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Abstract: Peripheral nerve injury, a disease that affects 1 million people worldwide every year, occurs when periph-
eral nerves are destroyed by injury, systemic illness, infection, or an inherited disorder. Indeed, repair of damaged 
peripheral nerves is predominantly mediated by type 2 immune responses. Given that helminth parasites induce 
type 2 immune responses in hosts, we wondered whether helminths or helminth-derived molecules might have the 
potential to improve peripheral nerve repair. Here, we demonstrated that schistosome-derived SJMHE1 promoted 
peripheral myelin growth and functional regeneration via a macrophage-dependent mechanism and simultaneously 
increased the induction of M2 macrophages. Our findings highlight the therapeutic potential of schistosome-derived 
SJMHE1 for improving peripheral nerve repair.
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Introduction

Peripheral neuropathy is a common neurologi-
cal disorder resulting from peripheral nerve 
injury that occurs when the peripheral nerves 
are destroyed by injury, systemic illness, infec-
tion, or an inherited disorder. Although the 
peripheral nervous system maintains regenera-
tive ability, this regeneration occurs at a slow 
rate and is inefficient when myelin sheaths are 
thinner, leading to sensory and motor dysfunc-
tion, neuropathic pain, and even permanent 
disability [1-3]. These disastrous consequenc-
es not only reduce the quality of life of patients 
but also impose very large social and economic 
burdens [4]. However, an effective therapeutic 
strategy for promoting nerve regeneration and 
functional rehabilitation is still lacking.

Repair of peripheral nerve injury depends on 
the events of Wallerian degeneration distal to 
the lesion site [5]. Importantly, Wallerian degen-

eration is predominantly orchestrated by the 
immune response, which involves several 
immune cells, including dendritic cells, T cells, 
B cells, and particular macrophages [6-8]. 
Indeed, Wallerian degeneration is largely domi-
nated by macrophages, which not only inhibit 
proinflammatory factors but also help to re- 
move myelin debris, regulate glial cell activity, 
and secrete various bioactive factors to pro-
mote damaged nerve regeneration [9-11]. 
Similar to other types of tissue repair [12, 13], 
damaged peripheral nerve repair is likely to be 
mediated by type 2 immunity, such as the Th2 
cell response and M2 macrophage response 
[14, 15], which mediate tissue repair both by 
limiting inflammation and by directly inducing 
reconstruction of the damaged tissue [16]. 
Thus, manipulation of type 2 immunity, particu-
larly the M2 macrophage response, is a promis-
ing therapeutic strategy for peripheral nerve 
injury [17-19].

http://www.ajtr.org
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Parasitic helminths elicit strong type 2 immune 
responses, which play a pivotal role in mediat-
ing both host resistance (e.g., the expulsion of 
helminths and prevention of reinfection) and 
disease tolerance (e.g., control of inflammation 
and tissue repair) mechanisms [20]. Based on 
this, we postulated that helminth-derived mol-
ecules might have therapeutic potential to 
improve tissue repair through inducing the  
tissue repair-associated type 2 immune res- 
ponse, particularly the M2 macrophage cell-
mediated response. Consistent with this notion, 
published data have shown that liver fluke-
derived granulin peptide can improve diabetic 
wound healing [21]. However, whether hel-
minths or helminth-derived molecules can pro-
mote damaged peripheral nerve repair remains 
unknown.

In this study, we found that the peptide SJM- 
HE1 derived from a helminth, Schistosoma 
japonicum [22], promoted peripheral myelin 
growth and functional regeneration after sciat-
ic nerve injury in a macrophage-dependent and 
M2-related manner. Our findings propose a 
promising pharmaceutical agent for the treat-
ment of peripheral nerve injury.

Materials and methods

SJMHE1 peptide

The peptide SJMHE1 from SjHSP60 437-460 
(VPGGGTALLRCIPVLDTLSTKNED) was synthe-
sized and analyzed by high-performance hyd- 
raulic chromatography to obtain an accurate 
measurement of peptide content (Top-pep- 
tide, Shanghai, China). LPS contamination  
was avoided by pretreatment with polymyxin 
B-agarose. The dose of SJMHE1 peptide we 
used in this study was based on the single ther-
apeutic dose (10 μg) used in our previous study 
[23].

Animals and surgical procedures

Adult male Sprague-Dawley rats (body weight: 
220 ± 10 g) were purchased and reared in the 
Animal Experimental Center of Jiangsu Uni- 
versity in a standardized environment consist-
ing of a 12 h light/dark cycle, sterile water, 
standard pellet feed, and sterile bedding. All 
animal experiments were conducted in accor-
dance with the Guidelines for the Protection 
and Use of Experimental Animals and the 

Measures for the Administration of Animal Use 
at Jiangsu University and were reviewed and 
approved by the Animal Ethics Committee of 
Jiangsu University (permit number: UJS-IACUC- 
2018030120).

