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Abstract
Background: Hypoxic GLIOMA derived exosomes may induce M2 macrophage polarization by
upregulating TERF2IP expression. Furthermore, M2 macrophage polarization was found to be associated
with accelerated SCI recovery by suppressing in�ammatory response. The underlying mechanism of the
therapeutic role of hypoxic GLIOMA derived exosomes in SCI recovery remains to be explored.

Methods: Electron microscopy and Western blot were used to characterize U251 derived exosomes.
Quantitative real-time PCR was performed to measure the mRNA expression of target genes, and Western
blot and IHC were used to evaluate the protein expression of target genes. ELISA was performed to
examine the levels of cytokines. Luciferase assay was carried out to explore the inhibitory role of miR-
1246/let-7b in the expression of TERF2IP. TUNEL was performed to evaluate the apoptosis of spinal cord
cells in SCI rats.

Results: Hypoxic U251 derived exosomes signi�cantly enhanced the expression of CD163, IL-10, IL-1RA,
TGFB1, and CCL2 as well as the proportion of CD11b+/CD163+ cells while suppressing the expression of
TNFa in U937 cells. Furthermore, the expression of miR-1246 and let-7b was remarkably elevated by
Hypoxic U251 derived exosomes, while the expression of TERF2IP was inhibited. Luciferase assay
demonstrated that miR-1246/let-7b effectively suppressed the expression of TERF2IP through binding to
its 3’ UTR. In an SCI rat model, hypoxic U251 derived exosomes notably promoted the survival and
functional recovery of left hindlimb by up-regulating IL-10, miR-1246, and let-7b expression while down-
regulating TNFa/TERF2IP expression and attenuating apoptosis of spinal cord cells.

Conclusion: The �ndings of this study demonstrated that glioma derived exosomes upregulated the
expression of miR-1246 and let-7b to suppress the expression of TERF2IP to induce M2 macrophage
polarization. The promoted M2 macrophage polarization suppressed in�ammatory response to
accelerate the recovery from SCI.

Introduction
Spinal cord injury (SCI) is a damaging condition that might bring about irreversible disability. It is typically
considered that SCI triggers an array of molecular and cellular events to cause neuronal injuries [1-3].
Amongst the factors of neuronal injuries, in�ammation is a signi�cant element in SCI pathogenesis [4-6].
Glia is an essential part of the nerves and is associated with the uptake of neurotransmitters, signal
transduction, neurodevelopment, myelin synthesis, as well as immune reactions. Exosomes are vesicles
in the extracellular space that are initially produced from particular kinds of cells. Exosomes are
recognized to moderate glia activity. Glia-derived exosomes (GDEs) could move proteins, nucleotides as
well as other cellular components among different kinds of cells. GDEs were shown to play both harmful
and protective roles in the nerve system. The protective roles of GDEs have actually been shown in SCI,
TBI as well as ischemic stroke models [7-9].
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As a major part of ncRNA with a size of about 22 nucleotides, microRNAs (miRNAs) play essential post-
transcriptional roles in gene regulation by binding to 3-UTRs of target mRNAs [10-12]. MiRNAs also play
essential functions in tumorigenesis [13, 14]. Exosomes are tiny vesicles of <100 nm in dimension and
are produced by many types of cells [15]. Exosomes can carry microRNAs, mRNAs, lncRNAs, as well as
proteins, thus playing vital functions in inducing certain activities in recipient cells, such as suppressing
the activities of immune cells during cancer development [16, 17]. Surprisingly, hypoxia can change the
cargo of exosomes to affect cell-cell interactions [18, 19]. The evaluation of microRNA sequences showed
miR-1246 as one of the most abundant microRNAs in HGDEs. Furthermore, miR-1246 expression was
enhanced in the cerebrospinal liquid (CSF) of patients suffering from GBM. Additional results showed
that miR-1246 moderated the polarization of M2 macrophages by activating the STAT3 pathway while
inhibiting the NF-κB pathway. In addition, miR-1246 expression was enhanced in the CSF of GBM patients
but showed a substantial reduction after resection of tumors.

