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Abstract
Background

Perineural invasion (PNI) and autophagy are two common features in the tumor microenvironment of
pancreatic cancer (PanCa) and have a negative effect on prognosis. Potential mediator cells and the
molecular mechanism underlying their relationships need to be fully elucidated.

Methods

To investigate the autophagy of Schwann cells (SCs) in PNI, we reproduced the microenvironment of PNI
by collecting clinical PNI tissue, performing sciatic nerve injection of nude mice with cancer cells and
establishing a Dorsal root ganglion DRG  coculture system with cancer cell lines. Autophagy was
detected by IHC, IF, transmission electron microscopy (TEM) and western blotting assays. Apoptosis was
detected by IF, TEM and western blotting. NGF targeting molecular RO 08-2750 RO  and the autophagy
inhibitor Chloroquine CQ were utilized to evaluate the effect on autophagy and apoptosis in SCs and
PanCa cells in PNI samples.

Results

SC autophagy is activated in PNI by paracrine NGF from PanCa cells. Autophagy-activated Schwann cells
promote PNI through a) enhanced migration and axon guidance toward PanCa cells and b) increased
chemoattraction to PanCa cells. The NGF-targeting reagent RO and autophagy inhibitor CQ inhibited
Schwann cell autophagic �ux and induced Schwann cell apoptosis. Moreover, RO and CQ could induce
PanCa cell apoptosis and showed good therapeutic effects in the PNI model.

Conclusions

PanCa cells can induce autophagy in SCs through paracrine pathways such as the NGF/ATG7 pathway.
Autophagic SCs exert a "nerve-repair like effect", induce a high level of autophagy of cancer cells, provide
a "beacon" for the invasion of cancer cells to nerve �bers, and induce directional growth of cancer cells.
Targeting NGF and autophagy for PNI treatment can block nerve in�ltration and is expected to provide
new directions and an experimental basis for the research and treatment of nerve in�ltration in pancreatic
cancer.

Background
Pancreatic ductal adenocarcinoma (PanCa) is a lethal disease with high morbidity and mortality
worldwide. It was estimated that, by 2040, the total number of cases in the European Union (EU) will
increase by more than 30%1. PanCa is the seventh and fourth leading cause of cancer-related deaths
worldwide and in the United States, respectively2, 3. PanCa is projected to surpass breast, prostate, and
colorectal cancers to become the second leading cause of cancer-related death by 20304. Perineural
invasion (PNI), with a prevalence between 70% and 100% in PanCa, is associated with poor prognosis,
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tumor recurrence, and generation of pain; this condition can be detected in the early stages and is an
independent prognostic factor of PanCa 5, 6.

Peripheral nerves form complex tumor microenvironments, which are comprised of several cell types and
factors, including Schwann cells7, 8. Recent studies have revealed that Schwann cells (SCs) can enable
cancer progression by adopting a dedifferentiated phenotype, which is similar to the SC response to nerve
trauma9. A detailed understanding of the molecular and cellular mechanisms involved in the regulation of
cancer progression by nerves is essential to design strategies to inhibit tumor progression10. Direct
contact between cancer cells and Schwann cells can promote cancer cell migration, dissociation, and
invasion. The Schwann cell-directed regulation of cancer cells may be mediated by neural cell adhesion
molecule 1 (NCAM1) in perineural invasion 11. Schwann cells also contribute to PanCa epithelial-
mesenchymal transition (EMT) in pancreatic nerves by activating the MET pathway in cancer cells in the
PanCa microenvironment12. SC-conditioned media can promote the proliferation and invasion of PanCa
through matrix metalloproteinase-2, cathepsin D, plasminogen activator inhibitor-1, and galectin-1, as
shown by proteomic analysis13. SCs are dedifferentiated and participated in axonal regeneration after
peripheral nerve injury, which is critical to achieving e�cient axonal regeneration at the early stages 14.

Pancreatic cancer primary tumors and cell lines show elevated autophagy under basal conditions.
Autophagy was signi�cantly induced in pancreatic ductal adenocarcinoma tissue compared to healthy
pancreatic tissue of patients. Autophagy has a cytoprotective effect against 5-�uorouracil and
gemcitabine in pancreatic cancer cells15. In SCs, autophagy is activated and exerts a ubiquitous
cytoprotective effect, which is essential for degrading and recycling cellular constituents after nerve
damage16. Nerve growth factor (NGF) may activate the autophagy of SCs, which is crucial for
degradation and clearance of myelin debris following peripheral nerve injury via the
p75NTR/AMPK/mTOR axis 17.

However, little is known about the effect and mechanism of cancer cells on SCs in the PNI of PanCa. In
the present study, we investigated the role of cancer cells in the autophagy of SCs by upregulating ATG7
expression, which is mediated by neurotrophic factors, such as NGF, secreted by cancer cells. The
autophagy of SCs can promote the outgrowth of nerve axons, which can act as a bridge in the occurrence
and development of perineural invasion in PanCa.

Methods

Reagents and antibodies
Cytokines, antibodies and reagents were purchased from the indicated suppliers: nerve growth factor
(NGF; Peprotech, 450-01), RO 08-2750 (RO; NGF inhibitor, GLPBIO, Cas No. 37854-59-4), chloroquine
diphosphate salt (CQ; lysosomal inhibitor, Sigma–Aldrich, C6628), hematoxylin and eosin (HE, Beyotime
Biotechnology, C0105), and 4',6-diamidino-2-phenylindole (DAPI, Beyotime Biotechnology, C1002).  
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The following primary antibodies were used for immuno�uorescence staining and western blotting: anti-
cleaved caspase-3 (rabbit, Abcam, ab32042), anti-P62 (rabbit, Abcam, ab109012), anti-LC3 (rabbit,
Sigma-Aldrich, ABC929), anti-GFAP antibody (rabbit, Abcam, ab68428), anti-GFAP (mouse, Cell Signaling
Technology, 3670T) anti-NF-09 (mouse, Abcam, ab7794), anti-NF-H (mouse, Santa Cruz, sc-133165), anti-
ATG7 (rabbit, Bioworld, BS6046), anti-GAPDH (mouse, Proteintech, 60004-1-Ig), and anti-ATG5 (rabbit,
Abcam, ab108327). The secondary antibodies were as follows: goat anti-mouse IgG (H+L) HRP
(SparkJade, EF0001) and goat anti-rabbit IgG (H+L) HRP (SparkJade, EF0002).

Cell lines and cell culture
The human PDAC cell lines Panc-1 and BxPC-3 were purchased from the Chinese Academy of Sciences
Cell Bank of Type Culture Collection (CBTCCCAS, Shanghai, China). Panc-1 and BxPC-3 cells were
cultured in Dulbecco's modi�ed Eagle's medium (DMEM; Gibco; Thermo Fisher Scienti�c, USA) or Roswell
Park Memorial Institute 1640 (RPMI 1640; Gibco; Thermo Fisher Scienti�c, USA) with 10% fetal bovine
serum (FBS; Biological Industries) at 37 °C with 5% CO2. Rat RSC96 Schwann cells (SCs) were obtained
from the Chinese Academy of Sciences Cell Bank of Type Culture Collection and cultured in 5% CO2 at 37
°C in Dulbecco's modi�ed Eagle's medium (DMEM; Gibco; Thermo Fisher Scienti�c, USA) containing 10%
fetal bovine serum (FBS; Biological Industries) and 1% penicillin/streptomycin (Gibco; Thermo Fisher
Scienti�c, USA).

Coculture of DRG or SCs with cancer cells
Newborn rats were obtained from the laboratory animal center of Xi'an Jiaotong University. As previously
described, DRGs were isolated from newborn rats and then washed in cold PBS. After DRGs were
embedded in 10 μl of Matrigel (Corning; REF 354234) in a 24-well plate (LabServ; 310109007), they were
cultured in 5% CO2 at 37 °C in DMEM containing 10% FBS. Coculture of cancer cell DRGs or cancer cell
SCs was performed as previously described with modi�cations18. On Day 1, a droplet of PANC-1 or BxPC-
3 cells (the cell suspension was quanti�ed and adjusted to approximately 2 million cells/mL) was added
to a 24-well plate and cultured normally for attachment. On Day 2, a drop of Matrigel (in which a DRG will
be plated) or a drop of SCs (2 million cells/mL) was seeded beside the drop of cancer cells at a distance
of 1 mm (distance controlled under a microscope with a scale). The recruitment of neurons and SCs by
cancer cells was monitored over 3 continuous days.

Western blotting analysis
Cell lysates were extracted from cultured cells with RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1%
SDS, 1% NP40 and 0.5% sodium deoxycholate) containing proteinase inhibitors (1% inhibitor cocktail and
1 mM PMSF) (Roche Applied Science, Germany) by incubation for 10 min on ice and centrifugation at
12000 ×g for 15 min at 4 °C. The concentration of the protein lysates was measured using the BCA
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Protein Assay Kit (Beyotime Biotechnology, P0012). Eighty micrograms of protein was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 8–12%) and transferred onto
polyvinylidene �uoride membranes (PVDF, Merck Millipore, Billerica, MA, USA). After being blocked in 5%
bovine serum albumin for 2 h, the membranes were incubated with primary antibody at 4 °C overnight.
The primary antibodies were diluted in 5% bovine serum albumin as follows: LC3 (1:1000), P62 (1:1000),
ATG-5 (1:1000), ATG-7 (1:1000), NGF (1:1000), cleaved PARP (1:500), cleaved caspase-3 (1:1000) and
GAPDH (1:500). The next day, the membranes were washed with PBST buffer for 5 min 3 times and then
incubated with peroxidase-conjugated secondary antibodies for 1 h at room temperature. After the
membranes were washed with PBST buffer for 5 min 3 times again, they were visualized with an ECL
chemiluminescent detection system (Bio-Rad, USA). Immunoreactive bands were visualized using the
ChemiDoc TM XRS + Imaging System (Bio-Rad, 1708195). Densitometric quanti�cation of the
membranes was performed using ImageJ software (NIMH, National Institutes of Health, USA). The
experiments were repeated three times.