Thirty-six rats were randomly divided into 3 
groups (n = 12 in each group): the normal 
group, control group (PBS), and SJMHE1 treat-
ment group. All rats were anesthetized by an 
intraperitoneal injection of pentobarbital sodi-
um (50 mg/kg; Sigma, St. Louis, MO, USA). 
Subsequently, the rats were fixed on the oper-
ating table in a prone position, their left hind 
legs were shaved, and iodophor was used to 
disinfect the skin to ensure sterility. The sciatic 
nerve was exposed through an incision in the 
left hind limb, and 3 mm long of the nerve was 
excised. The nerve stumps (proximal end and 
distal end) were each retracted 1 mm to form a 
5 mm gap. A 7-mm long silicone tube (inner 
diameter: 1 mm; Helix Medical, Carpinteria, CA, 
USA) was implanted to bridge the nerve gap, 
and the the proximal and distal nerve stumps 
were inserted into the lumen at a depth of 1 
mm and anastomosed by 10-0 nylon sutures. 
Then, PBS or SJMHE1 (10 μg) was mixed with 
matrix glue (BD Biosciences, Billerica, MA) uni-
formly at a volume ratio of 1:1. Precooled 
microsyringes were used for injection into the 
lumen and stump from the anastomoses on 
both sides. The injection was performed as 
slowly as possible to avoid the formation of air 
bubbles. Thereafter, the muscle and skin were 
sutured with 4-0 nylon sutures. After the opera-
tion, the rats were kept in a large cage with 
sawdust to minimize discomfort and pain 
caused by mechanical stimulation. In addition, 
the rats were checked often for self-mutilation.

Functional evaluation

The functional recovery of rats was evaluated 
on the 35th day after surgery. Only rats that 
exhibited no signs of self-harm were evaluated, 
and researchers who did not participate in the 
surgical procedure or experimental grouping 
performed the evaluation according to a previ-
ously described method [24, 25]. Briefly, the 
hind paws were soaked in red ink, the animals 
were allowed to walk on 30 × 7 cm drawing 
paper, and 3-5 clearly visible footprints were 
collected. From the footprints, the following 
parameters were calculated: the distance from 
the heel to the third toe (PL) and the distance 
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from the first toe to the fifth toe (TS). E and N 
represented the surgical side and the normal 
side, respectively. The sciatic nerve function 
index (SFI) was calculated according to the fol-
lowing formula, with 0 indicating normal func-
tion and -100 indicating a complete loss of 
function: SFI = 118.9 × (ETS-NTS/NTS)-51.2 × 
(EPL-NPL)/NPL-7.5.

Weight ratio and morphology of the gastrocne-
mius muscle

The rats were sacrificed on the 60th day after 
the operation. The soleus muscle adjacent to 
the operated side and the contralateral gas-
trocnemius muscle were dissected and wei- 
ghed with an electronic balance. The = ratio of 
the weight of the gastrocnemius muscle (g) on 
the operated side to the weight of the contralat-
eral gastrocnemius muscle (g) was calculated 
to determine the mass of muscle recovered by 
motor axon reinnervation. Then, the gastrocne-
mius muscle was fixed with 4% paraformalde-
hyde, paraffin-embedded, sectioned, and stai- 
ned with hematoxylin and eosin (H&E). Images 
were collected using an ECLIPSE E100 micro-
scope (Nikon, Tokyo, Japan).

Nerve tissue preparation

After the rats were sacrificed on the 35th day, 
the nerve conduits were collected, fixed with 
4% paraformaldehyde, embedded in paraffin, 
and sectioned from the middle point of the 
nerve conduits for subsequent experiments.