TERF2IP can regulate the functions of telomeres. Furthermore, TERF2IP can control the NF-κB pathway
by enhancing IKK-mediated p65phosphorylation, thus increasing the expression of target genes of NF-κB.
It was shown that miR-1246 may suppress TERF2IP expression to promote M2 polarization of
macrophages by triggering the STAT3 signaling as well as suppressing the NF-κB signaling, consequently
promoting the malignant development of glioma cells. It was shown that the suppression of TERF2IP
expression may upregulate STAT3 expression and STAT3 phosphorylation, an essential factor in M2
polarization of macrophages [20]. M2 macrophages have the properties to modulate immune responses,
promote tissue repair, and express molecular markers including arginase-1 as well as CD206 [21-23].
Previous researches have actually revealed that both M2 and M1 macrophages exist in the damaged
spine, where the polarization of cytotoxic M1 macrophages is favored [24]. Since M2 macrophages can
enhance axonal re-growth, raising the number of M2 cells can be an encouraging approach for post-SCI
recovery [25-27].

Hypoxic GLIOMA derived exosomes may induce M2 macrophage polarization by upregulating TERF2IP
expression [28]. Furthermore, M2 macrophage polarization was found to be associated with accelerated
SCI recovery by suppressing in�ammatory response [29]. In this study, GLIOMA cells were pre-treated with
hypoxia before exosomes were isolated from the cells to treat a rat model of SCI, so as to study the effect
of hypoxic GLIOMA derived exosomes on SCI recovery and macrophage polarization.

Materials And Methods
Animal and treatment

Rats were purchased from our animal center and divided into 4 groups, i.e., 1. SHAM group (rats treated
with sham operations); 2. SCI group (rats treated with operations to induce SCI); 3. SCI + U251-NG-EXO
(rats treated with operations to induce SCI and then treated with exosomes isolated from U251 cells
exposed to the NG condition); and 4. SCI + U251-HG-EXO (rats treated with operations to induce SCI and
then treated with exosomes isolated from U251 cells exposed to the HG condition). In SHAM, SCI and SCI
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+ U251-NG-EXO groups, the U251 cells were cultured under the normal level of oxygen (5% CO2 and 95%
air) before the exosomes were isolated from cells for SCI treatment. In the SCI + U251-HG-EXO group, the
U251 cells were cultured under a hypoxia condition before the exosomes were isolated from cells for SCI
treatment.

Surgical procedure to induce SCI

Rats were arbitrarily designated into the above 4 groups to various treatments. In the sham group, the rats
underwent the laminectomy procedure without inducing SCI. In the SCI group, the rats were exposed to
hemisection on the lateral side of the spinal cord. After the surgical procedure, rats were given post-
operating treatment consisting of bowel as well as bladder treatment to avoid infection.

Survival rate and BBB test

Throughout the very �rst 21 day after the onset of SCI, the survival rate was determined according to the
rate of fatality in each group. Then, the 21 point Basso-Beattie-Bresnahan (BBB) score was rated to
analyze the locomotor activity of hind limbs in the rats prior to the procedure as well as in 8 weeks (once
a week) following the onset of SCI. In each assessment, the rats were put into an open area before they
were observed for 5 minutes of independent movement. The BBB rating, which varied from 0 to 21 points,
was evaluated blindly by 2 observers separately.