Double immunofluorescence assay
Cells and DRGs were plated on 24-well chamber slides and allowed to attach overnight. Following drug
treatment, the cells and DRGs were �xed in 4% paraformaldehyde for 30 min and then washed with PBS 3
times. Next, the samples were blocked in 5% bovine serum albumin (Sigma-Aldrich, Germany) for 1 h and
then incubated with the primary antibody overnight. The samples were washed with PBS 3 times, and
corresponding �uorescent secondary antibodies (Alexa Fluor 488 and 594, 1:2000, Thermo Fisher
Scienti�c) were added for 1 h at room temperature in the dark. Nuclei were stained with DAPI (1:5,000) for
15 min in the dark. Cells and DRGs were imaged using laser scanning confocal microscopy (Nikon
A1R/A1).

Cell proliferation assay
The cell proliferation rate was measured by MTT assays. The cells were seeded in 96‐well plates at a
density of 0.5*104 PANC-1 cells and 1 * 104 BxPC-3 and RSC96 cells per well and incubated overnight in
medium containing 10% FBS. The DMSO (VETEC, Sigma-Aldrich) concentration was adjusted to 0.4%.
The cells incubated in serum‐free medium were used as the control group. Following incubation for 24,
48 and 72 h at 37 °C, 20 μL of MTT reagent (Sigma‐Aldrich; USA) was added to each well, and the cells
were incubated for 4 h at 37 °C with 5% CO2. Subsequently, the medium was removed completely, and
150 μL of DMSO was added to each well at 37 °C. After oscillation for 15 min, the optical density (OD)
value was measured by a microplate autoreader (Bio-Tek Instruments, Winooski, USA) at 490 nm. The
relative proliferation rate was characterized as (OD (intervention group)-OD (blank)) (OD(control group)-
OD(blank))

Cell migration and invasion assays 
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A Transwell chamber (pore size, 8.0 μm; Millipore, Billerica, USA) with Matrigel (for invasion assays)
coating was inserted into a 24-well culture plate. For the invasion assay, 8 μm pore inserts were coated
with Matrigel diluted in DMEM (Matrigel:DMEM=1:8). NGF+/-PANC-1, BxPC-3 and ATG7+/- RSC96 cells
were cultured in 6-well plates in medium containing 1% FBS for 24 h before treatment. PCa cells (200 μL,
cell density adjusted to 1×106 cells/mL) with or without different conditioned media (CM) were seeded in
the top chamber with 1% FBS, and 500 μl of culture medium containing 20% FBS was added to the lower
chamber as a chemoattractant. The Transwell chamber was incubated for 24 h. The invaded cells on the
bottom surface of the �lter were �xed in methanol and stained with 1% crystal violet solution (Beyotime
Technology; C0121) for 15 min, while the uninvaded cells on the upper chamber were removed by a
cotton swab. Cell migration and invasion were determined by counting the stained cells in 10 randomly
selected �elds under a light microscope.

Wound healing assay
Pancreatic cancer cells and Schwann cells were grown to con�uence in 6-well plates. The monolayer was
then arti�cially wounded using a sterile 200-μl pipette tip. Cell debris was removed by washing the
monolayer with PBS. The cells were then incubated with different CMs or drug interventions. Wound
closure was monitored by photographing cell migration into the wound at various time points at the same
spot with an inverted microscope equipped with a digital camera. The extent of healing was dependent
on the ratio of the difference between the original and the remaining wound areas compared with the
original wound area.

Live imaging of cocultured cancer cells 
Dynamic interactions between DRG and pancreatic cancer cells with or without conditioned medium (CM)
were tested in a Matrigel-based 3D culture system. Images were recorded every 24 h for 72 h after
treatment with different drugs. Directionality and density analyses of nerve �bers grown from DGR were
performed with ImageJ using Manual Tracking. Quanti�cation of growth clusters is shown as the number
of clusters indicating the migration of cancer cells. 

Transfection and lentivirus infection
Cells were transfected with plasmid DNA using Lipofectamine 2000 and shRNA using Lipofectamine
RNAiMAX transfection reagent (both from Thermo Fisher Scienti�c) following the manufacturer’s
protocol. Virus packaging was performed in 293T cells after cotransfection of plasmid with the
packaging plasmid psPAX2 and envelope plasmid pMD2.G using Lipofectamine 3000. Viruses were
harvested 48 h after transfection, and viral titers were determined. Target cells were infected with
recombinant lentivirus-transducing units in the presence of 8 μg/ml polybrene (Sigma-Aldrich).
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Knockdown of NGF and ATG7 expression by lentiviral
shRNA 
Pancreatic cancer and RSC96 cells were infected with retrovirus containing the recombinant lentiviral
vector with NGF (GTCCATGTTGTTCTACACTCT) and ATG7 (GCACAACACCAACACACTTGA) shRNA,
respectively. Cells were cultured with 2 µg/mL puromycin (Beyotime Technology; ST551) for 4 weeks, and
puromycin-resistant clones were selected. Knockdown of NGF and ATG7 was detected by measuring NGF
and ATG7 protein levels by western blot analysis with anti-NGF and anti-ATG7 antibodies.

Enzyme-linked immunosorbent assay (ELISA)
Conditioned medium obtained from different cells of the culture system was collected at 24, 48 and 72 h
after the culture, centrifuged (1200 rpm) for 10 min and frozen at -80 °C until analyses. The levels of NGF
were tested by an enzyme‐linked immunosorbent assay (ELISA) (Multi Sciences; EK1141 - 96) according
to the manufacturer's instructions.

Murine sciatic nerve injection 
Female athymic BALB/c nu/nu mice approximately 4–6 weeks old were obtained from the laboratory
animal center of Xi’an Jiaotong University. Nude athymic mice were anesthetized using iso�urane (1%–
3%), and their sciatic nerves were exposed as previously described with modi�cation. A sciatic nerve
tumor model of pancreatic cancer was established by implanting 0.5 × 106/50 µl PANC-1 and BxPC-3
cells in a PBS + Matrigel mixture. After injection beside the right sciatic nerve, the incision was sutured
aseptically. Tumor size and body weight were measured every 3 days. Once the tumor became palpable
(approximately 1 week after injection), the mice were randomized into 4 groups for drug intervention. The
mice were intraperitoneally injected with RO (13.75 mg/kg), chloroquine (10 mg/kg), a combination of the
two drugs, or vehicle twice per week. Tumor growth (longest diameter and shortest diameter) and body
weight (mg) were measured every week for 31 days.

Measurement of sciatic nerve function 
Sciatic nerve function was measured every 3 days as described previously. Two measurement scores
employed to assess the in�uence of cancer cell xenografts on sciatic nerve function are as follows:

a)Sciatic function index (SFI): calculated as the spread length (mm) between the �rst and �fth toes of the
mouse hind limbs.

b)Limb function: graded according to the hind limb paw response to manual extension of the body, from
4 (normal) to 1 (total paw paralysis).
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Transmission electron microscopy
For transmission electron microscopy (TEM) examination, 2×106 cells centrifuged as cell bulk or 1 mm3
of tissue sample from sciatic nerve was �xed in a mixture of 3% glutaraldehyde at 4 °C for 2 h. Then, the
samples were gently washed with PBS 3 times and �xed in 1% osmium tetroxide for 2 h at room
temperature. After three washes with PBS 3, �xed specimens were dehydrated through a graded series of
ethanol solutions and then embedded in acetone and Epon 812 resin (1:1) for 30 min. After additional
in�ltration in Epon 812 for 2 h, the samples were cut into ultrathin sections, placed on 200-mesh copper
grids and stained with uranium acetate and lead nitrate for 30 min. Sections were observed with a Hitachi
H-7650 electron microscope at 80 kV (Hitachi, Tokyo, Japan).

Statistics
Unless otherwise indicated, all results are presented as the mean ± SEM of triplicate experiments, and
statistical comparisons between different groups were performed by 2-tailed Student’s t test or 1-way
ANOVA with multiple comparisons corrections. For all statistical analyses, differences of P < 0.05 were
considered statistically signi�cant. GraphPad Prism software version 4.0/7.0 (GraphPad Software) and
SPSS 22.0 software were used for data analysis.