Immunofluorescence

Immunofluorescence was performed using pre-
viously reported standard methods [24]. In 
brief, nerve tissue sections were incubated 
with rabbit anti-NF200 (1:200, Cat. No: GB- 
13141, Servicebio, Wuhan, China), rabbit anti-
S100 (1:200, Cat. No: GB11359, Servicebio), 
goat anti-CCR7 (1:200, Cat. No: NB100-712SS, 
Novus Biologicals, Colorado, CO), goat anti-
CD206 (1:200, Cat. No: ab64693, Abcam, 
Cambridge, MA) and rabbit anti-CD68 (1:200, 
Cat. No: BA3638, Boster, Wuhan, China) anti-
bodies at 4°C overnight. The slices were then 
incubated with Alexa Fluor 488-conjugated 
goat anti-rabbit (1:400, Cat. No: GB25303, 
Servibio), Cy3-conjugated goat anti-rabbit 
(1:300, Cat. No: GB23303, Servibio), FITC-
conjugated donkey anti-goat (1:200, Cat. No: 

GB21404, Servibio), HRP-conjugated goat anti-
rabbit (1:500, Cat. No: GB21303, Servibio),  
and Cy3-conjugated donkey anti-rabbit (1:300, 
Cat. No: GB21403, Servibio) secondary anti-
bodies for 1 h. The nuclei were stained with 
DAPI (5 μg/mL) for 10 min, and then the sec-
tions were observed with an ECLIPSE C1 (Ni- 
kon) fluorescence microscope. The fluores-
cence intensity of 6 random pictures captured 
from each slice was measured by using Image-
Pro Plus software (Version X, Adobe, San Jose, 
CA).

Transmission electron microscopy

Transmission electron microscopy was per-
formed as previously described [24]. Nerve tis-
sue catheters were harvested on the 35th day, 
fixed in 2.5% glutaraldehyde for 24 h, dehydrat-
ed, embedded with EPDN-812, and sliced. 
Then, the sections were stained with uranyl 
acetate and lead citrate for 20 min, and pic-
tures were taken with an HT7700 transmission 
electron microscope to observe the ultrastruc-
ture, thickness, and number of myelin sheaths.

Schwann cell culture and determination of 
proliferation and migration

Schwann cells were isolated and purified by 
enzymatic digestion of the sciatic nerves of 
3-day-old SD rats according to a previously 
described standard procedure [26]. P4 or P5 
Schwann cells were identified by immunofluo-
rescence staining using GFAP (1:200, Cat. No: 
GB11096, Servibio) and S100 (1:200, Cat. No: 
GB11359, Servibio) antibodies, and Schwann 
cells with a purity greater than 98% were used 
in this experiment. Schwann cells were digest-
ed and seeded into 96-well plates, treated with 
SJMHE1 peptide at different concentrations 
(0.1 μg/ml, 1 μg/ml, or 10 μg/ml) and cultured 
for 24 h. According to the manufacturer’s 
instructions, the proliferative ability of the 
Schwann cells was measured using a CCK-8 
assay kit. In a 24-well plate, Schwann cells 
were pretreated with different concentrations 
(0.1 μg/ml, 1 μg/ml, or 10 μg/ml) of SJMHE1 
peptide. Then, Ki67 immunofluorescence st- 
aining was performed to further evaluate the 
proliferative ability of Schwann cells. A rabbit 
anti-Ki67 primary antibody (1:200, Cat. No: 
GB13030-2, Servibio) and Cy3-conjugated goat 
anti-rabbit secondary antibody (1:200, Cat. No: 
GB23303, Servibio) were used.
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In a 6-well plate, Schwann cells were pretreat-
ed with different concentrations (0.1 μg/ml, 1 
μg/ml, or 10 μg/ml) of SJMHE1 peptide. Then, 
1 × 105 Schwann cells were suspended in 100 
μL serum-free culture medium and seeded in 
the upper chamber of a Transwell system 
(Costar, Cambridge, MA), the lower chamber of 
the Transwell system was filled with 600 μL 
complete culture medium for 12 h, and the 
cells were stained with 0.1% crystal violet. An 
ICC50 HD microscope was used for image 
acquisition and counting (Leica Microsystems).

Isolation and culture of dorsal root ganglia

Dorsal root ganglia (DRGs) were obtained 
according to a previous method with minor 
modifications [27]. Briefly, 3-day-old SD rats 
were sacrificed. The vertebral body was sec-
tioned along the sagittal plane, the DRGs were 
removed one by one from the intervertebral 
foramen, and the outer membrane was peeled 
off under a microscope. The DRGs were placed 
in a 24-well plate coated with polylysine and 
cultured in neurobasal medium (Gibco, Carls- 
bad, CA) supplemented with 2% B27 (Invitro- 
gen), 50 ng/mL NGF (Invitrogen), 2 mmol/L-glu-
tamine (Invitrogen), and 1% cyan-streptomycin. 
The next day, SJMHE1 peptide was added at 
different concentrations (0.1 μg/ml, 1 μg/ml, or 
10 μg/ml SJMHE1) for 4 days. A rabbit anti-
tubulin β-III primary antibody (1:200, Cat. No: 
GB11139, Servibio) and Cy3-conjugated goat 
anti-rabbit secondary antibody (1:300, Cat. No: 
GB23303, Servibio) were used for fluoresc- 
ence staining, and the morphology of DRG 
spheres and regenerated axons of individual 
neurons were observed using an ECLIPSE C1 
(Nikon) fluorescence microscope. In all experi-
ments, the DRGs were treated with 10 μm cyta-
rabine (Sigma) to remove non-nerve cells.