RNA isolation and real-time PCR

Total RNA content was isolated from samples by making use of an EZ-RNA II isolation assay kit
(Biological Industries, Beit Haemek, Israel) according to the manual instructions provided by the supplier.
The RNA samples were converted into cDNA by making use of a miScript Reverse Transcription assay kit
(QIAGEN, Hilden, Germany) according to the manual instructions provided by the supplier. Then, the cDNA
samples were ampli�ed by real time PCR to evaluate the relative expression of CD163, IL10, IL-1RA,
TGFB1, CCL2, TNF-a, miR-1246, let-7b, and TERF2IP in each sample by utilizing a miScript SYBR Green
PCR assay kit (QIAGEN, Hilden, Germany) according to the manual instructions provided by the supplier.
The real time PCR was done by utilizing a Light Cycler 480 machine (Roche Applied Science, Mannheim,
Germany) according to the manual instructions provided by the supplier.

Cell culture and transfection

U937 cells and human GBM U251 cells were acquired from the Shanghai Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and maintained in DMEM (Thermo Fisher Scienti�c, Waltham,
MA) supplemented by 10% of FBS (Gibco, Thermo Fisher Scienti�c, Waltham, MA) and proper antibiotics.
Then, U937 cells were randomly divided into 3 groups, i.e., 1. PBS group (U937 cells treated with PBS); 2.
U251-NG-EXO group (U937 cells treated with exosomes extracted from U251 cells cultured under an NG
condition); and 3. U251-HG-EXO group (U937 cells treated with exosomes extracted from U251 cells
cultured under an HG condition). The U937 cells in various groups were cultured according to speci�ed
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conditions for 48 h before they were harvested for analyses. In another experiments, U937 cells were
randomly divided into 4 groups, i.e., 1. Scramble control group (U937 cells transfected with a scramble
control); 2. miR-1246 precursor group (U937 cells transfected with miR-1246 precursors); 3. let-7b
precursor group (U937 cells transfected with let-7b precursors); and 4. group of miR-1246 + let-7b
precursors (U937 cells transfected with let-7b and miR-1246 precursors). The transfection was carried out
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manual instructions provided by the
supplier. For co-culture with exosomes, 1 μg/ ml of exosomes was suspended in the culture medium
before cell culture was started.

Exosome isolation

Cells were incubated in DMEM for 48 h under conditions of normoxia (21% O2) or hypoxia (1% O2). Then,
exosomes were separated from the cell supernatant using a routine method.

Exosome evaluation by electron microscopy

Cells were rinsed in PBS and prepared into a monolayer �xed in a pH 7.2 buffer containing 0.05 M of
cacodylate and 0.2% of glutaraldehyde. Then, the cells were dyed in uranyl acetate and observed
underneath a 2100F transmission electron microscope according to the manual instructions provided by
the supplier.

Detection of proportion of CD11b and CD163 positive cells by �ow cytometry

To quantify the proportion of CD11b and CD163 positive cells, cultured cells were treated with a staining
kit (Thermo Fisher Scienti�c, Waltham, MA) and examined by a FACScan �ow cytometer (BD, San Jose,
CA) in conjunction with CellQuest software according to the manual instructions provided by the supplier.

Vector construction, mutagenesis and luciferase assay

To explore the effect of U251-HG-EXO on the expression of miR-1246/let-7b and TERF2IP, binding site
screening was performed for miR-1246 and let-7b, and the results identi�ed TERF2IP as a potential target
of miR-1246 and let-7b. Then, the 3’ UTR sequences of TERF2IP containing the binding sites for miR-1246
and let-7b were inserted into pcDNA 3.1 luciferase vectors (Promega, Madison, WI) to generate wild type
plasmids of TERF2IP for miR-1246 and let-7b, respectively. Then, single mutations were generated in the
miR-1246 and let-7b binding sites of TERF2IP by using a Quick Change site directed mutagenesis assay
kit (Stratagene, San Diego, CA)

according to the manual instructions provided by the supplier. The mutant sequences were also inserted
into pcDNA 3.1 luciferase vectors to generate mutant type plasmids of TERF2IP for miR-1246 and let-7b,
respectively. Then, U937 cells were co-transfected with wild type/mutant type plasmids of TERF2IP in
conjunction with miR-1246 or let-7b mimics, respectively, by using Lipofectamine 2000. The luciferase
expression in transfected cells was assayed 48 h later by making use of a Dual-Glo luciferase reporter
assay (Promega, Madison, WI) according to the manual instructions provided by the supplier.
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Western blot evaluation