Results

1. Schwann cell autophagy is activated in PNI 
To con�rm the existence of Schwann cells and explore their autophagic status in PNI, we selected 10
PanCa tissues and tissues adjacent to carcinoma for our clinical study. Schwann cells were labeled with
GFAP, and neurons were stained with silver staining (Fig. 1A). As shown in Fig. 1A, the nerve structure was
shown by HE staining. In PanCa tissue with PNI, PanCa cells invade the nerve (arrow) and damage the
integrity of the epineurium. However, the nerve epineurium in tissue adjacent to carcinoma (arrow)
remained intact. The area of the nerve section was larger in the cancerous tissue than in the tissue
adjacent to carcinoma. Silver staining and GFAP immunohistochemical staining con�rmed the speci�c
presence of nerves and Schwann cells (arrow). To evaluate the levels of autophagy in the cancerous
tissue and the tissue adjacent to carcinoma, we performed LC3 immunohistochemical staining of
continuous serial sections of pancreatic tissue (Fig. 1B). As shown in Fig. 1B, the pancreatic tissue had a
relatively low level of positive LC3 staining, indicating a basal level of autophagy in the pancreatic tissue.
Compared with the normal pancreatic tissue adjacent to cancer, the cancerous tissue had a higher LC3
level, indicating that autophagy is activated in pancreatic cancer. Moreover, LC3 expression was even
stronger in nerves than in pancreatic cancer tissue and had the same position as GFAP-positive Schwann
cells. With the magni�cation enlarged, we found that the marginal area of the nerve surrounded by
cancerous tissue has higher LC3 expression than that in the center of the nerve, indicating that the
interaction between the cancer cells and the nerve can promote the autophagy of Schwann cells.
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Similarly, in a mouse model of PNI established by injecting cancer cells into the sciatic nerve, Schwann
cell autophagy was evaluated by TEM. As shown in Fig. 1H, autophagosomes (yellow arrow) were
detected in Schwann cells in the cancer cell injection groups but not in the control groups (myelin is
indicated by the green arrow). The green arrow indicates myelin, and the yellow arrow indicates APs in
Schwann cells. Moreover, in an in vitro model of PNI constructed by a DRG-PanCa culture system, the
autophagic status of Schwann cells was evaluated. Schwann cells were con�rmed by IF labeling of GFAP
and NF-H (yellow arrow, Fig. S1A). The DRG neuro�lament was labeled with NF09 or NF-H, while
Schwann cells near the neuro�lament were labeled with DAPI (Fig. S1B). The autophagic status was
evaluated by LC3 IF labeling (Fig. S1C). The results showed that both direct coculture of DRGs with
PanCa cells and indirect coculture of DRGs with PanCa CM could activate autophagy in Schwann cells
(Fig. 1G). The yellow arrow indicates autophagy-negative Schwann cells, while the green arrow indicates
autophagy-positive Schwann cells. The red arrow indicates PanCa cells. The above results con�rmed the
existence of autophagy in Schwann cells in perineural invasion, which is activated by interactions with
cancer cells.

To determine whether autophagic activation and autophagic �ux in SCs in PNI originated from paracrine
cancer cells, we used an indirect coculture system of the SC cell line RSC96 and PanCa cell line-derived
conditioned medium in our in vitro experiment. As shown in Fig. 1C and Fig. 1D, SCs had low levels of
LC3 puncta in the basal state. The LC3 puncta number signi�cantly increased with the coculture of PANC-
1 (CM1)- and BxPC-3 (CM2)-conditioned medium for 48 h. The P62 puncta number also signi�cantly
increased with the coculture of PANC-1 (CM1)- and BxPC-3 (CM2)-conditioned medium for 48 h (Fig. 1E
and Fig. 1F). In addition, ATG5 expression was found to increase in the CM group by IF (Fig. S1D).

We next analyzed the morphological structures of autophagy in SCs by transmission electronic
microscopy (TEM). Autophagosomes (APs) are distinctly visible under TEM as 2 parallel membrane
layers wrapping the substrate. We used this criterion to quantitate the number of APs in our experiments.
As shown in Fig. 1I, APs (black arrows) were observed within the SCs in all three groups (nuclei are
indicated by white arrows). Interestingly, the average number of APs in the CM1 and CM2 groups
increased signi�cantly compared with that in the control groups (Fig. 1J, p<0.05).

To con�rm that autophagic �ux was active during coculture and that the increase in LC3 and P62 was not
due to the blockade of autophagolysosome degradation, we transfected GFP/RFP double-�uorescent LC3
lentivirus into SCs for further experiments. As shown in Fig. 1L, the red LC3 dots (indicating the
autophagolysosome) and the yellow LC3 dots (indicating autophagosome not infused with lysosome)
were greater in the CM group, and the ratio of the red dot to yellow dot increased (Fig. 1K), indicating a
�uent and increased autophagic �ux in the cocultured SCs compared with the cells in basal conditions.
Autophagy-related proteins were also tested in the 3 groups by western blotting assays. As shown in Fig.
1M, CM1 and CM2 increased the expression of the autophagy-initiating proteins p-mTOR, p-ULK1 and
ATG5. The ratio of LC3II to LC3I increased in the CM groups, and P62 expression decreased in the CM1
and CM2 groups. The above results indicated that pancreatic cancer can activate autophagy by a
paracrine mechanism, which is related to PNI in PanCa. 
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2. PanCa-related NGF activates SC autophagy
It has been reported that nerve growth factor (NGF) can activate SC autophagy in peripheral nerve
injury14, so we next studied the relationship between PanCa-related NGF and SC autophagy. First, NGF
secretion was measured by ELISAs in the serum-free medium of �ve pancreatic cancer cell lines (Fig. 2A).
NGF was present in the medium of all �ve cancer cell lines. At 24 h, the NGF concentration was 93 pg/ml,
74 pg/ml and 94 pg/ml in PANC-1, BxPC-3 and MIA-PaCa-2 medium, respectively, compared with 7.67
pg/ml and 21.67 pg/ml in ASPC-1 and CAPAN-2 medium, respectively, with signi�cant differences. At 48
h and 72 h, NGF was also detected in the culture medium of all �ve cancer cell lines at levels comparable
to those at 24 h. PANC-1 and BxPC-3 cell lines were selected for the next study due to their higher
secretion of NGF.

We stably knocked down NGF expression in PANC-1 and BxPC-3 cells via lentiviral transduction of shRNA
targeting the NGF gene. Two clones of shNGF in PANC-1 and BxPC-3 cell lines were selected by
puromycin, and the knockdown e�ciency was measured by WB of NGF (Fig. S2A). The protein bands
were quanti�ed by ImageJ software, and signi�cantly lower NGF expression was found compared with
that in the control group (Fig. S2B, C). To explore the secretion of NGF after NGF knockdown, we
measured NGF by ELISAs in the serum-free medium of two knockdown cell lines and the parental cells as
a control. As shown in Fig. 2B, two single clones of shNGF in PANC-1 cells showed a signi�cantly lower
level of NGF secretion than the control cells at 24 h, 48 h and 72 h. Similar NGF expression was also
found in the BxPC-3 cell line (Fig. 2C). The ELISA results were consistent with those from western
blotting. We chose shNGF-1 knockdown PANC-1 and BxPC-3 cell lines for the next study.

To explore the effect of PanCa cell-secreted NGF on SC autophagy, we cocultured SCs with normal
medium (control), PANC-1 and BxPC-3 conditioned medium (CM), or shNGF PANC-1 and BxPC-3
conditioned medium (shNGF-CM). LC3 and P62 expression was tested by immuno�uorescence staining.
As shown in Fig. 2D, E and F, CM from PANC-1 and BxPC-3 cells signi�cantly increased LC3 puncta in
Schwann cells compared with those in the control and shNGF groups. Similarly, CM from PANC-1 and
BxPC-3 cells also signi�cantly increased P62 puncta compared with that in the control and shNGF groups
(Fig. 2G, H and I). Moreover, the GFP/RFP double labeling LC3 �uorescence assay (Fig. 2J and K) showed
that PANC-1 and BxPC-3 CM could increase autophagic �ux, while knocking down NGF could partially
reverse this effect, indicating that PanCa promotes SC autophagy in an NGF-related manner (Fig. 2L and
M). Autophagy-related proteins were also measured by western blotting. As shown in Fig. 2N, O, higher
expression of LC3 II, ATG5 and p-ULK1 was found in the CM group than in the control and shNGF groups,
while lower expression of p-mTOR and P62 was found in the CM group than in the control and shNGF
groups. The above results indicated that NGF originating from cancer cells partially induced the
activation of autophagy in SCs, while other factors may also be involved in SC autophagic induction by
cancer cells. 
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3. NGF-induced autophagy promotes the proliferation and
migration of SCs
ATG7 is essential for autophagic induction. To explore the effect of autophagy on SC biological behavior,
we stably knocked down ATG7 in SCs via lentiviral transduction of shRNA targeting the ATG7 gene. Two
single clones of shATG7 in SCs with high knockdown e�ciency con�rmed by WB were selected by
puromycin and used for further detection (Fig. S3A). The protein bands were quanti�ed by ImageJ
software, and the lower ATG7 expression in the shATG7 group was signi�cant compared with that in the
control group (Fig. S3B). To explore the effect of autophagy on SC biological activity, we cultured SCs
and shATG7 SCs with normal medium, NGF (10 ng/mL), PANC-1 CM (CM1) and BxPC-3 CM (CM2). The
proliferation of SCs and shATG7 SCs was measured by CCK-8 assays at 24 h, 48 h and 72 h. As shown in
Fig. 3A, SCs and shATG7 SCs showed no difference in proliferation at 24 h and 48 h, while shATG7
signi�cantly inhibited SC proliferation at 72 h. Moreover, NGF and CM promoted the proliferation of SCs
at 72 h, but this proliferation was inhibited by the knockdown of ATG7, indicating that NGF and CM
promote SC proliferation in an autophagy-related manner. The migration of SCs and shATG7 SCs was
also measured by wound healing assays at 24 h, 48 h, 72 h and 96 h. As shown in Fig. S3C, the migratory
distance showed no difference in all the groups, indicating that the migration of SCs was not changed in
a two-dimensional environment. However, the migration of SCs in a 3D environment can be affected by
the autophagic state, as shown by Transwell migration assays. As shown in Fig. 3B and Fig. S3D, SCs
could be chemoattracted by NGF, CM1 and CM2 when autophagy was active, and the chemoattraction of
CM was partially mediated through NGF. However, when SC autophagy was blocked by shATG7, the
chemoattraction of NGF, CM1 and CM2 to SCs was signi�cantly attenuated, indicating that NGF, CM1 and
CM2 can promote the migration of SCs in a 3D environment in an autophagy-related manner.

To further investigate the role of NGF-induced SC autophagy in PNI, we used an indirect coculture system
of dorsal root ganglions (DRGs) and PanCa cell-conditioned medium. To explore the effect of NGF on SC
migration, we cultured DRGs with normal medium, NGF (10 ng/mL), PanCa CM (CM) and shNGF PanCa
CM (shNGF-CM). The migratory distance of SCs was measured at 24 h, 48 h and 72 h. As shown in Fig.
3C, D and E, NGF and PANC-1 CM promoted SC migration, while shNGF partially abolished the migration-
promoting effect of PANC-1 CM. Similar results were obtained from the BxPc-3 CM coculture group (Fig.
3F, G, H). These data revealed that secretion from PanCa cells can promote SC migration partially through
NGF.

