, we
examined the integrity of the blood-spinal cord barrier (BSCB) using Evans blue dye.
The BSCB acts as a barrier to prohibit infiltration of peripheral immune cells and to
maintain the immune-privileged milieu of the spinal cord. Evans blue dye binds to
albumin and enters the spinal cord when the BSCB is disturbed [38]. There was no
difference in Evans blue dye absorption in the spinal cord, liver, spleen, lung and
kidney among WT, MD and MP groups (Fig. S10). These results demonstrate that the
BSCB was not compromised after PLX3397 treatment. We then examined
pro-inflammatory factors in the spinal cord by real-time quantitative PCR to confirm
the safety of PLX3397. We found that mRNA levels of pro-inflammation factors,
including IL1pB, IL6, TNFa, iNOS, IFNy and CCL2, were not altered in the MD and
MP groups after microglial depletion compared with the WT group (Fig. 5F-K and
S11). Taken together, these data demonstrate that use of the CSFI1R inhibitor,
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PLX3397, is a safe, effective pharmacological approach to specifically manipulate
microglia/macrophages without impacting the inflammatory microenvironment of the

spinal cord or altering peripheral leukocytes or other cell types in the spinal cord.

3.3 Morphological Evaluation of Repopulated Microglia/Macrophages after PLX3397

Treatment and Hydrogel Transplantation in Complete Transection SCI Mice

Having determined that PLX3397 caused no obvious effects on inflammatory
responses or BSCB integrity in healthy mice, we modulated microglia/macrophages
in SCI mice by treating with PLX3397 for 14 days (Fig. 4A). PLX3397 treatment
[microglial depletion and repopulation (MDR) and MDR+Gelatin groups]
significantly lowered the numbers of microglia/macrophages in SCI mice compared
with the Gelatin and Control groups at day 14 post-surgery (Fig. 4B-D). After
withdrawal of PLX3397 at day 14, the numbers of microglia/macrophages in both the
MDR and MDR+Gelatin groups were recovered at day 60 post-surgery (P<0.001)
(Fig. 4D and E). These results indicate that microglia/macrophages in the injured
spinal cord can be depleted and repopulated by PLX3397 treatment.

After CNS injury, microglia/macrophages switch from having a long, ramified
morphology to a hypertrophic or bushy cellular morphology that varies depending on
the degree of injury and the time after injury (Fig. 4F) [39]. Microglia/macrophage
phenotypes are closely related to the efficiency of SCI repair. For example, newborn
neurons are removed by unchallenged microglial phagocytosis in the subgranular
zone, thus harming neurogenesis [40]. Hence, we calculated the numbers of resting,

hypertrophic and bushy Ibal-positive cells from the lesion to 1 mm distal to the lesion
14
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to evaluate prolonged activated microglia/macrophage mediated-inflammation on the
60" day post-surgery. As shown in Fig. 4G and H, transplanted gelatin hydrogel
reduced the proportion of microglia/macrophages with hypertrophic and bushy
morphologies compared with the control group, indicating its effect on attenuating
inflammation after SCI. Correspondingly, the MDR+Gelatin and MDR groups
exhibited  substantially =~ fewer  hypertrophic  or  bushy Ibal-positive
microglia/macrophages compared with the Gelatin and Control groups (Fig. 4G-J).
These results indicate that transplantation of gelatin hydrogel in combination with
PLX3397 treatment is an effective strategy to revert dysfunctional microglia to

normal ones.

3.4 Microglial/Macrophage Depletion and Repopulation in Combination with Gelatin

Hydrogel Transplantation Resolves Inflammation

It is well established that prolonged activation of microglia/macrophages not
only changes their morphology but also causes expression of CD68 (a reactive
microglia/macrophage marker) and production of inflammatory factors in SCI models
[4]. To further assess the number of reactive microglia/macrophages, the number of
CD68-positive cells in the region 1 mm rostral and caudal to the lesion epicenter was
quantified. This measure is often used to evaluate microglia/macrophage
mediated-inflammation after SCI [41]. As shown in Fig. 5A-C and E, the Gelatin
group and the MDR group had fewer CD68-positive reactive microglia/macrophages
compared with the Control group 60 days after SCI (P<0.01). Compared to SCI mice