Chlorophosphate liposome study

A chlorophosphate liposome suspension (F70- 
101C-A, Palo Alto, CA) and negative control 
(F70101-A) were purchased from FormuMAX 
Scientific. To prevent liposome precipitation, 
the suspension was shaken and mixed evenly 
before use to ensure homogenization. In this 
experiment, on the basis of a previous descrip-
tion protocol [11], local injection into the nerve 
conduit and stump effectively depleted resi-
dent macrophages and some peripheral circu-
lating macrophages. The experimental group 

included two groups (n = 6 in each group): the 
liposome (negative control) + SJMHE1 group 
and chlorophosphate liposome group + 
SJMHE1 group. The specific details of the pro-
cedure were consistent with the model con-
struction and injection protocols described 
above. On the 10th day after the operation, the 
rats were killed to collect nerve conduits, which 
were fixed with 4% paraformaldehyde, paraffin-
embedded, and sectioned. Rabbit anti-tubulin 
β-III (1:200, Cat. No: GB11139, Servibio) and 
rabbit anti-CD68 primary antibodies (1:200, 
Cat. No: BA3638, Boster) and Alexa Fluor 488- 
conjugated goat anti-rabbit (1:400, Cat. No: 
GB25303, Servibio) and Cy3-conjugated goat 
anti-rabbit secondary antibodies (1:300, Cat. 
No: GB23303, Servibio) were used for immuno-
fluorescence staining, and an ECLIPSE C1 
(Nikon) fluorescence microscope was used to 
observe the morphology.

According to the manufacturer’s instructions, 
clodronate was encapsulated in liposomes at a 
concentration of 7 mg/ml. To study the effect 
of chlorophosphate liposomes on Schwann 
cells, Schwann cells were seeded in 96-well 
plates overnight. Then, the culture medium was 
replaced with 200 μl complete medium con-
taining different concentrations of chlorophos-
phate liposomes (21.857 μg/ml, 43.75 μg/ml, 
87.5 μg/ml, or 175 μg/ml) per well in a 96-well 
plate, and the cells were cultured for 24 h and 
48 h. The proliferation of Schwann cells was 
assessed by the CCK8 assay. The concentra-
tions were selected based on the in vivo dose 
of 5 μl (35 μg).

Culture and treatment of RAW264.7 cells

The mouse macrophage line RAW264.7 was 
purchased from ATCC (Manassas, VA). RAW- 
264.7 cells were cultured in DMEM containing 
10% fetal bovine serum and 1% cyan-strepto-
mycin and incubated in 5% CO2 at 37°C. 
According to previous studies [28], RAW264.7 
cells were pretreated with 0.1 μg/ml SJMHE1 
peptide for 24 h. Then, fluorescence staining 
was performed using mouse anti-iNOS (1:200, 
Cat. No: ab49999, Abcam) and rabbit anti-Arg1 
(1:200, Cat. No: ab91279, Abcam) primary anti-
bodies and Alexa Fluor 647-conjugated goat 
anti-mouse (1:500, Abcam) and Alexa Fluor 
488-conjugated donkey anti-rabbit (1:500, 
Abcam) secondary antibodies.
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To study the effect of SJMHE1 on the prolifera-
tion of macrophages, RAW264.7 cells were pre-
treated with SJMHE1 at different concentra-
tions (0.1 μg/ml, 1 μg/ml, and or 10 μg/ml). 
Then, the cells were digested and seeded in 
96-well and 24-well plates for 24 h and 48 h. 
The CCK8 assay and Ki67 immunofluorescence 
staining were performed to evaluate the prolif-
eration of RAW264.7 cells.

To study the effect of SJMHE1 on the migration 
of macrophages, a scratch wound assay was 
performed to assess the migration of RAW- 
264.7 cells. Briefly, RAW264.7 cells were plat-
ed in a 6-well plate. When the cell confluence 
reached 80%, the monolayer was scratched 
vertically with a pipette tip, and the plate was 
washed with PBS to remove the detached cells. 
Then, the cells were cultured in complete medi-
um supplemented with SJMHE1 for 24 h. The 
cells were monitored and photographed at mul-
tiple sites at 0 and 24 h. Images were captured 
using a CKX-53 microscope (Olympus, Tokyo, 
Japan). Wound healing was calculated as fol-
lows: (distance from the scratch at 0 h -dis-
tance of cell migration at 24 h/distance from 
the scratch at 0 h) × 100%.