To examine the effect of the autophagic state of SCs on the migration of PanCa cells, we seeded control
SCs and shATG7 SCs in the lower chamber as a chemoattractant to PanCa cells in a Transwell coculture
system. After 24 h of coculture, the invaded cells were counted. As shown in Fig. 3I, J and K, SCs
chemoattracted PanCa cells, while inhibition of SC autophagy by shATG7 partially reversed the
chemoattractive effect. These results indicate that SCs could chemoattract PanCa cells in an autophagy-
related manner.
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Next, a direct coculture system of DRG and PanCa cell lines was utilized to explore the effect of NGF on
PNI. DRGs were cocultured with PANC-1 or shNGF PANC-1 cell lines and monitored under a microscope
every day. The number of growth cones of cancer cells and the migratory distance of SCs were measured
at 72 h. As shown in Fig. 3L, the number of growth cones and the migratory distance of SCs increased
from 24 h to 72 h. The mean number of growth cones was 9.33 in the PANC-1 group compared with 5 in
the shNGF PANC-1 group, with a signi�cant difference (Fig. 3M, p=0.03). The mean migratory distance of
SCs was 2439 µm in the PANC-1 group compared with 2141 µm in the shNGF PANC-1 group (Fig. 3N,
p=0.008). As shown in Fig. 3O, the number of growth cones of cancer cells and the migratory distance of
SCs increased from 24 h to 72 h for BxPC-3 cells. The mean number of growth cones was 4 in the BxPC-3
group compared with 3.667 in the shNGF BxPC-3 group, without a signi�cant difference (Fig. 3P, p=0.64).
The mean migratory distance of SCs was 2229 µm in the BxPC-3 group compared with 1152 µm in the
shNGF BxPC-3 group, with a signi�cant difference (Fig. 3Q, p=0.0001), indicating the essential role of
NGF in PNI induction. The above results indicated that NGF, secreted by PanCa cells, can activate
autophagy of SCs, promote the proliferation and migration of SCs and then promote PNI in PanCa.
Targeting both NGF and autophagy may be a useful treatment method.

4. The effect of double targeting of NGF and autophagy on
SCs 
To explore the effect of targeting NGF and autophagy on SC biological behavior, we treated SCs with PBS,
RO 08-2750 (RO), chloroquine (CQ) and the RO+CQ combination. The proliferation of SCs was measured
by CCK-8 assays at 24 h, 48 h and 72 h. As shown in Fig. 4A, the OD450 value was similar among the 4
groups at 24 h and 48 h without a signi�cant difference. At 72 h, both RO and CQ signi�cantly inhibited
the growth of SCs (p<0.05), and the combination of RO+CQ showed even greater inhibition of cell
viability. The invasion of SCs was also inhibited by RO, CQ and RO+CQ compared with that of the control
group, as shown by Transwell migration assays (Fig. 4B). The number of invaded cells in the RO+CQ
group was signi�cantly lower than that of the other three groups (Fig. 4C, p<0.05).

To evaluate the effect of the treatment on the autophagic �ux of SCs, we used a GFP/RFP-LC3 IF assay
to evaluate autophagic �ux. As shown in Fig. 4D and E, after 24 h of treatment, RO inhibited the number
of red and yellow dots. CQ treatment could increase the yellow dot number. RO+CQ treatment decreased
the red dot number and increased the yellow dot number. These results indicate that RO could inhibit
autophagic initiation and that CQ could inhibit autophagic �ux by inhibiting the fusion of
autophagosomes with lysosomes. Dual targeting of NGF and autophagy by RO+CQ could inhibit
autophagic initiation and autophagic �ux.

To determine whether the treatment could in�uence the apoptosis of SCs, we assessed Schwann cell
morphology and performed IF for cleaved caspase-3 and cleaved PARP1. The morphology of SCs after
treatment is shown in Fig. S4A. The green arrows indicate normal SC cells, and the red arrows indicate
apoptotic cells. As shown in Fig. S4B, in the basal state, the rate of cleaved PARP1-positive cells (yellow
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arrow) was low. RO, CQ or RO+CQ increased the rate of cleaved PARP1-positive cells (Fig. 4I). Similar
results were obtained by IF of cleaved caspase-3 in SCs (yellow arrow) (Fig. S4C and Fig. 4J).

We next analyzed the morphological structures of SCs under treatment. As shown in Fig. 4F by TEM of
Schwann cells, APs were observed within the SCs in all four groups (green arrow). The number of APs
(Fig. 4G) was dramatically decreased in the RO group compared with the control group, indicating that RO
suppressed the initiation of autophagic �ux. Many dysfunctional lysosomes (yellow arrow) were found in
the CQ-treated group, consistent with previous papers showing that CQ inhibits lysosomal function and
inhibits the fusion of APs with lysosomes, preventing the degradation of the contents of APs so that
autophagic �ux cannot be completed (Fig. 4H). Moreover, the number of APs in the CQ group was higher
than that in the control group, indicating the accumulation of undegraded APs. However, the number of
APs in the RO+CQ group was lower than that in the CQ group, indicating that the initiation of autophagy
was inhibited by RO regardless of whether CQ was present. Apoptotic signs were also detected in the RO,
CQ and RO+CQ groups, including marginal clusters of chromatin, condensation of the cytosol and
formation of apoptotic bodies (red arrow). The above data showed that RO could inhibit NGF-induced
autophagic initiation and that CQ could inhibit the degradation of APs. The combination of RO and CQ
could inhibit the autophagic process at different levels and inhibit the proliferation and invasion of SCs.
Treatment with RO, CQ and RO+CQ could induce Schwann cell apoptosis and might be an effective in
preventing autophagy-promoted PNI.

Autophagy- and apoptosis-related proteins were also tested by western blotting. As shown in Fig. 4K, RO
treatment inhibited LC3 II expression and increased P62 expression, indicating that RO inhibits
autophagic initiation. ATG5 and ATG7 expression was also decreased in the RO group. Cleaved PARP1
expression was slightly increased, indicating that apoptosis was induced in the RO group. CQ treatment
increased both LC3 II and P62 expression, indicating that CQ inhibits autophagic �ux. ATG5 and ATG7
expression was also decreased in the CQ group. The cleaved PARP1 level was increased in the CQ group.
RO+CQ treatment increased LC3II expression, but the level was lower than that after CQ treatment, and
P62 expression was decreased, indicating inhibition of autophagic initiation and autophagic �ux
blockade.

5.The effect of double targeting of NGF and autophagy on
cancer cells
Then, the pancreatic cancer cell lines PANC-1 and BxPC-3 were used to test the effect of the combination
of the NGF inhibitor and chloroquine on cancer cells. PANC-1 and BxPC-3 cells were treated with vehicle,
RO 08-2750 (RO), chloroquine (CQ) or RO+CQ. As shown in Fig. 5A, the combination of RO+CQ inhibited
the growth of PANC-1 cells at 48 h and 72 h compared with that in the other three groups, with a
signi�cant difference in CCK-8 assays (p<0.05). Similar results were also observed in BxPC-3 cells at 48 h
and 72 h compared with those of the other three groups, with a signi�cant difference in CCK-8 assays.



Page 15/41

The invasion of PANC-1 cells was inhibited by RO, CQ and RO+CQ compared with that of the control
group, as shown by Transwell migration assays (Fig. 5B). The number of invaded cells in the RO+CQ
group was signi�cantly lower than those in the other three groups (Fig. 5C, p<0.05). Similar results were
also observed in BxPC-3 cells compared with those of the other three groups, with a signi�cant difference
in the Transwell migration assay (Fig. 5D).

To assess the autophagic state of the cancer cells after treatment, we utilized P62 and LC3 IF of PANC-1
and BxPc-3 cell lines, and LC3 puncta and P62 puncta number per cell were counted (Fig. S5A, B, C, D). As
shown in Fig. 5E and F, RO treatment did not increase the LC3 and P62 puncta, while CQ and RO+CQ
treatment signi�cantly increased the LC3 and P62 puncta. Similar results were obtained in the BxPc-3 cell
line (Fig. 5G, H). These results indicate that targeting NGF in PanCa cells did not in�uence the autophagic
state, while CQ indeed blocked autophagic �ux in cancer cells.

To assess the effect of the treatment on the apoptosis of cancer cells, we performed IF for cleaved
caspase-3 and cleaved PARP1 (Fig. S5E, F, G, H). As shown in Fig. 5I and J, RO, CQ or RO+CQ treatment
activated PARP and caspase-3 and induced apoptosis in the PANC-1 cell line. The rates of cleaved
PARP1-positive cells and cleaved caspase-3-positive cells increased after treatment with RO, CQ or
RO+CQ. The RO+CQ group exhibited greater apoptosis than the RO or CQ groups. Similar results were
obtained in the BxPc-3 cell line (Fig. 5K, L).