with gelatin hydrogel implantation or PLX3397 treatment, SCI mice with combined
15
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treatment displayed a significant reduction in the number of CD68-positive
microglia/macrophages (p<0.001) (Fig. 5D and E). In addition, reactive
microglia/macrophages secrete numerous pro-inflammatory factors after CNS injury
to regulate inflammation. Hence, we quantified mRNA levels of the pro-inflammation
factors, IL1pB, IL6, TNFa, iNOS, IFNy and CCL2, to estimate microglia/macrophage
mediated-inflammation responses. The expression of all pro-inflammatory cytokines
was increased 60 days after SCI, demonstrating long-term inflammation (Fig. 5F-K).
Transplantation of gelatin hydrogel slightly reduced the expression levels of
pro-inflammatory factors, however, the iINOS expression level was significantly
different between the Gelatin and the Control group (Fig. 5J). Moreover, the mRNA
levels of IL1p, IL6, iNOS, IFNy and CCL2 were also decreased in the MDR group
compared with the Control group (P<0.05). The expression level of all six
pro-inflammatory cytokines declined dramatically in the MDR+Gelatin combination
treatment group (P<0.01) compared with any single therapy method (Gelatin and
MDR groups), which was consistent with the CD68 immunohistochemical staining
results (Fig. 5F-K). We also measured the levels of all pro-inflammatory factors at an
early stage after SCI with or without treatment. At day 14 post-surgery, the mRNA
levels of the pro-inflammatory cytokines were substantially decreased in the
combined treatment group (MDR+Gelatin), indicating resolution of pro-inflammatory
reactions after acute SCI (Fig. S11). These results demonstrated that combined
treatment can resolve microglia/macrophage mediated acute and chronic
pro-inflammation after SCI.
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In this study, we first used a combination treatment to resolve
microglia/macrophage mediated-inflammation at the lesion site and surrounding areas
after complete transection SCI. By examining morphological shift, pro-inflammatory
factor secretion and CD68 staining, we showed that the combined treatment more
effectively resolved inflammation induced by microglia/macrophages compared with

single therapies.

3.5 Microglial/Macrophage Depletion and Repopulation in Combination with Gelatin
Hydrogel Transplantation Promotes Endogenous Neural Stem/Progenitor Cell

Migration and Neurogenesis

In this study, to examine whether microglia/macrophage mediated-inflammation
affects endogenous neurogenesis, we visualized newborn neurons by
immunohistochemical staining of neuronal class IIT B-tubulin (Tujl) in the lesion area
after complete transection SCI. As shown in Fig. 6A and B, the numbers of
Tujl-positive neurons in the lesion area increased with transplantation of gelatin
hydrogels or PLX3397 treatment compared with the control at 60 days after surgery
(p<0.001). More importantly, the MDR+Gelatin group had a significantly higher
number of Tujl-positive neurons in the SCI lesion site compared with the other three
groups  (p<0.001). These results indicate that microglial/macrophage
mediated-inflammation restricts the generation of newborn neurons after complete
transection SCI, and that modulating the inflammatory microenvironment by the
combined treatment method accelerated neural regeneration.

Nestin, a NSPC marker, is expressed in ependymal cells of adult spinal cord [42].
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We speculate that the Tujl-positive cells in the lesion area were generated from
nestin-expressing NSPCs. To accurately test this assumption, we used Nestin-CreER "
driver mice, in which nestin-positive cells express CreER, and crossed them with the
Rosa-stop-tdTomato reporter mouse line. In the Nestin-CreER"%LSL-tdTomato
mouse, nestin-expressing cells and their progenies are labeled and can be traced after
tamoxifen induction (Fig. 6C). All nestin-expressing cells and their progenies were
labeled red after tamoxifen  induction (Fig. 6D). We treated
Nestin-CreER "% LSL-tdTomato mice with tamoxifen based on body weight (135 mg/g)
for 5 days prior to SCI to permanently label nestin-expressing NSPCs. Many more
tdTomato-positive cells migrated to the lesion area and differentiated into
Tujl-positive neurons in the complete transection SCI mice treated with both
hydrogel transplantation and PLX3397 compared with single treatment mice (Gelatin
or MDR groups) (P<0.001) (Fig. 6E-G). Although single therapies exhibited less
neurogenesis than the combination treatment, the number of Tuj1-positive neurons in
the Gelatin and MDR groups also increased compared with the Control group
(P<0.001). Collectively, we found that resolution of microglia/macrophage
mediated-inflammation by the combined treatment promoted endogenous NSPC

migration and neurogenic differentiation.