Western blot analysis

Briefly, after pretreatment with 0.1 μg/ml 
SJMHE1 peptide or 1 μg/ml LPS for 24 h, the 
cells were collected and lysed in RIPA buffer 
(Cell Signaling Technology, Danvers, MA) con-
taining PMSF (Beyotime, Nantong, China) and 
quantified using a BCA Protein Assay Kit 
(Beyotime). Equal amounts of protein (50 μg) 
were separated by 10% sodium dodecyl sul-
fate-polyimide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene fluoride mem-
branes (Bio-Rad, Hercules, CA). Then, the mem-
branes were blocked with 5% BSA and incubat-
ed with mouse anti-iNOS (1:1000, Cat. No: 
ab49999, Abcam) and rabbit anti-Arg 1 (1: 
1000, Cat. No: ab91279, Abcam) primary anti-
bodies at 4°C overnight. The membranes were 
then incubated with an HRP-conjugated sec-
ondary antibody for 1 h. The bands were visual-
ized using an ECL chemiluminescence kit.

Extraction and treatment with conditioned 
medium

Briefly, RAW264.7 cells were cultured in com-
plete medium containing 0.1 μg/ml SJMHE1  

for 24 h. Then, the medium was replaced with 
serum-free medium, the cells were cultured for 
24 h, and the supernatant was collected. 
Schwann cells and DRG neurons were treated 
with the collected supernatant. The prolifera-
tion of Schwann cells was evaluated by the 
CCK8 assay, and the morphological character-
istics of DRG neurons were assessed by tubulin 
β-III immunofluorescence staining.

Statistical analysis

GraphPad Prism 5.0 (La Jolla, CA) was used for 
statistical analysis, and the data are expressed 
as the mean ± SEM. Differences between two 
groups were analyzed by unpaired two-tailed 
Student’s t test, and those between three  
or more groups were analyzed by ANOVA. A 
value of P<0.05 was considered statistically 
significant.

Results

SJMHE1 peptide promoted functional recovery 
after peripheral nerve injury

To evaluate whether SJMHE1 has a therapeutic 
effect on peripheral nerve injury, we transfect-
ed the sciatic nerves of the left hindlimbs of 
adult male Sprague-Dawley rats and then treat-
ed these rats with SJMHE1 or PBS. The results 
showed that both the spreading of the plantar 
surface of the hind paw (Figure 1A) and the SFI 
value (Figure 1B and 1C) of SJMHE1-treated 
rats were significantly better than those of con-
trol rats, suggesting the recovery of motor func-
tion after SJMHE1 treatment. Furthermore, 
atrophy of the gastrocnemius muscle was sig-
nificantly alleviated and the wet weight ratio of 
the gastrocnemius muscle was significantly 
improved in SJMHE1-treated rats (Figure 1D-F). 
Taken together, these results indicate that 
schistosome-derived SJMHE1 enhances func-
tional recovery after sciatic nerve injury.

SJMHE1-mediated peripheral nerve repair 
was associated with increased myelin sheath 
regeneration

In parallel with improved functional recovery, 
the regenerated sciatic nerve was thicker in 
SJMHE1-treated rats than in control rats (Fi- 
gure 2A). We next performed S100 and NF200 
coimmunofluorescence staining to determine 
the effect of SJMHE1 on the regeneration of 
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myelinated fibers. The results showed that 
SJMHE1 treatment promoted the regeneration 
of the myelin sheath, which was reflected by 
increased expression of both S100 and NF200 
(Figure 2B-D). In addition, the thickness and 
number of myelin sheaths were significantly 
increased in SJMHE1-treated rats (Figure 2E- 
G). These results suggest that SJMHE1 treat-

ment enhances the regeneration of the myelin 
sheath.