We next analyzed the morphological structures of PANC-1 and BxPC-3 cells by light microscopy and TEM.
Light microscopy (Fig. S4A) showed that RO, CQ and RO+CQ treatment could change the morphology of
PANC-1 and BxPc-3 cell lines, and apoptotic cells are indicated by the red arrow. Apoptosis was also
examined in the four groups by TEM (Fig. 5M). We found that the RO, CQ and RO+CQ groups had signs of
apoptosis in TEM, including apoptotic bodies and margination of chromosomes (red arrow).
Dysfunctional lysosomes (yellow arrow) and APs (green arrow) were also found in the CQ- and RO+CQ-
treated groups. Autophagy- and apoptosis-related proteins were also tested in PANC-1 and BxPC-3 cells
by western blotting. As shown in Fig. 5N, lower expression of LC3I and LC3II was found in the RO group
than in the other groups. The expression of P62, ATG5 and ATG7 was lower in the RO and RO+CQ groups
than in the control and CQ groups. We also found that the expression of cleaved PARP1 and cleaved
caspase-3 increased in the RO+CQ group, indicating that the combination of the NGF inhibitor RO and the
autophagy blocker chloroquine can induce the apoptosis of cancer cells. The above results indicated that
the combination of RO and chloroquine can inhibit autophagic �ux and induce apoptosis of cancer cells,
resulting in the inhibition of proliferation and invasion.

6. The effect of double targeting of NGF and autophagy on
PNI
To explore the effect of the combination of the NGF inhibitor and chloroquine on PNI, we treated a
monoculture of DRGs with the control, RO, CQ and RO+CQ at 48 h after implantation, and the DRG
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neuro�lament outgrowth was evaluated until 72 h post-implantation. As shown in Fig. 6A, the migratory
distance of DRG neuro�laments was inhibited signi�cantly by RO, CQ and RO+CQ compared with the
control. The average migratory distance was quanti�ed by measuring the mean of different migratory
directions of neural outgrowth originating from the edge of the DRG and the outgrowth area (Fig. 6B, C).

We then used NF09 and LC3 double IF to evaluate the autophagic state of the DRG-organized SCs. As
shown in Fig. 6SA, NF09 labeled neuro�laments, DAPI labeled SC cell nuclei and LC3 labeled autophagy.
RO, CQ, and RO+CQ treatment inhibited neuro�lament outgrowth. CQ and RO+CQ treatment increased LC3
levels, indicating a blockade of autophagic �ux and accumulation of undegraded APs. In the RO
treatment group, the ratio of LC3-negative SCs increased compared with that in the control group, thus
indicating the inhibition of autophagic initiation. Moreover, the number of migrated SCs from DRGs
labeled by DAPI was larger in the control group than in the other groups, especially in the RO+CQ group.
The concrete number of SCs was not measured because of the overlay of cells.

To evaluate the effect of the treatment on the apoptotic state of the DRG, we used cleaved caspase-3 IF in
the DRG monoculture. As shown in Fig. 6B, the SCs in the control group had a basal level of cleaved
caspase-3 labeling de�ned as cleaved caspase-3 negative. In the RO, CQ and RO+CQ groups, cleaved
caspase-3-positive SCs were detected, indicating that RO, CQ and RO+CQ treatment could induce the
apoptosis of SCs in the DRG. The green arrow indicates cleaved caspase-3-positive SCs.

We next explored the effect of the combination of an NGF inhibitor and chloroquine on PNI in PanCa.
DRGs were cocultured with PANC-1 and BxPC-3 cells. The migratory distance of SCs, the number of
growth cones and the migratory distance of cancer cells were measured at 72 h after treatment. The
migratory distance of SCs and cancer cells was tested at 0 h of coculture. The growth cone of cancer
cells was not found at 0 h of coculture. With the elongation of coculture time, the cancer cells migrated to
DRGs with growth cones, and the SCs from DRGs also migrated to cancer cells and touched each other in
both coculture models (Fig. 6D, H). The mean migratory distances of SCs were 2014 µm, 1605 µm, 1658
µm and 1152 µm in the control, RO, CQ and RO+CQ groups at 72 h after treatment of the PANC-1-DRG
coculture models, respectively. The combination of RO+CQ signi�cantly inhibited the migration of SCs
compared with that of the other groups (Fig. 6E, p<0.05). The mean number of growth cones in PANC-1
cells was 10.33, 5.33, 5.66 and 3.00 in the control, RO, CQ and RO+CQ groups at 72 h after treatment,
respectively (Fig. 6F). The mean migratory distances of PANC-1 cells were 771.3 µm, 444.3 µm, 503.3 µm
and 312.7 µm in the control, RO, CQ and RO+CQ groups at 72 h after treatment, respectively. The single
use of RO and CQ and the combination of RO+CQ signi�cantly inhibited the formation of growth cones
and migratory distance of PANC-1 cells compared with those of the control group (Fig. 6F, G, p<0.05). The
mean migratory distances of SCs were 1012 µm, 927 µm, 1225 µm and 52.33 µm in the control, RO, CQ
and RO+CQ groups 72 h after treatment in the BxPC-3-DRG coculture models, respectively. The
combination of RO+CQ signi�cantly inhibited the migration of SCs compared with that of the other
groups (Fig. 6I, p<0.05). The mean number of growth cones in the BxPC-3 group was 7.33, 3.67, 4.33 and
2.67 at 72 h after treatment in the control, RO, CQ and RO+CQ groups, respectively (Fig. 6J). The mean
migratory distances of BxPC-3 cells were 1117 µm, 811.7 µm, 479 µm and 198.3 µm in the control, RO, CQ
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and RO+CQ groups 72 h after treatment, respectively. The single use of RO and CQ and the combination
of RO+CQ signi�cantly inhibited the formation of growth cones and the migratory distance of BxPC-3
cells compared with those of the control group (Fig. 6J, K, p<0.05).

To evaluate the effect of dual targeting of NGF and autophagy on PNI, we used a PanCa cell and DRG
coculture model. After treatment with RO, CQ or RO+CQ, the coculture system was harvested, and NF09
plus cleaved caspase-3 or LC3 double IF was performed. As shown in Fig. S6C and D, applying RO, CQ or
RO+CQ increased the cleaved caspase-3-positive cancer cell ratio. The combination of RO and CQ could
induce more cancer cells to undergo apoptosis than either RO or CQ alone. SCs originating from the DRG
also showed cleaved caspase-3 positivity in the RO, CQ or RO+CQ group compared with the control group.
As shown in Fig. 6E and F, the use of RO inhibited the LC3 level in DRG-SCs and cancer cells. CQ could
block autophagy, thus increasing the LC3 level in cancer cells and DRG-SCs, while the addition of RO with
CQ partially reversed the LC3 level. These results indicate that RO could inhibit SC autophagic initiation,
while CQ could block autophagic �ux. The combined use of RO and CQ could induce SC and cancer cell
apoptosis and inhibit PNI in an in vitro model.

7. Double targeting of NGF and autophagy inhibits PNI in
vivo
To con�rm that the combination of an NGF inhibitor and chloroquine exerts antipancreatic cancer activity
and PNI in vivo, we next examined its e�cacy in PANC-1 and BxPC-3 sciatic nerve PNI models. Nude mice
bearing PANC-1 and BxPC-3 cells were used as the sciatic nerve PNI model and were treated with vehicle
(13.75 µg/g/3 days, 8 times), RO 08-2750 (RO, 13.75 µg/g/3 days, 8 times), chloroquine (CQ, 10 µg/g/3
days, 8 times) and RO+CQ (RO+CQ, 13.75+10 µg/g/3 days, 8 times) by intraperitoneal injection. As
shown in Fig. 7A, the average body weights in the PANC-1 model were similar, indicating that host toxicity
at these effective doses was acceptable. We examined sciatic nerve function, including the sciatic nerve
score and the paw span distance (in mm) between the �rst and �fth toes, weekly. As shown in Fig. 7B, the
hind limb paw response to manual extension was slower than that in the other groups without a
signi�cant difference. The paw span distance (in mm) between the �rst and �fth toes was also similar
among all the groups on different days (Fig. 7C). We also tested the average body weights, sciatic nerve
score and paw span distance (in mm) in the BxPC-3 model, and the �ndings were similar to the results in
the PANC-1 model (Fig. 7D, E and F). The above results indicated that host toxicity at these effective
doses was acceptable and that the combination of the NGF inhibitor and chloroquine in this PNI model
had no effect on sciatic nerve functions.

All mice were euthanized at Day 28 after injection of cancer cells, and the sciatic nerve was excised for
histopathologic analysis. Tumor diameter was measured at the injection site. For the PANC-1 model, the
average long diameter of tumors in the RO+CQ group was 0.55 cm compared with that of the control
(1.43 cm), RO (1.1 cm) and CQ (1.33 cm) groups (Fig. 7G). The sciatic nerve is indicated by the black
arrow. The combination of the NGF inhibitor and chloroquine signi�cantly decreased the tumor size
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compared with that of the other groups. The effect of the combination was signi�cantly better than that
of the NGF inhibitor or chloroquine alone (p < 0.05, Fig. 7H). For the BxPC-3 model, the average long
diameter of tumors in the RO+CQ group was 0.40 cm compared with that of the control (0.90 cm) and CQ
(0.77 cm) groups (Fig. 7I). The combination of the NGF inhibitor and chloroquine signi�cantly decreased
the tumor size compared with that of the control and CQ groups. The effect of the combination was
signi�cantly better than that of chloroquine alone (p < 0.05, Fig. 7J) and similar to that of the NGF
inhibitor.

Histopathologic analysis showed that the tumor mass surrounded and entered the sciatic nerve in the
PANC-1 model (Fig. 7K, arrow). There was some distance between the tumor and sciatic nerve in the other
groups (Fig. 7K, arrow). For the BxPC-3 model, the outline of the sciatic nerve was changed, and the
distance between the tumor and nerve was small (Fig. 7L, arrow), although the outline of the nerve was
intact and there was some distance between the tumor and sciatic nerve in the other groups (Fig. 7L,
arrow). Histopathologic analysis also showed the presence of liver metastasis in the control group of the
PANC-1 model (Fig. 7M) compared with the other groups. Compared with the vehicle-treated mice, the
treated mice showed inhibited metastasis to the liver in 1/3 (PANC-1). There was no metastasis to the
liver in any of the groups in the BxPC-3 model. There was no metastasis to the lung or peritoneum in any
of the groups (Fig. 7N). 