Cell and tissue samples were lysed in a RIPA buffer before 20 µg of protein in each sample were resolved
by 12% NuPAGE Bis-Tris gel electrophoresis (Invitrogen, Carlsbad, CA). After the resolved proteins were
transferred onto nitrocellulose membranes, the membranes were treated with 5% skim milk and then
incubated in succession with anti-CD9, anti-CD61, and anti-TERF2IP primary antibodies as well as
suitable secondary antibodies. Finally, the relative expression of CD9, CD61, and TERF2IP proteins was
measured by using an ECL reagent (Thermo Fisher Scienti�c, Waltham, MA) according to the manual
instructions provided by the supplier.

Immunohistochemistry

Samples were �xed for 20 minutes at ambient temperature in 4% paraformaldehyde, blocked in PBS
containing 0.5% Triton X-100 and 5% FCS, and incubated in succession with anti-TERF2IP primary
antibody and a suitable secondary antibody. After counter staining with DAPI, the cells were visualized
under a confocal microscope (Fluoview-FV-1000, Olympus, Tokyo, Japan) according to the manual
instructions provided by the supplier to determine the relative protein expression of TERF2IP in each
sample.

ELISA

Commercial kits (Thermo Fisher Scienti�c, Waltham, MA) were used according to the manual instructions
provided by the supplier to measure the contents of IL-10 and TNFa in the CSF of SCI rats. The values of
optical density (OD) were determined on a UVmax microplate reader (Molecular Devices, Sunnyvale, CA).

TUNEL assay

An Apo-BrdU In Situ DNA-Fragmentation assay kit (BioVision, Milpitas, CA) and an In Situ Cell Death
Detection Fluorescein assay kit (Roche Diagnostics, Rotkreuz, Switzerland) were used according to the
manual instructions provided by the suppliers to determine the status of apoptosis of collected spinal
cord samples.

Statistical analysis

Inter-group differences were analyzed with Student’s t tests and One-Way ANOVA using SPSS statistics
software (SPSS, IBM, Chicago, IL). All results were expressed in mean ± standard deviations. The degree
of statistical signi�cance was set to 5%.

Results
Hypoxic U251 derived exosomes signi�cantly altered the expression of CD163, IL-10, IL-1RA, TGFB1,
CCL2 and TNFA in U937 cells.
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U251 cells were cultured under hypoxia or normal conditions followed by exosomes isolation. U937 cells
were treated with exosomes isolated from U251 cells treated under either nomoxia (U251-NG-EXO) or
hypoxia (U251-HG-EXO) conditions (Fig.1A). Western blot was performed to detect the CD9 and CD61
expression in the 3 groups. No obvious difference was detected for the expression of CD9 and CD61
among the PBS, U251-NG-EXO and U251-HG-EXO groups (Fig.1B). Then, the expression of CD163, IL-10,
IL-1RA, TGFB1, CCL2 and TNFA mRNA was analyzed using qPCR in U937 cells treated with PBS, U251-
NG-EXO and U251-HG-EXO. The expression of CD163 (Fig.1C), IL-10 (Fig.1D), IL-1RA (Fig.1E), TGFB1
(Fig.1F) and CCL2 (Fig.1G) mRNA was progressively elevated in U937 cells treated with U251-NG-EXO
and U251-HG-EXO. However, the expression of TNFA (Fig.1H) was gradually suppressed in U937 cells
treated with U251-NG-EXO and U251-HG-EXO.

Hypoxic U251 derived exosomes remarkably changed the proportions of CD11b+/CD163+ cells and IL-
10/TNF-a expression in U937 cells.