SJMHE1 had no direct effect on Schwann cells 
and DRG

To determine whether SJMHE1 promoted my- 
elin sheath regeneration through directly tar-

Figure 1. SJMHE1 promoted functional recovery after sciatic nerve transection in rats. A. Toe spreading 35 days 
after sciatic nerve transection. B. Representative photographs of rat footprints. C. Statistical analysis of the sciatic 
nerve function index (SFI). D. Morphological characteristics of the gastrocnemius muscle 60 days after sciatic nerve 
transection. E. Statistical analysis of the gastrocnemius muscle wet weight ratio. F. Representative photographs of 
H&E staining of cross-sections of gastrocnemius muscles. Scale bar = 50 μm. The arrows in all pictures indicate 
the operated side. The SJMHE1 group vs the control group; n = 6 for each group; *P<0.05, **P<0.01 (ANOVA). The 
data are presented as the mean ± SEM.
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Figure 2. SJMHE1 promoted nerve regeneration after sciatic nerve transection in rats. A. Morphological characteristics of regenerated nerves in nerve conduits 35 
days after sciatic nerve transection. B. Double immunofluorescence staining for S100 (green) and NF200 (red) in cross-sections of the regenerated nerve region at 
the midpoint of the nerve conduit. Scale bar = 50 μm. C, D. Quantitative analyses of the fluorescence intensity of S100 and NF-200. E. TEM images of cross-sections 
of the regenerated nerve region at the midpoint of the nerve conduit. The scale bars in each group from top to bottom are as follows: 20 μm, 5 μm, and 1 μm. F, G. 
Statistical analysis of the myelin sheath number and myelin sheath thickness. The SJMHE1 group vs the control group; n = 6 for each group; *P<0.05, **P<0.01 
(ANOVA). The data are presented as the mean ± SEM.
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geting Schwann cells, Schwann cells were iso-
lated (Figure 3A). The CCK8 assay and Ki67 
staining showed that SJMHE1 had no demon-
strable direct effect on Schwann cell prolifera-
tion or migration in vitro (Figure 3B-F). In addi-
tion, the lengths of the nerve filaments of 
SJMHE1-treated DRG neuron axons and single 
neuron axons were similar to those of PBS-
treated DRG neuron axons (Figure 3G and 3H). 
Thus, these results show that schistosome-
derived SJMHE1 has no detectable direct eff- 
ect on the proliferation and migration of 
Schwann cells or the growth of axons.

SJMHE1 promoted sciatic nerve repair via a 
macrophage-dependent mechanism

Given the central role of macrophages in per- 
ipheral nerve repair, we next wondered whether 
macrophages were involved in SJMHE1-medi- 
ated sciatic nerve repair. Nerve conduits were 
collected, and immunofluorescence staining of 
CD68 was performed. As expected, the num- 
ber of macrophages was significantly increased 
in regenerated nerve tissue from SJMHE1-
treated rats, as shown by increased CD68 
expression (Figure 4A and 4B). More impor-
tantly, chlorophosphate liposomes were locally 
injected to deplete macrophages in injured sci-
atic nerve tissue (Figure 4C and 4D). The 
results showed that macrophage depletion 
abrogated the SJMHE1-induced improvement 
in sciatic nerve repair, as indicated by the 
lengths of the regenerated axons (Figure 4E 
and 4F). However, chlorophosphate liposomes 
had no effect on the proliferative activity of 
Schwann cells in vitro (Supplementary Figure 
1). Furthermore, we found that conditioned 
medium from macrophages treated with 
SJMHE1 significantly promoted the proliferative 
activity of Schwann cells and the growth of DRG 
neuron axons (Supplementary Figure 2), indi-
cating that macrophages treated with SJMHE1 
promoted Schwann cell proliferation and axon 
growth by producing soluble factors. These 
results demonstrate that schistosome-derived 
SJMHE1 enhances injured sciatic nerve repair 
in a macrophage-dependent manner.

SJMHE1 promoted macrophage migration

To clarify the mechanisms by which SJMHE1 
results in an increase in the macrophage popu-
lation at the injured site, we examined the 
effect of SJMHE1 on the migration and prolif-

eration of macrophages by the CCK8 assay and 
Ki67 staining in vitro. As shown in Figure 5A-C, 
the proliferation of RAW264.7 cells was not 
affected by SJMHE1. Next, we performed a 
wound-healing assay to evaluate the effects of 
SJMHE1 on macrophage migration and found 
that SJMHE1 promoted macrophage migration 
(Figure 5D and 5E). These results demonstrate 
that SJMHE1 can promote macrophage migra-
tion without affecting macrophage prolifer- 
ation.

SJMHE1 induced proregenerative M2 macro-
phage polarization

Given that substantial evidence shows that M2 
macrophages can promote peripheral nerve 
regeneration [17-19], we examined the effect of 
SJMHE1 on the polarization of macrophages in 
vivo. Strikingly, SJMHE1 treatment increased 
the number of M2 macrophages (CD206+ 

CD68+ cells) at the site of the injury and the  
surroundings while decreasing the number of 
M1 macrophages (CCR7+CD68+ cells) in 
SJMHE1-treated rats (Figure 6A-D). To clarify 
the direct effect of SJMHE1 on M2 macrophage 
polarization, we treated RAW264.7 macro-
phages with SJMHE1 in vitro. We found that 
SJMHE1 induced the polarization of macro-
phages to the M2 phenotype, as indicated by 
increased expression of Arg-1, a marker of M2 
macrophages (Figure 6E-G). No detectable 
iNOS signals were observed in SJMHE1-treated 
macrophages (Figure 6E-G).