8. Schwann cell autophagy is inhibited by RO+CQ in vivo
CK19 staining was used to mark cancer cells in IHC experiments. As shown in Fig. 8A, CK19 was
positively expressed in cancer cells in the PANC-1 model, while CK19 was negatively expressed in nerves.
The distances between nerves and tumors were signi�cantly shorter in the control group than in the other
groups (Fig. 8B), although the distances between nerves and tumors were similar in the three treatment
groups without signi�cant differences. For the BxPC-3 model, one of the tumor masses was near the
nerves (Fig. 8A, arrow). The distances between nerves and tumors were signi�cantly shorter in the control
group than in the other groups (Fig. 8C). The distances between nerves and tumors were signi�cantly
shorter in the RO and CQ groups than in the RO+CQ group (Fig. 8C).

We next analyzed the morphological structures of the sciatic nerve by TEM. As shown in Fig. 8D, APs
were observed in all the groups of the PANC-1 model (green arrowheads). Condensed chromatin edged
around the nuclear membrane was found in the RO+CQ group (red arrowheads), although typical
apoptotic bodies were not found in any of the groups. The number of APs in the CQ group was
signi�cantly greater than that in the other groups (Fig. 8E, p < 0.05).

For the BxPC-3 model, APs were also observed in all the groups (green arrowheads). Condensed
chromatin edged around the nuclear membrane was found in the RO+CQ group (red arrowheads),
although typical apoptotic bodies were not found in any of the groups. The number of APs in the CQ
group was signi�cantly greater than that in the other groups. The number of APs in the control group was
signi�cantly greater than that in the RO and RO+CQ groups (Fig. 8F, p < 0.05).
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We next tested the expression of LC3 in the tumor mass and nerves. For the PANC-1 model, LC3
expression was positive around the nuclear membrane, and LC3 expression in the tumor masses was
higher in the CQ group than in the other groups (Fig. 8G, green arrowheads). Positive expression of LC3
was also present in nerves, and higher aggregated expression was present in the CQ group than in the
other groups (Fig. 8H, green arrowheads). Similar expression of LC3 was also present in the BxPC-3
model (Fig. 8I, J, green arrowheads). To explore whether the treatment can induce apoptosis, we
performed IHC staining of caspase-3. RO and RO+CQ treatment induced the expression of caspase-3 in
the tumor masses of the PANC-1 model (Fig. S7A, arrowhead), whereas RO+CQ treatment induced the
expression of caspase-3 in the tumor masses of the BxPC-3 model (Fig. S7B, arrowhead). Apoptosis was
not induced in the nerves in either of the models (Fig. S7C, D).

The above results showed that the combination of the NGF inhibitor and chloroquine can inhibit the
growth of SCs and induce the apoptosis of cancer and then prevent the occurrence and development of
perineural invasion in pancreatic cancer, which may be a potential treatment for PNI in PanCa.

The potential molecular mechanism by which autophagy of SCs promotes PNI in PanCa is that
neurotrophic factors, such as NGF, secreted by cancer cells can induce autophagy of SCs by upregulating
ATG7 expression. The autophagy of SCs can promote the outgrowth of nerve axons, which can act as a
bridge in the occurrence and development of perineural invasion in pancreatic cancer (Fig. 9).

Dissicusion
PanCa is characterized by in�ltrating blood vessels, lymphatics and nerves. Perineural invasion (PNI),
which has been reported in 70–100% of PanCa cases, is associated with peritoneal dissemination, tumor
recurrence and worse OS, DFS and PFS of PanCa19–21. PNI is a complex phenomenon that involves
multidirectional communication of cells, including �broblasts, pancreatic stellate cells, immune cells and
Schwann cells, and molecules and pathways, including neurotrophic factors, neurotrophin receptors,
chemokines, axonal guidance molecules, cellular adhesion molecules, matrix metalloproteinases and
neurotransmitters between nerves and the cancer microenvironment22.

The role of the nervous system has been recognized as an important contributor to cancer progression
and metastasis by governing the functional activities of many organs in recent years23. Cancer cells can
induce the outgrowth of nerves in the tumor microenvironment by the secretion of neurotrophic factors,
such as nerve growth factor, and in turn nerves are emerging regulators of cancer initiation, progression,
and metastasis24. Pancreatic acinar-derived cells can invade along sensory neurons into the spinal cord
and migrate to the lower thoracic and upper lumbar regions at the PanIN2 stage. This effect was
prevented by sensory neuron ablation by neonatal capsaicin injection, indicating that sensory neurons
may represent an important stromal cell in the initiation and progression of PanCa25. Increasing evidence
indicates that nerves can interact with cancer cells through two-way communication through active
inputs to tumors and dynamically exert signi�cant control over cancer progression26.
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Autophagy can participate in some important cellular processes, such as metabolic reprogramming, cell
death, immune evasion, and metastasis, which contribute to tumor development27,28, and is also related
to resistance to chemotherapies and targeted therapies in cancer via various signaling pathways,
including PI3K/AKT and MAPK signaling29. A high level of autophagy is found in the basal state in
PanCa cell lines and tumor tissues and is important in the progression of PanCa by modulating invasion
and metastasis, proliferation, cell death, metabolism, or immunity30. Autophagy is also related to
resistance to cytotoxic chemotherapy and targeted therapy in PanCa and other cancers31.

The relationship between autophagy and pancreatic stroma is also important in the progression of
PanCa. The higher autophagic level of pancreatic stellate cells (PSCs) in PanCa tissue leads to higher
expression of extracellular matrix and proin�ammatory IL-6 (interleukin 6) in PSCs32. High LC3
expression is related to PNI and is an independent risk factor for the poor prognosis of PanCa33, but the
concrete mechanism is not clear. We also found that LC3 expression was even stronger in nerves than in
PanCa tissue and had the same position as GFAP staining-positive SCs, indicating that the interaction
between cancer cells and nerves can promote autophagy in SCs. Our in vitro results showed that
conditioned medium (CM1 and CM2) from PanCa cells increased the expression of the autophagy-
initiating proteins p-mTOR, p-ULK1 and ATG5. The ratio of LC3II to LC3I increased in the CM groups, and
P62 expression decreased in the CM1 and CM2 groups, indicating that pancreatic cancer can activate
autophagy by a paracrine mechanism related to PNI in PanCa. Here, we report that pancreatic cancer
cells can activate Schwann cell autophagy in a paracrine manner in vitro.

Schwann cells can also be detected around human and murine pancreatic intraepithelial neoplasias
(PanINs) and intestinal adenomas and also migrate toward PanCa cells before the cancer cells migrate
toward peripheral nerves but not toward benign cells, indicating speci�c a�nity of Schwann cells and
cancer cells34. The tumor-neuroglia interaction is activated by coculture of SCs with PanCa cells, in which
interleukin 1β (IL1β) is secreted by tumor cells and then activates the nuclear actor (NF)-kappa B pathway
in SCs, resulting in increased interleukin 6 (IL-6) and promoting cancer cell migration and invasion by
activating STAT3 signaling in cancer cells35. SC-derived proteins, including matrix metalloproteinase-2,
cathepsin D, plasminogen activator inhibitor-1, and galectin-1, are related to the proliferation and invasion
of PanCa cells13.

SCs can promote neurite outgrowth by direct contact with neurites in addition to secreting factors during
coculture with adult SCs for peripheral nervous system injury 36. CXCL12 can induce Schwann cell
autophagy and migration by the PI3K-AKT-mTOR signaling pathway after facial nerve injury, which is
useful for myelin regeneration37. Myelin degradation can activate autophagy in SCs, which is a
ubiquitous cytoprotective process and essential for degrading and recycling cellular constituents16,
indicating that autophagy in SCs is important in the repair and regeneration of nerve injury. Autophagy of
SCs for PNI in PanCa is unclear. In our in vitro experiment, after ATG7 in SCs was knocked down by
shRNA, the proliferation of SCs was inhibited signi�cantly; however, the migration of SCs was not
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changed in a two-dimensional environment but was affected in a 3D environment. PANC-1 and BxPc-3
CM also promoted SC migration in DRG cultures.

Increased expression of NGF/TrkA may contribute to perineural invasion and pain syndrome in PanCa38.
Artemin, NGF and growth-associated protein-43 expression was increased in both the histologically
"normal" pancreatic tissue next to PanCa and PanCa tissue with dense neural networks and enlarged
nerves, revealing the effect of NGF as a key player in the generation of pancreatic neuropathy in PanCa39.
NGF may contribute to PNI by restraining the apoptosis of tumor cells, promoting the hyperplasia of
nerves, and speci�cally enhancing the NGF and TrkA interaction40. Enlarged nerves and dense neural
networks are detected in PanCa tissue and histologically "normal" pancreatic tissue next to PanCa, which
is related to intrapancreatic neuropathy. Nerve growth factor (NGF) may be a potential key player in the
generation of pancreatic neuropathy in PanCa39. NGF/tropomyosin-related kinase A (TrkA) promotes
PanCa cell proliferation and invasion in a pancreatic stellate cell-pancreatic cancer cell coculture system
via activation of PI3K/AKT/GSK signaling, which may be a potential therapeutic target for PC patients41.

Growth factors derived from SCs, such as NGF, can promote the neurite outgrowth of DRG neurons42. The
autophagy of SCs can be activated by exogenous NGF, which is helpful for phagocytosis and myelin
debris clearance. Axon and myelin regeneration are also promoted at the early stage of peripheral nerve
injury, and the p75NTR/AMPK/mTOR axis is probably involved in this regulation17. We found that NGF
secreted by PanCa cells can mimic the effect of exogenous NGF, induce the autophagy of SCs, and then
promote PNI via the proliferation of SCs and cancer cells and the outgrowth of nerve �bers. Knocking
down NGF partially abolished the autophagic activating effect, in which the p-mTOR level was inhibited
while the p-ULK1 level of SCs was elevated after coculture with PanCa cell line-conditioned medium.
Knockdown of NGF in the PanCa cell line partially reversed this phenomenon. The p-AMPK level was not
detected in our research. The exact molecular mechanism still needs further exploration for con�rmation.