Flow cytometry was performed to compare the proportions of CD11b+ and CD163+ U937 cells after
treatment with U251-NG-EXO and U251-HG-EXO. U251-NG-EXO showed limited capacity to enhance the
proportions of CD11b+/CD163+ cells, whereas U251-HG-EXO signi�cantly increased the proportions of
CD11b+/CD163+ cells (Fig.2A). Next, ELISA was carried out to quantify the levels of secreted IL-10 and
TNF-a in the supernatant of U937 cells treated with U251-NG-EXO and U251-HG-EXO. The concentration
of IL-10 was gradually increased in the supernatant of U937 cells treated with U251-NG-EXO and U251-
HG-EXO (Fig.2B). However, the concentration of TNF-a was gradually reduced in the supernatant of U937
cells treated with U251-NG-EXO and U251-HG-EXO (Fig.2C).

Hypoxic U251 derived exosomes apparently promoted the expression of miR-1246 and suppressed the
expression of TERF2IP in U937 cells.

The expression of miR-1246 and let-7b was quanti�ed in U937 cells treated under different conditions.
U251-NG-EXO and U251-HG-EXO progressively reduced the expression of miR-1246 in U937 cells (Fig.3A).
U251-NG-EXO showed no effect on the expression of let-7b in U937 cells, but U251-HG-EXO signi�cantly
up-regulated the expression of let-7b in U937 cells (Fig.3B). Meanwhile, the expression of TERF2IP mRNA
and protein was examined in U937 cells treated under different conditions. The expression of TERF2IP in
U937 cells was signi�cantly inhibited by U251-NG-EXO and U251-HG-EXO in a progressive manner
(Fig.3C).

MiR-1246 and let-7b suppressed the expression of TERF2IP through binding to its 3’ UTR.

In order to further explore the effect of U251-HG-EXO on the expression of miR-1246/let-7b and TERF2IP,
binding site screening was performed for miR-1246 and let-7b, and the results indicated that TERF2IP
was a potential binding target of miR-1246 (Fig.4A) and let-7b (Fig.4C). Luciferase vectors containing
wild type and mutant TERF2IP were established and co-transfected with miR-1246 and let-7b into U937
cells. The luciferase activities of wild type TERF2IP were remarkably repressed by miR-1246 (Fig.4B) and
let-7b (Fig.4D). Moreover, miR-1246 precursor and let-7b precursor effectively suppressed the expression
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of TERF2IP in U937 cells. It was worth noting that simultaneous transfection of miR-1246 and let-7b
precursors suppressed the expression of TERF2IP more e�ciently (Fig.4E).

Hypoxic U251 derived exosomes attenuated the spinal cord injury in SCI rats.

Then, an SCI (spinal cord injury) rat model was established as described and treated with U251-NG-EXO
and U251-HG-EXO to evaluate their therapeutic effects using a survival analysis and BBB scoring of the
left hindlimb. U251-NG-EXO showed a moderate effect on improving the survival and BBB scores of left
hindlimb of SCI rats. U251-HG-EXO signi�cantly elevated the survival (Fig.5A) and BBB scores of left
hindlimb (Fig.5B) of SCI rats. ELISA was used to measure the levels of IL-10 and TNF-a in the CSF of SCI
rats. U251-NG-EXO and U251-HG-EXO progressively increased the level of IL-10 in the CSF of SCI rats
(Fig.5C). However, the expression of TNF-a in the CSF was gradually suppressed by U251-NG-EXO and
U251-HG-EXO (Fig.5D).

Hypoxic U251 derived exosomes restored the normal expression of miR-1246, let-7b and TERF2IP in SCI
rats.

Quantitative real-time PCR was performed to analyze the differential expression of miR-1246, let-7b and
TERF2IP in SCI rats treated under different conditions. The expression of miR-1246 (Fig.6A) and let-7b
(Fig.6B) was effectively increased by U251-HG-EXO, whereas the expression of TERF2IP (Fig.6C) was
repressed by U251-HG-EXO in SCI rats. Furthermore, the immunohistochemistry analysis showed that the
expression of TERF2IP proteins in SCI rats was notably inhibited by U251-HG-EXO (Fig.7).