3.6  Microglial/Macrophage Modulation in  Combination with  Hydrogel
Transplantation Improves Electrophysiological and Functional Recovery of

Transected SCI Mice

At 60 days post injury, the motor function of the four groups was assessed by
18
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determining Basso Mouse Scale (BMS) scores. Fig. 7A shows that MDR+Gelatin
group scores from five weeks to eight weeks were significantly higher compared with
those of the Control group (P<0.05). At 8 weeks, the score of the MDR+Gelatin group
(2.9£0.7) was much higher than that of the Control (1.2+0.7), Gelatin (2.3+0.8) and
MDR (2.5+1.0) groups, indicating more efficient functional recovery. To further
estimate the level of functional recovery, we performed electrophysiological analyses.
The amplitude of the Control group was much lower than that of healthy mice. The
amplitudes in the single treatment groups (Gelatin and MDR groups) were
substantially increased compared with the Control group (p<0.001). More importantly,
the amplitude was partly restored in the MDR+Gelatin group, and was the highest
among the four groups (p<0.001) (Fig. 7B and C). These results showed that
locomotor function could recover in complete transection SCI mice after combined

PLX3397 and hydrogel transplantation treatment.

4. Discussion

Spinal cord injury (SCI) appears following primary mechanical damage and a
series of secondary insults. Neuro-inflammation, glial scar formation, and neurite
growth-inhibitory factor accumulation can exacerbate injured and intact tissue,
resulting in movement and/or sensatory deficits below the lesion site [43, 44]. Such
lesions are currently a major clinical challenge for SCI repair [44]. Stem cell-based
therapy for SCI repair provides a promising clinical strategy for bridging the lesion
and promoting regeneration of neurons, axons and glia [45-47]. Transplanted stem

cells not only differentiate into neurons and oligodendrocytes to replenish lost cells,
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but also secrete neurotrophic and growth factors to promote endogenous regeneration,
synapse formation and remyelination [48]. In addition, biomaterial-based matrices
could also fill the lesion gap and create a permissive environment and structure to
support axonal regeneration and functional reconnection [49-52]. However, the
inflammatory response after SCI may affect the therapeutic efficiency of biomaterial
and stem cell transplantation. Hence, it may be useful to develop a method for
resolving inflammatory responses in combination with the transplantation of
biomaterials or stem cells. Microglia are the primary resident immune cells of the
CNS and play a critical role after injury [53]. After spinal cord injury, protracted
inflammation is mainly induced by amoeboid and phagocytic macrophages that are
generated from rapidly activated microglia and peripheral macrophages [54]. Unlike
other immune cells that accumulate in lesions post SCI, prolonged activated
microglia/macrophages persist for a longer period and participate in secondary
damage [8, 12, 13]. Although microglia/macrophages are crucial to the inflammatory
microenvironment and functional recovery after SCI, it is difficult to selectively
resolve activated microglia/macrophage mediated-persistent inflammation. These
difficulties can be divided into three categories: i) activated microglia/macrophages
may not be restricted to a lesion epicenter, but may also be activated in remote areas
and produce inflammatory factors [4]. For instance, after SCI, activated
microglia/macrophages were observed in the brain [11]. However, transplanted
scaffolds and anti-inflammation drugs delivered by biomaterial-based carriers mainly
remained and worked in lesion sites, while the protracted activated
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microglia/macrophages in remote areas are unaffected. ii) In addition to the secretion
of inflammatory factors, the morphology of protracted, activated
microglia/macrophages also changed; the cell bodies appeared large with short
dysfunctional process. Although many strategies can inhibit activation and
proliferation of microglia/macrophages, it is hard to replace dysfunctional activated
microglia/macrophages with functional microglia. iii) It is difficult to specifically
manipulate microglia/macrophages without affecting other neural or immune cells.
Hence, because of these issues it is necessary to develop a new strategy to resolve
microglia/macrophage mediated-inflammation.