As inhibitors of autophagy, chloroquine and hydroxychloroquine can modulate autophagy and have been
tested in clinical studies of PanCa patients. Single-agent hydroxychloroquine in metastatic PanCa did not
show a response43. The combination of chloroquine or hydroxychloroquine with chemotherapy has also
shown inconsistent results31.

The gold nanocluster-assisted delivery of NGF siRNA (GNC-siRNA) is used to inhibit tumor progression in
subcutaneous models, orthotopic models and patient-derived xenograft models44. It has been reported
that ablation of speci�c nerve types (parasympathetic, sympathetic, or sensory) inhibits tumor growth in
a tissue-speci�c manner45. Overexpression of NGF correlates with a poorer prognosis, perineural invasion
and pain severity. Anti-NGF treatment at different times can in�uence neural in�ammation, neural
invasion, and metastasis46. Knocking down NGF or its receptors can reduce the proliferation and
migration of PanCa cells, and the migratory ability of Mia PaCa2 cells toward the DRG indicates a
potential target for developing molecularly targeted therapies to decrease PNI47. Our results showed that
targeting NGF and autophagy inhibited proliferation and invasion by inhibiting autophagic initiation and
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autophagic �ux and caused apoptosis of SCs, cancer cells and DRGs in vitro. The combination of an NGF
inhibitor and chloroquine can prevent the occurrence and development of perineural invasion in
pancreatic cancer, and potential molecular neurotrophic factors, such as NGF, secreted by cancer cells
can induce autophagy of SCs by upregulating ATG7 expression.

Thus, autophagy in SCs can be induced by through Panca paracrine pathways such as the NGF/ATG7
pathway. Autophagic SCs exert a "nerve-repair like effect" on nerves and promote the extension of nerve
�bers towards PanCa cells. Moreover, autophagic SCs promotes the aggressiveness of cancer cells
especially the extensional chemotaxis towards SCs and nerve, providing a "beacon" for the invasion of
cancer cells to nerve �bers and directional growth of cancer cells. Targeting NGF and autophagy for PNI
treatment can block all links of nerve in�ltration and is expected to provide new directions and an
experimental basis for the research and treatment of nerve in�ltration in pancreatic cancer.

Conclusions
PanCa cells can induce autophagy in SCs through paracrine pathways such as the NGF/ATG7 pathway.
Autophagic SCs exert a "nerve-repair like effect", induce a high level of autophagy of cancer cells, provide
a "beacon" for the invasion of cancer cells to nerve �bers, and induce directional growth of cancer cells.
Targeting NGF and autophagy for PNI treatment can block nerve in�ltration and is expected to provide
new directions and an experimental basis for the research and treatment of nerve in�ltration in pancreatic
cancer.
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Figure 1

Schwann cell autophagy is activated in PNI A. Normal neurons in pancreatic tissue and perineural
invasion in pancreatic cancer tissue. HE: HE staining showing the general morphology. SILVER: silver
staining showing neurons. GFAP: GFAP IHC staining labeling Schwann cells. B. Representative LC3
immunohistochemistry in tissue adjacent to carcinoma (control) and PanCa (PNI) tissue, scale bar 200
μm. C. LC3 immuno�uorescence (green) of Schwann cells treated with the control or PanCa-conditioned
medium. White arrow: LC3 puncta. D. Statistics of LC3 puncta number in Schwann cells treated with the
control or PanCa-conditioned medium (* p < 0.05). E. P62 immuno�uorescence (green) of Schwann cells
treated with the control or PanCa-conditioned medium. White arrow: P62 puncta. F. Statistics of P62
puncta number in Schwann cells treated with the control or PanCa-conditioned medium (* p < 0.05). G.
Dorsal root ganglion (DRG) monoculture or coculture with PanCa cells or PanCa CM. DAPI labeled with
blue, NF-H labeled with green, LC3 labeled with red. PANC-1 and BxPc-3 cell lines labeled with GFP are
shown in green. Light microscopy indicates neuro�lament and Schwann cell morphology. Red arrow:
PANC-1 or BxPc-3 cells. Yellow arrow: autophagy-inactivated Schwann cells. Green arrow: autophagy-
activated Schwann cells. H. Representative TEM image of sciatic nerves with or without PDAC cancer cell
line injection. Green arrow: myelin sheath formed by Schwann cells. Yellow arrow: autophagosomes in
Schwann cells. I. Representative TEM image of the RSC96 cell line with or without PanCa cell-conditioned
medium. White arrow: cell nucleus. Black arrow: autophagosomes in Schwann cells. J. Statistics of
autophagic vacuole number in RSC96 cells treated with the control or PanCa-conditioned medium (* p <
0.05). K. Statistics of red and yellow puncta number in RSC96 cells treated with control or PanCa-
conditioned medium (* p < 0.05). L. Autophagic �ux detection of RSC96 cells treated with the control or
PanCa-conditioned medium. LC3 labeled in GFP (green) and RFP (red) and merged as yellow. Red arrow:
autophagolysosomes. Yellow arrow: autophagosome. M. Western blotting of RSC96 cells treated with the
control or PanCa-conditioned medium. Actin was used as a loading control.
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Figure 2

PanCa-related NGF activates SC autophagy A. NGF secretion measured by ELISAs in the serum-free
medium of �ve pancreatic cancer cell lines (* p < 0.05). B. NGF secretion measured by ELISAs in the
serum-free medium of the control and shNGF PANC-1 cancer cell lines (* p < 0.05). C. NGF secretion
measured by ELISAs in the serum-free medium of the control and shNGF BxPc-3 cancer cell lines (* p <
0.05). D. LC3 immuno�uorescence (green) of RSC96 cells treated with the control or shNGF-PanCa CM or
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PanCa-conditioned medium. E. Statistics of LC3 puncta number in RSC96 cells treated with the control or
shNGF-PANC-1 CM or PANC-1 conditioned medium (* p < 0.05). F. Statistics of LC3 puncta number in
RSC96 cells treated with the control or shNGF-BxPc-3 CM or BxPc-3 conditioned medium (* p < 0.05). G.
P62 immuno�uorescence (green) of RSC96 cells treated with the control or shNGF-PanCa CM or PanCa-
conditioned medium. H. Statistics of P62 puncta number in RSC96 cells treated with the control or
shNGF-PANC-1 CM or PANC-1-conditioned medium (* p < 0.05). I. Statistics of P62 puncta number in
RSC96 cells treated with the control or shNGF-BxPc-3 CM or BxPc-3-conditioned medium (* p < 0.05). J.
Autophagic �ux detection of RSC96 cells treated with the control or shNGF-PANC-1 CM or PANC-1-
conditioned medium. LC3 labeled with GFP (green) and RFP (red) and merged as yellow. K. Autophagic
�ux detection of RSC96 cells treated with the control or shNGF-BxPc-3 CM or BxPc-3-conditioned
medium. LC3 labeled with GFP (green) and RFP (red) and merged as yellow. L. Statistics of red and
yellow puncta number in RSC96 cells treated with the control or shNGF-PANC-1 CM or PANC-1-
conditioned medium (* p < 0.05). M. Statistics of red and yellow puncta number in RSC96 cells treated
with the control or shNGF-BxPc-3 CM or BxPc-3-conditioned medium (* p < 0.05) N. Western blotting of
NGF in the control or NGF knockdown PANC-1 cell lines. Actin was used as a loading control. O. Western
blotting of NGF in the control or NGF knockdown BxPc-3 cell lines. Actin was used as a loading control
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Figure 3

NGF-induced autophagy promotes the proliferation and migration of SCs A. CCK-8 proliferation assays of
RSC96 and shATG7-RSC96 cells treated with the control, NGF or PanCa CM. OD 450 nm value was
determined at 0 h, 24 h, 48 h and 72 h (* p < 0.05). B. Transwell migration assays of RSC96 and shATG7-
RSC96 cells treated with the control or NGF, PanCa CM or shNGF-PanCa CM. C. Dorsal root ganglion
monoculture with the control, NGF, PANC-1 CM or shNGF-PANC-1 CM. Light microscopy images were
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collected at 24 h, 48 h, and 72 h. Dashes indicate the neuro�lament scope. D. Statistics of the migration
distance (mm) of DRG neuro�laments treated with the control, NGF, PANC-1 CM or shNGF-PANC-1 CM (* p
< 0.05). E. Statistics of the migration span (mm2) of DRG neuro�laments treated with the control, NGF,
PANC-1 CM or shNGF-PANC-1 CM (* p < 0.05). F. Dorsal root ganglion monoculture with the control, NGF,
BxPc-3 CM or shNGF-BxPc-3 CM. Light microscopy images were collected at 24 h, 48 h, and 72 h. Dashes
indicate the neuro�lament scope. G. Statistics of the migration distance (mm) of DRG neuro�laments
treated with the control, NGF, BxPc-3 CM or shNGF-BxPc-3 CM (* p < 0.05). H. Statistics of the migration
span (mm2) of DRG neuro�laments treated with the control, NGF, BxPc-3 CM or shNGF-BxPc-3 CM (* p <
0.05). I. Transwell migration assay for BxPc-3 and PANC-1 cells with the control, RSC96 or shATG7-RSC96
cells in the lower chamber as chemoattractants. J. Statistics of migrated cells treated with the control,
NGF, PANC-1 CM or shNGF-PANC-1 CM (* p < 0.05). K. Statistics of migrated cells treated with the control,
NGF, BxPc-3 CM or shNGF-BxPc-3 CM (* p < 0.05). L. DRGs were cocultured with PANC-1 or shNGF-PANC-
1 cells. Black dashes indicate the cancer line margin. Red dashes indicates the DRG neuro�lament
margin. Red arrow: cancer cell growth cone toward DRG. M. Statistics of the migration distance (mm) of
DRG-derived Schwann cells toward cancer cells (* p < 0.05). N. Statistics of growth cone numbers of
PANC-1 cells toward DRG (* p < 0.05). O. DRGs were cocultured with BxPc-3 or shNGF-BxPc-3 cells. Black
dashes indicates the cancer line margin. Red dashes indicates the DRG neuro�lament margin. Red arrow:
cancer cell growth cone toward the DRG. P. Statistics of growth cone numbers of BxPc-3 cells toward the
DRG (* p < 0.05). Q. Statistics of the migration distance (mm) of DRG-derived Schwann cells toward
cancer cells (* p < 0.05).
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Figure 4