Hypoxic U251 derived exosomes suppressed the apoptosis of spinal cord cells in SCI rats.

As shown in Fig.8, TUNEL was carried out to evaluate the apoptosis of spinal cord cells in SCI rats treated
under different conditions. U251-NG-EXO treatment showed considerable effects on decreasing the
apoptosis of spinal cord cells in SCI rats. Furthermore, U251-HG-EXO treatment remarkably attenuated the
apoptosis of spinal cord cells in SCI rats to a degree lower than that in the U251-NG-EXO group.

Discussion
In this study, we established a SCI rat model to evaluate the therapeutic effects of U251-NG-EXO and
U251-HG-EXO, which progressively enhanced the survival and functional recovery of left hindlimb.
Furthermore, U251-NG-EXO and U251-HG-EXO treatments promoted the expression of IL-10 and repressed
the expression of TNFa in the CSF of SCI rats. In addition, we examined the expression of miR-1246, let-
7b and TERF2IP in the spinal cord of SCI rats. U251-NG-EXO and U251-HG-EXO treatments effectively
restored the normal expression of miR-1246, let-7b and TERF2IP in SCI rats. Furthermore, we carried out a
TUNEL assay to evaluate the apoptosis of spinal cord cells in SCI rats. U251-NG-EXO and U251-HG-EXO
progressively attenuated the apoptosis of spinal cord cells in SCI rats. The protective effect of EXOs
derived from various stem cells has been reported previously as discussed in the following paragraph
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and what’s novel in this study is that we found that hypoxia exposure may further enhance such effect as
well as its molecular mechanism underlying.

Previous study showed that GDEs enhance the interaction between glias and neurons while promoting
the outgrowth of neuritis. As a result, GDEs may be associated with neurological conditions including
glioblastoma, glioma, Parkinson’s disease as well as Alzheimer’s disease. GDE was also shown to play a
role in MCAO, SCI, SNI, 5XFAD, GBM as well as TBI, highlighting the value of GDEs in the treatment of
spine injury [7-9, 30]. Lately, numerous researches have actually shown that exosomes stemmed from
BMSCs (BMSCs-Exos) may lower the apoptosis of neurons, reduce in�ammatory reactions as well as
enhance the recovery from SCI [31]. Another research revealed that exosomes from neuron cells increase
the injury to BMSCs transplanted after SCI, showing a prospective role of exosomes in reduced survival of
transplanted BMSCs. Additionally, it was revealed that hypoxic pre-conditioning boosts BMSC survival. In
addition, HIF-1α plays a vital function in BMSC survival under oxidative stress. In this study, we isolated
exosomes from U251 cells pretreated with nomoxia and hypoxia, and used the exosomes to treat U937
cells to explore their effects on the expression of CD163, IL-10, IL-1RA, TGFB1, CCL2 and TNFA. The
expression of CD163, IL-10, IL-1RA, TGFB1 and CCL2 was gradually enhanced by U251-NG-EXO and
U251-HG-EXO, while the expression of TNFA was progressively suppressed by U251-NG-EXO and U251-
HG-EXO. In addition, we performed �ow cytometry to examine the proportions of CD11b+/CD163+ cells
and carried out ELISA to analyze the concentrations of IL10 and TNFa in the supernatant of U937 culture
medium. U251-NG-EXO and U251-HG-EXO progressively increased the proportions of CD11b+/CD163+
cells and IL10 concentration and decreased the concentration of TNFa. In line with previous studies, the
protective effect of GDEs has been con�rmed by the result of this study, and we further investigated the
molecular mechanism underlying such effect which is its ability to suppress the in�ammatory response
following the injury via modulating the macrophage polarization.