In this study, we applied a novel combined treatment to resolve
microglia/macrophage mediated-persistent inflammation. This combined treatment
consisted of transplanted photocrosslinkable gelatin hydrogel to the lesion site
combined with fed a CSF1R inhibitor, PLX3397 for SCI mice. Implantation of gelatin
sponges into SCI lesion sites can reduce the inflammatory response because fewer
CD68-positive microglia/macrophages reside within the scaffold compared with the
surrounding tissues [24]. A hybrid gelatin porous scaffold impregnated with fucoidan
and sodium alginate suppressed the lipopolysaccharide (LPS)-induced inflammation
in cultured microglial cells [55]. Recently, PLX3397 has been widely used to
investigate the role of microglia in the central nervous system (CNS). Inhibition of
CSF1R by PLX3397 rapidly eliminated microglia from mouse brain without any
detrimental effects on neurons or peripheral immune cells [36, 56]. Moreover,
PLX3397 reduced brain injury after intracerebral hemorrhage via microglia depletion
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[57]. Gerber et al. also found that reducing microglial proliferation using a CSF1R
inhibitor promoted locomotor recovery after early spinal cord injury [58]. However,
as the main immune cells in the CNS, it is not feasible to clinically eliminate
microglia from humans. Hence, Rice et al. treated brain-injured mice with PLX3397
for 14 days and then withdrew PLX3397 and found that residual microglia
repopulated the whole brain. Interestingly, they found that newborn microglia had a
naive state morphology and that persistent inflammation was resolved by this
treatment [25]. Here, we introduced a combined treatment to significantly improve the
efficiency of resolving microglia/macrophage mediated-inflammation compared with
single PLX3397 treatment or transplantation of hydrogel. Moreover, the combined
treatment largely resolved the microglia/macrophage mediated-inflammation in the
lesion site and surrounding tissue by reducing levels of CD68 protein and
pro-inflammatory factors without affecting the number of neurons, neuroglial cells or
immune cells in the blood and spleen. Furthermore, we also found that the proportion
of hypertrophic and bushy microglia/macrophages was decreased after combined
treatment in SCI mice. Together, these data demonstrated that this combined treatment
is a safe, extensive and high-effective method to resolve microglia/macrophage
mediated-inflammation.

Next we investigated the role of microglia/macrophage mediated-inflammation
in SCI mice by the combined treatment. It is well established that one of the biggest
challenges for repair of complete transection SCI is the loss of a large number of
neurons in the lesion area, resulting in functional deficiency [59]. Although many
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attempts have been made to replenish this neuronal loss by transplanting NSPCs after
SCI, immunological rejection, a lack of suitable NSPC sources and ethical concerns
have limited the clinical application of cell transplantation [60]. Therefore,
manipulating endogenous stem or progenitor cells to migrate and differentiate into
neurons at the lesion area is an attractive proposition. Ependymal cells, which line the
central canal of mammalian spinal cords, are considered as endogenous NSPCs [61].
After SCI, these ependymal cells can be activated and can proliferate to produce some
benefit in SCI repair. However, few neurons differentiate from these endogenous
NSPCs because of the inflammatory microenvironment, which limits the capacity for
self-repair [62]. Microglia regulate neurogenesis by apoptosis-coupled phagocytosis
in the hippocampus of adult mice [40]. In addition, Gomes-Leal reported that
overactivated microglia inhibit neuroblast migration, but ramified microglia promote
migration of immature neurons in the ventral striatum after middle cerebral artery
occlusion [63]. Furthermore, activated microglia mediated-inflammation induced by
lipopolysaccharide (LPS) injection or brain injury impairs neurogenesis in adult brain
[14]. Although it is well known that microglia/macrophage mediated-inflammation is
detrimental for neurogenesis after brain injury, it was unclear whether this was the
case in spinal cord injury. Hence, we used the combined treatment to explore whether
relieving microglia/macrophage mediated-inflammation affects NSPCs neurogenesis.
Lineage tracing using Nestin-CreERT2;LSL-tdTomato mice showed that the large
number of Tujl-positive neurons that appeared in the SCI lesion area were generated
from NPSCs after the combined treatment. This is the first demonstration that
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microglia/macrophage mediated-inflammation inhibits newborn neurons generated
from NPSCs. Chen et al. claimed that a gelatin fiber scaffold was suitable for cell
migration and long-term survival, and promoted neural differentiation and inhibited
glia scar formation [64]. Gelatin (containing RGD peptides) has advantages for cell
adhesion [65, 66], which might benefit endogenous NSPC migration to the injured
site. In this study, the photo-crosslinked gelatin hydrogel not only attenuated
microglia/macrophage mediated-inflammation, but may have also served as a
substrate for cell growth, migration and differentiation, as well as acting as a bridge to
fill defect sites and for connecting damaged tissues. Hence, we suggest that the
modulated microenvironment in the MDR+Gelatin group had positive effects on both
resolving inflammation and guiding NSPC migration and neurogenesis. For potential
clinical application of this combination system (PLX3397 is a FDA approved drug),
the source of gelatin, the synthesis procedure, and storage should be standardized
according to the requirements for clinical trials. In addition, large animal models
provide a number of translational advantages [67], which should be used as tools for
ongoing clinical research. In the current study, we estimated the biocompatibility of
the hydrogel in vitro. The in vivo biosafety and biodegradation of the hydrogel will be
examined further in future research, and will also be evaluated by a third party.