The effect of double targeting of NGF and autophagy on SCs A. CCK-8 proliferation assays of RSC96
cells treated with the control, RO 08-2750 (RO) (1 μM), chloroquine (CQ) (40 μM) or RO+CQ (1 μM+40
μM). The OD 450 nm value was determined at 0 h, 24 h, 48 h, and 72 h (* p < 0.05). B. Transwell
migration assays of RSC96 cells treated with the control, RO, CQ or RO+CQ. C. Statistics of migrated
RSC96 cells treated with the control, RO, CQ or RO+CQ (* p < 0.05). D. Autophagic �ux detection of RSC96
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treated with the control, RO, CQ or RO+CQ. LC3 labeled with GFP (green) and RFP (red) and merged as
yellow. E. Statistics of red and yellow puncta number in RSC96 cells treated with the control, RO, CQ or
RO+CQ (* p < 0.05). F. TEM image of RSC96 cells treated with RO, CQ or RO+CQ. Autophagy and
apoptosis were detected. Green arrow: autophagosome. Red arrow: apoptosis sign. Yellow arrow:
dysfunctional lysosome. G. Statistics of autophagosome numbers of RSC96 cells treated with RO, CQ or
RO+CQ. H. Statistics of dysfunctional lysosome numbers of RSC96 cells treated with RO, CQ or RO+CQ. I.
Statistics of cleaved PARP1-positive and cleaved PARP1-negative RSC96 cell numbers treated with the
control, RO, CQ or RO+CQ (* p < 0.05). J. Statistics of cleaved caspase-3-positive and cleaved caspase-3-
negative RSC96 cell numbers treated with the control, RO, CQ or RO+CQ (* p < 0.05). K. Western blotting of
RSC96 cells treated with RO, CQ or RO+CQ. GAPDH was used as a loading control.
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Figure 5

The effect of double targeting of NGF and autophagy on cancer cells A. CCK-8 proliferation assay of
PANC-1 and BxPc-3 cells treated with the control, RO (1 μM), CQ (40 μM) or RO+CQ (1 μM+40 μM). The
OD 450 nm value was determined at 0 h, 24 h, 48 h and 72 h (* p < 0.05). B. Transwell migration assay of
PANC-1 and BxPc-3 cells treated with the control, RO, CQ or RO+CQ. C. Statistics of migrated BxPc-3 cells
treated with the control, RO, CQ or RO+CQ (* p < 0.05). D. Statistics of migrated PANC-1 cells treated with
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the control, RO, CQ or RO+CQ (* p < 0.05). E. Statistics of LC3 puncta number in PANC-1 cells treated with
RO, CQ or RO+CQ (* p < 0.05). F. Statistics of the P62 puncta number in PANC-1 cells treated with RO, CQ
or RO+CQ (* p < 0.05). G. Statistics of LC3 puncta number in BxPc-3 cells treated with RO, CQ or RO+CQ.
(* p < 0.05). H. Statistics of P62 puncta number in BxPc-3 cells treated with RO, CQ or RO+CQ (* p < 0.05).
I. Statistics of cleaved PARP1-positive and cleaved PANC-1-negative cell numbers treated with the control,
RO, CQ or RO+CQ (* p < 0.05). J. Statistics of cleaved caspase-3-positive and cleaved caspase-3-negative
PANC-1 cell numbers treated with the control, RO, CQ or RO+CQ (* p < 0.05). K. Statistics of cleaved
PARP1-positive and cleaved PARP1-negative BxPc-3 cells treated with the control, RO, CQ or RO+CQ (* p <
0.05). L. Statistics of cleaved caspase-3-positive and cleaved caspase-3-negative BxPc-3 cell numbers
treated with the control, RO, CQ or RO+CQ (* p < 0.05). M. TEM image of PANC-1 and BxPc-3 cells treated
with the control, RO, CQ or RO+CQ. Autophagy and apoptosis were detected. Green arrow:
autophagosome. Red arrow: apoptosis sign. Yellow arrow: dysfunctional lysosome. N. Western blotting
of PANC-1 and BxPc-3 cells treated with the control, RO, CQ or RO+CQ. GAPDH was used as a loading
control.

Figure 6
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The effect of double targeting of NGF and autophagy on PNI A. Dorsal root ganglion monoculture with
the control, RO, CQ or RO+CQ. The intervention begins at 48 h, and light microscopy images were
collected at 24 h, 48 h, and 72 h. Dashes indicate the neuro�lament scope. B. Statistics of the migration
distance (mm) of DRG neuro�laments treated with the control, RO, CQ or RO+CQ (* p < 0.05). C. Statistics
of the migration span (mm2) of DRG neuro�laments treated with the control, RO, CQ or RO+CQ (* p <
0.05). D. DRGs cocultured with PANC-1 or BxPc-3 cells were treated with the control, RO, CQ or RO+CQ.
Black dashes indicates the cancer line margin. Red dashes indicates the DRG neuro�lament margin. E.
Statistics of the migration distance (mm) of DRG-derived Schwann cells toward PANC-1 cells treated with
the control, RO, CQ or RO+CQ (* p < 0.05). F. Statistics of the growth cone numbers of PANC-1 cells toward
DRGs treated with the control, RO, CQ or RO+CQ (* p < 0.05). G. Statistics of the migration distance (mm)
of PANC-1 cells toward DRGs treated with the control, RO, CQ or RO+CQ (* p < 0.05). H. Statistics of the
migration distance (mm) of DRG-derived Schwann cells toward BxPc-3 cells treated with the control, RO,
CQ or RO+CQ (* p < 0.05). I. Statistics of growth cone numbers of BxPc-3 cells toward DRGs treated with
the control, RO, CQ or RO+CQ (* p < 0.05) J. Statistics of the migration distance (mm) of BxPc-3 cells
toward DRGs treated with the control, RO, CQ or RO+CQ (* p < 0.05).
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Figure 7

Double targeting of NGF and autophagy inhibits PNI in vivo A. Body weight (g) of the nude mice with
sciatic nerve PANC-1 injection treated with the control, RO, CQ or RO+CQ. B. Sciatic nerve score of the
nude mice with sciatic nerve PANC-1 injection treated with the control, RO, CQ or RO+CQ. C. The paw span
(mm) of the nude mice with sciatic nerve PANC-1 injection treated with the control, RO, CQ or RO+CQ. D.
Body weight (g) of the nude mice with sciatic nerve BxPc-3 injection treated with the control, RO, CQ or
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RO+CQ. E. Sciatic nerve score of the nude mice with sciatic nerve BxPc-3 injection treated with the control,
RO, CQ or RO+CQ. F. The paw span (mm) of the nude mice with sciatic nerve BxPc-3 injection treated with
the control, RO, CQ or RO+CQ. G. PANC-1 nerve invasion specimens were collected on Day 28. H. PANC-1
nerve invasion tumor size (mm). I. BxPc-3 nerve invasion specimens were collected on Day 28. J. The
statistics of BxPc-3 nerve invasion tumor size (mm). K. HE staining of the PANC-1 nerve invasion model.
L. HE staining of the BxPc-3 nerve invasion model. M. HE staining of liver metastasis in the PANC-1
sciatic nerve invasion model. N. Tumor formation, liver metastasis, lung metastasis and peritoneal nodule
metastasis status of the PANC-1 and BxPc-3 nerve invasion models.
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Figure 8

Schwann cell autophagy is inhibited by RO+CQ in vivo A. CK19 IHC staining of the PANC-1 and BxPc-3
nerve invasion models. T indicates the tumor. Arrow indicates nerve. B. Statistics of the distance (μm)
between nerves and tumors in the PANC-1 nerve invasion model. C. Statistics of the distance (μm)
between nerves and tumors in the BxPc-3 nerve invasion model. D. TEM image of the PANC-1 and BxPc-3
nerve invasion models treated with the control, RO, CQ or RO+CQ. The green arrow indicates
autophagosomes. E. Statistics of the autophagosome number of Schwann cells in the PANC-1 nerve
invasion model treated with the control, RO, CQ or RO+CQ. F. Statistics of the autophagosome number of
Schwann cells in the BxPc-3 nerve invasion model treated with the control, RO, CQ or RO+CQ. G. LC3 IHC
staining of tumors in the PANC-1 nerve invasion model treated with the control, RO, CQ or RO+CQ. Green
arrow indicates LC3-positive cancer cells. H. LC3 IHC staining of nerves in the PANC-1 nerve invasion
model treated with the control, RO, CQ or RO+CQ. Green arrow indicates LC3-positive Schwann cells. I. LC3
IHC staining of tumors in the BxPc-3 nerve invasion model treated with the control, RO, CQ or RO+CQ.
Green arrow indicates LC3-positive cancer cells. J. LC3 IHC staining of nerves in the BxPc-3 nerve
invasion model treated with the control, RO, CQ or RO+CQ. Green arrow indicates LC3-positive Schwann
cells.
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