Compared to normoxic GDEs (N-GDEs), hypoxic GDEs (H-GDEs) signi�cantly triggered the polarization of
M2 macrophages, consequently enhancing the migration, expansion, as well as invasion of glioma cells.
Additionally, hypoxia can enhance the polarization of TAM M2 [32]. Past researches have actually shown
that hypoxia could change the secretion of exosomes while affecting the features of recipient cells by
controlling cell-cell interactions [18, 19, 33, 34]. It was shown that hypoxia could in�uence the cargo of
GDEs while increasing the immunosuppressive activities of myeloid-derived suppressor cells (MDSCs)
[19, 35]. MiR-1246 isolated from tumor cells was shown to enhance the polarization of M2 macrophages
in individuals with glioma and promoted the development of GBMs. In this study, we measured the
expression of miR-1246, let-7b and TERF2IP in U937 cells treated with U251-NG-EXO and U251-HG-EXO,
which gradually elevated the expression of miR-1246 and decreased the expression of TERF2IP. U251-NG-
EXO had no effect on the expression of let-7b, but U251-HG-EXO remarkably activated the expression of
let-7b. The results of this study from in vitro as well as in vivo identi�ed the miRNAs and focus gene,
TERF2IP, to modulate the macrophage polarization as the signaling pathway to mediate the function for
in�ammation suppression and recovery following the SCI.
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It was �gured out that miR-1246 moderated the M2 polarization of macrophages by triggering the STAT3
pathway while suppressing the NF-κB pathway. For this reason, TERF2IP was assumed to be targeted by
miR-1246 in the M2 polarization of macrophages. Indeed, TERF2IP was suppressed by the over-
expression of miR- 1246 and up-regulated by the inhibition of miR-1246. Additionally, the over-expression
of TERF2IP can be reduced by miR-1246 mimics. Meanwhile, we performed luciferase assays to explore
the regulatory role of miR-1246 and let-7b in the expression of TERF2IP. MiR-1246 and let-7b effectively
suppressed the expression of TERF2IP in U937 cells.

Previous research revealed that TERF2IP over-expression inhibited the effect of miR-1246 on the M2
polarization of macrophages. These data suggested that miR-1246 caused the M2 polarization of
macrophages by targeting TERF2IP. Taken together, these data indicated that H-GDE-derived miR-1246
reduced the expression of TERF2IP to trigger STAT3 pathway while suppressing NF-κB pathway in the
macrophage, hence inducing the M2 polarization of macrophages [36]. As a member of the protein
complex Shelterin speci�c to telomeres, TERF2IP plays a vital role in suppressing the repair of
chromosomal breaks in telomeres [37]. The level of PTEN expression is considerably boosted in
macrophages of SCI patients. In the culture of macrophages, the inhibition of PTEN expression or the
inhibition in PTEN phosphorylation enhanced the M2 polarization of macrophages while reducing the M1
polarization of macrophages. As reported previously, the increase in the number of M2 macrophages at
the site of SCI injury enhanced the outgrowth of axons to promote tissue repair and healing of SCI [27].
Our study con�rmed the role of TERF2IP in the development of in�ammation and regulation of
macrophage polarization. Furthermore, we also identi�ed the regulator of this gene as well as the effect
of whole signaling pathway in the control of recovery of SCI. There is limitation of this study, there are
only animal study and cellular study in this study and further study in human will further con�rm or deny
the protective effect of H-GDEs or N-GDEs in the recovery of SCI. In addition, further study with more
comprehensive network involving more genes and signaling is needed.

Conclusion
The �ndings of this study demonstrated that glioma derived exosomes upregulated the expression of
miR-1246 and let-7b to suppress the expression of TERF2IP to induce M2 macrophage polarization. The
promoted M2 macrophage polarization suppressed in�ammatory response to accelerate the recovery
from SCI.