When SCI occurs, activated microglia/macrophages release a mass of
pro-inflammatory cytokines and neurotoxic factors to accelerate the loss of neurons
and inhibit axon regrowth [68-70]. In addition, in the first week after SCI,
microglia/macrophages mediated-inflammation also contributes to the potential
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hostile microenvironment that leads to rejection of transplanted neural stem cells for
SCI repair [71]. Accumulating evidence indicates that attenuating activated
microglia/macrophages by minocycline, an anti-inflammatory drug, facilitated
neuroprotection and functional recovery after SCI [41, 72, 73]. Conversely, activated
microglia/macrophages also play a beneficial neuroprotective role in SCI repair by
secretion of anti-inflammatory factors and phagocytosis of injurious debris [74].
Hence, harnessing monocyte-derived macrophages to repair the damaged spinal cord
is also a potential therapeutic strategy for SCI repair [75]. Transplantation of
mesenchymal stem cells into the injured spinal cord could also involve recruitment of
the M2 phenotype macrophage for SCI repair [76]. The heterogeneity of
microglia/macrophages, which can be divided into M1 or M2 phenotypes, is a
possible reason for their different functions in SCI. M1 microglia/macrophages are
pro-inflammatory and cytotoxic, while M2 microglia/macrophages are
anti-inflammatory and promote regeneration after SCI [10]. In addition, the effect of
activated microglia/macrophages may change based on the progress of SCI. In acute
SCI, activated microglia/macrophages are of mixed M1 and M2 phenotypes, but M1
phenotype microglia/macrophages persist for a long period of time [77]. This
evidence suggests that the functions of microglia vary depending on the degree of
injury, location, and timing in the SCI model. Here, the data indicate that combined
treatment resolved microglia/macrophage-mediated persistent inflammation and
ameliorated SCI progression. This combined treatment may alter the phenotype of
prolonged activated microglia/macrophages in a cell replacement strategy, resolving
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the microglia/macrophage-mediated inflammation in a persistent way. We also found
that locomotor function of complete transection SCI mice recovered with combined
treatment. These findings suggest that resolution of prolonged activated
microglia/macrophage-mediated inflammation by combined treatment might produce
a permissive microenvironment for neuronal survival, axon regeneration and
neurogenic differentiation of NSPCs, thus promoting functional recovery after
complete transection SCI.

As summarized in Fig. 8, a novel and effective combined treatment can resolve
microglia/macrophage mediated-inflammation after complete transection SCI.
Moreover, we demonstrate that relieving microglia/macrophage
mediated-inflammation by this combined treatment promotes neurogenesis in SCI

mice.

5. Conclusions

In this study, we explored the interaction between microglia/macrophage
mediated-inflammation and neurogenesis following gelatin hydrogel transplantation
in combination with CSF1R inhibitor (PLX3397) treatment after complete transection
SCI. We found that microglia/macrophage mediated-inflammation inhibited the
neurogenesis of endogenous NSPCs. Compared with transplantation of gelatin
hydrogel or PLX3397 treatment single treatments, a combination of the two
significantly resolved inflammation and enhanced generation of newborn neurons
from endogenous NSPCs and, therefore, promoted recovery of locomotor function. In

summary, we constructed a low inflammation microenvironment to improve
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functional restoration in complete transection SCI mice via a safe, effective

combination treatment strategy, which has the potential to be clinically applied.
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Mice were treated with PLX3397 for 14 days. (C) Quantification of the numbers of
Ibal® cells per mm? at 0, 7 and 14 days after microglial depletion. (D) Quantification
of the numbers of Ibal* cells per mm? at day 3, 7 and 14 after microglial repopulation.