Overall, these findings indicate that schisto-
some-derived SJMHE1 enhances damaged 
peripheral nerve repair in a macrophage-
dependent manner and concomitantly increas-
es M2 macrophage polarization, highlighting 
the therapeutic potential of SJMHE1 for pro-
moting peripheral nerve repair.

Discussion

Peripheral nerve injury is a common disease 
caused by injury, systemic illness, infection, or 
an inherited disorder that may lead to sensory 
and motor dysfunction, neuropathic pain, or 
even permanent disability. However, effective 
therapeutic strategies for enhancing peripheral 
nerve regeneration and functional recovery are 
still lacking. Here, we demonstrated that Schis- 
tosoma japonicum-derived SJMHE1 polypep-
tide promoted the repair and functional recov-
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ery of damaged sciatic nerves via a macro-
phage-dependent mechanism. Our results 

propose a potential future therapeutic strategy 
for peripheral nerve injury.

Figure 3. SJMHE1 had no direct effect on the proliferation and migration of Schwann cells or neurite outgrowth of 
DRGs. A. S100 and GFAP immunofluorescence staining to identify primary Schwann cells. Scale bar = 100 μm. B. 
Analysis of Schwann cell proliferation by the CCK8 assay. C, D. Assessment of Schwann cell proliferation by Ki67 
immunofluorescence staining (red). Scale bar = 100 μm. E, F. Evaluation of Schwann cell migration by the Transwell 
assay. G, H. Immunofluorescence staining for β-tubulin III (red) in DRGs and single neurons. DAPI (blue)-stained 
nuclei. Scale bar = 100 μm. Groups treated with different concentrations of SJMHE1 vs the control group; n = 3 
for each group; P>0.05 indicates no statistical significance (ANOVA). The data are presented as the mean ± SEM.
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The therapeutic potential of helminth or hel-
minth-derived molecules has been extensively 
studied in the context of autoimmune disease 
alleviation [29, 30]. Given that the inhibition of 
proinflammatory responses promotes the 
repair of damaged peripheral nerves [31], it is 
possible that helminth or helminth-derived mol-
ecules also have therapeutic potential for 

peripheral nerve injury. We found that schisto-
some-derived SJMHE1 peptide significantly 
promoted functional recovery and increased 
axonal regeneration and myelination after sci-
atic nerve injury. Consistent with these obser-
vations, substantial evidence shows that axo-
nal regeneration and myelination are necessary 
for functional recovery after peripheral nerve 