Abbreviation
SCI: spinal cord injury

EXO: exosomes

HG: hypoxia

NG: normoxia
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GDEs: glioma derived exosomes
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Figure 1

The expression of CD163, IL-10, IL-1RA, TGFB1, CCL2 and TNFA in U937 cells was altered by treatment
with hypoxic U251 derived exosomes. A: Electron microscope image of exosomes derived from U251
cells treated under nomoxia and hypoxia conditions. B: Western blot showed CD9 and CD61 expression in
exosomes. C: U251-NG-EXO and U251-HG-EXO progressively elevated the expression of CD163 in U937
cells. D: U251-NG-EXO and U251-HG-EXO progressively elevated the expression of IL10 in U937 cells. E:
U251-NG-EXO and U251-HG-EXO progressively elevated the expression of IL-1RA in U937 cells. F: U251-
NG-EXO and U251-HG-EXO progressively elevated the expression of TGFB1 in U937 cells. G: U251-NG-
EXO and U251-HG-EXO progressively elevated the expression of CCL2 in U937 cells. H: U251-NG-EXO and
U251-HG-EXO progressively decreased the expression of TNFA in U937 cells.

Figure 2

U251-NG-EXO and U251-HG-EXO treatments changed the proportion of CD11b+/CD163+ cells and the
expression of IL-10 and TNFa in U937 cells. A: The proportion of CD11b+/CD163+ cells was increased by
U251-NG-EXO and U251-HG-EXO treatments. B: The concentration of IL10 in the supernatant was
elevated by U251-NG-EXO and U251-HG-EXO treatments. C: The concentration of TNFa in the supernatant
was decreased by U251-NG-EXO and U251-HG-EXO treatments.
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Figure 3

The expression of miR-1246, let-7b and TERF2IP was altered by U251-NG-EXO and U251-HG-EXO in U937
cells. A: The expression of miR-1246 was activated by U251-NG-EXO and U251-HG-EXO in U937 cells. B:
The expression of let-7b was activated by U251-NG-EXO and U251-HG-EXO in U937 cells. C: The
expression of TERF2IP was suppressed by U251-NG-EXO and U251-HG-EXO in U937 cells.
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Figure 4

MiR-1246 and let-7b inhibited the expression of TERF2IP by binding to its 3’ UTR. A: Sequence analysis
showed potential binding of miR-1246 to TERF2IP. B: The luciferase activity of wild type TERF2IP was
inhibited by miR-1246. C: Sequence analysis showed potential binding of let-7b to TERF2IP. D: The
luciferase activity of wild type TERF2IP was inhibited by let-7b. E: MiR-1246 and let-7b precursors
effectively inhibited the expression of TERF2IP in U937 cells.
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Figure 5

The survival and functional recovery of left hindlimb of SCI rats were promoted by U251-NG-EXO and
U251-HG-EXO. A: The survival of SCI rats was elevated by U251-NG-EXO and U251-HG-EXO. B: The
recovery of left hindlimb of SCI rats was elevated by U251-NG-EXO and U251-HG-EXO. C: U251-NG-EXO
and U251-HG-EXO treatments effectively increased the expression of IL-10 in CSF of SCI rats. D: U251-
NG-EXO and U251-HG-EXO treatments effectively decreased the expression of IL-10 in CSF of SCI rats.
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Figure 6

U251-NG-EXO and U251-HG-EXO treatments restored the expression of miR-1246, let-7b and TERF2IP in
SCI rats. A: The expression of miR-1246 in SCI rats was restored by U251-NG-EXO and U251-HG-EXO
treatments. B: The expression of let-7b in SCI rats was restored by U251-NG-EXO and U251-HG-EXO
treatments. C: The expression of TERF2IP mRNA in SCI rats was restored by U251-NG-EXO and U251-HG-
EXO treatments.

Figure 7

IHC analysis showed that the expression of TERF2IP protein in SCI rats was restored by U251-NG-EXO
and U251-HG-EXO treatments.
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Figure 8

U251-NG-EXO and U251-HG-EXO treatments attenuated the apoptosis of spinal cord cells in SCI rats.