N=3 mice per group. Scale bars: 50 um. *** p<0.001.
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staining in the four experimental groups after treatment for 14 days. (E)
Representative low and higher magnification images of Ibal® cells of Control, Gelatin,
MD and MDR+Gelatin groups after SCI for 60 days. (F) The phenotype of resting
and activated microglia/macrophages by Ibal immunofluorescence staining.
Quantification of the percentage of naive, hypertrophic and bushy
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MDR+Gelatin groups. (E1), (E2) and (E3) indicate Ibal-positive cells in the lesion
center, adjacent and remote areas. N=3-4 mice per group. Scale bars represent 250 um

in first line of (E), and 50 um in (C), (E1), (E2), and (E3). * p<0.05, *** p<0.001.
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cells and (D) their progenies in Nestin-CreER™*; LSL-tdTomato mice injected with
tamoxifen. (E) Immunofluorescence images show that nestin+ NSPCs differentiated
to Tujl-positive neurons in the MDR+Gelatin group. (F-G) Quantitative analysis of
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Fig.7. Transplantation of gelation combined with resolution of microglia/macrophage
mediated-inflammation promotes electrophysiological and functional motor recovery.
(A) Quantitative analysis of BMS scores in Control, Gelatin, MDR and MDR+Gelatin
groups after treatment for 1 to 8 weeks. (B) Representative images of motor evoked
potentials (MEPs) and (C) quantitation of amplitude in mice of each group after

treatment for 60 days. N=4-9 mice per group. * p<0.05 ** p<0.01 *** p<0.001.
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Fig. 8. (A-C) Schematic illustrations of photo-crosslinked gelatin hydrogel
preparation and the resolution of microglia/macrophage mediated-inflammation by

replacing activated microglia/macrophages after SCI.

46



864

865

866

867
868

869

870

871

872

873

874

875

876

877

878

879

880

881
882

Supporting Data

A Novel Hydrogel-based Treatment for Complete Transection Spinal Cord
Injury Repair is Driven by Microglia/Macrophages Repopulation

Dezun Ma%, Yannan Zhao?, Lei Huang®, Zhifeng Xiao®, Bing Chen?, Ya Shi®, He
Shen®*, Jianwu Dai®*

®State Key Laboratory of Molecular Developmental Biology, Institute of Genetics and
Developmental Biology, Chinese Academy of Sciences, Beijing 100101, P.R. China.
University of Chinese Academy of Sciences, Beijing, 100101, P.R. China

PKey Laboratory for Nano-Bio Interface Research, Division of Nanobiomedicine,
Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences,

Suzhou 215123, China

Corresponding authors: Jianwu Dai, Email: jwdai@genetics.ac.cn

He Shen, Email: hshen2009@sinano.ac.cn

47


mailto:jwdai@genetics.ac.cn
mailto:hshen2009@sinano.ac.cn

883  Supplemental Figures

A SClI B Gelatin

&N

000

884

885 Fig. S1. Photo images of SCI and hydrogel transplantation. Arrowheads and white
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890 Fig. S2. Images of cells with PBS and gelatin hydrogel treatment for 7 days,

891  immunofluorescence stained with Tuj-1 (red) and DAPI (blue). Scale bar = 100 pm.
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Fig. S11. Microglia/macrophage depletion after PLX3397 treatment for 14 days
reduces the secretion of pro-inflammatory factors. The mRNA levels of
pro-inflammatory factors (A) IL1B, (B) IL6, (C) TNFa, (D) iNOS, (E) IFNy and (F)
CCL2 at day 14 post-surgery. N=3-4 mice per group. * p<0.05 ** p<0.01 ***

p<0.001.
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949  Supplemental Table

950  Table S1. The primers for Real-Time Quantitative PCR

Gene Sequence

IL1P CTCCATGAGCTTTGTACAAGG (Forward)
GGGGTTGACCATGTAGTCGT (Reverse)

IL6 AAGAAAGACAAAGCCAGAGTC (Forward)

CACAAACTGATATGCTTAGGC (Reverse)

TNFa TCAGCCTCTTCTCATTCCTGC (Forward)
TTGGTGGTTTGCTACGACGTG (Reverse)

INOS GACGAGACGGATAGGCAGAG (Forward)
CACATGCAAGGAAGGGAACT (Reverse)

IFNy ATCAGGCCATCAGCAACAA (Forward)
ACCTGTGGGTTGTTGACCTC (Reverse)

CCL2

TAAAAACCTGGATCGGAACCAAA (Forward)

GCATTAGCTTCAGATTTACGGGT (Reverse)
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