Figure 4. Chlorophosphate liposomes reduced the therapeutic effect of SJMHE1 in an in vivo model. A. Immuno-
fluorescence staining of cross-sections of the regenerated nerve for CD68 (red) 35 days after nerve injury. n = 3. 
Scale bar = 50 μm. B. Quantitative analysis of the number of CD68-positive cells in different groups. C. Immunofluo-
rescence staining for CD68 (red) in longitudinal sections of the regenerated nerve 10 days after nerve injury. CLP: 
chlorophosphate liposome. LP: liposome (negative control). n = 6. Scale bar = 50 μm. D. Quantitative analysis of the 
number of CD68-positive cells in different groups. E. Immunofluorescence staining for β-tubulin III (green) in longi-
tudinal sections of the regenerated nerve. The length of regenerative axons from the proximal end was measured 
for different groups. Scale bar = 2000 μm. The boxed areas are higher-magnification images. Scale bar = 500 μm. 
DAPI (blue)-stained nuclei. F. Statistical analysis of the length of regenerative axons. SJMHE1+CLP vs SJMHE1+LP; 
n = 6 for each group; *P<0.05, **P<0.01 (Student’s t test; ANOVA). The data are presented as the mean ± SEM.
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Figure 5. SJMHE1 promoted macrophage migration. A. RAW264.7 cells were incubated with different concentrations of SJMHE1, and cell viability was determined 
by the CCK8 assay. B, C. Representative images and quantification data of Ki67 staining (red). DAPI (blue)-stained nuclei. Scale bar = 100 μm. D, E. Representative 
images of and quantification data for the wound-healing assay. Groups treated with different concentrations of SJMHE1 vs the control group; n = 3 for each group; 
P>0.05 indicates no statistical significance (ANOVA). The data are presented as the mean ± SEM.
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Figure 6. SJMHE1 induced M2 polarization of macrophages. A, B. Images of double immunofluorescence staining of CD206+ (green)/CD68+ (red) and CCR7+ 
(green)/CD68+ (red) macrophages in cross-sections of the regenerated nerve region at the midpoint of the nerve conduit. Scale bar (left) = 500 μm. The round and 
boxed areas are higher-magnification images. Scale bar = 200 μm and 20 μm. DAPI (blue)-stained nuclei. C, D. Quantitative analysis of the number of CD206+/
CD68+ and CCR7+/CD68+ macrophages in different groups. The ratio of CD206+ cells to CD68+ cells was calculated as the ratio of M2 macrophages. The ratio of 
CCR7+ cells to CD68+ cells was calculated as the ratio of M1 macrophages. The SJMHE1 group vs the control group; n = 6 for each group. E. Immunofluorescence 
staining of macrophages with the phenotypic markers iNOS and Arg1. DAPI (blue)-stained nuclei. Scale bar = 100 μm. n = 3. F. Western blot analysis of iNOS and 
Arg1 expression in different groups. The LPS group represents the positive control group. G. Statistical analysis of the relative expression of iNOS and Arg1 proteins. 
The SJMHE1 group vs the control group or LPS group; n = 3 for each group; *P<0.05, **P<0.01, ***P<0.001 (ANOVA). The data are presented as the mean ± SEM.
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injury [32, 33]. Furthermore, in line with the 
published data showing that mature Schwann 
cells play a central role in axonal myelination 
[34], our results showed that SJMHE1 treat-
ment enhanced Schwann cell maturation, as 
indicated by a significant increase in S100 
expression.

Given that no direct effects of SJMHE1 on 
Schwann cell proliferation or migration or neu-
rite growth were observed in vitro, it is reason-
able to hypothesize that SJMHE1 treatment 
promoted Schwann cell maturation in an indi-
rect manner in vivo after sciatic nerve injury. 
Notably, macrophage depletion inhibited Sch- 
wann cell maturation and subsequently im- 
paired peripheral nerve repair after nerve injury 
[11], suggesting that macrophages play a key 
role in Schwann cell maturation. Interestingly, 
our results showed that macrophage deple- 
tion also abrogated the SJMHE1-mediated 
enhancement of sciatic nerve repair, demon-
strating that SJMHE1 promotes damaged 
peripheral nerve repair in a macrophage-
dependent manner. It is well known that M1 
macrophages mainly promote inflammation 
and inhibit the repair of injured peripheral 
nerves, while M2 macrophages limit inflamma-
tion and enhance the repair of injured periph-
eral nerves [9, 35]. Consistent with this notion, 
we also found that SJMHE1-mediated promo-
tion of sciatic nerve repair was accompanied by 
increased percentages and numbers of M2 
macrophage. A growing body of evidence indi-
cates that M2 macrophages promote Schwann 
cell infiltration and axonal growth by producing 
multiple soluble factors [36, 37]. Consistently, 
our results showed that conditioned medium 
from macrophages treated with SJMHE1 pro-
moted the proliferative activity of Schwann 
cells and the growth of DRG neuron axons. In 
conclusion, we found that SJMHE1 promoted 
peripheral nerve repair and functional regener-
ation through a macrophage-dependent, M2- 
related mechanism, indicating that schisto-
some-derived SJMHE1 has therapeutic poten-
tial for peripheral nerve injury.
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Supplementary Figure 1. Chlorophosphate liposomes had no direct effect on the proliferation of Schwann cells. The 
CCK8 assay was performed to analyzed Schwann cell proliferation follow administration of different concentrations 
of chlorophosphonate liposomes. CLP, chlorophosphate liposome. Groups treated with CLPs at different concentra-
tions vs the control group; n = 3 for each group; P>0.05 indicates no statistical significance (ANOVA). The data are 
presented as the mean ± SEM.

Supplementary Figure 2. Treatment with macrophage-conditioned medium (CM) and SJMHE1 promotes the prolif-
erative activity of Schwann cells and an increase in density of DRG neuron axons. (A) Assessment of Schwann cell 
proliferation by the CCK8 assay. (B) Immunofluorescence staining for β-tubulin III (red) in DRG neurons. DAPI (blue)-
stained nuclei. Scale bar = 100 μm. The CM group vs the control group; n = 3 for each group; **P<0.01 (Student’s 
t test). The data are presented as the mean ± SEM.


