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ABSTRACT	 Objective: Gemcitabine combined with nab-paclitaxel therapy (GnP) represents first-line chemotherapy for advanced pancreatic 
ductal adenocarcinoma (PDAC). However, the efficacy of GnP is diminished due to chemotherapeutic resistance induced by the 
tumor microenvironment (TME), the underlying mechanisms of which remain poorly understood.
Methods: Clinical data from patients with PDAC who underwent GnP therapy were collected and neutrophil infiltration in tumor 
tissues was assessed. PDAC cell lines and a mouse model of PDAC were utilized to determine the mechanisms underlying GnP 
resistance and to focus on tumor-associated neutrophils and neutrophil extracellular traps (NETs).
Results: GnP therapy recruited neutrophils to the TME, which resulted in the formation of NETs that contributed to therapeutic 
resistance in the PDAC murine model. The NET inhibitor, PAD4, enhanced the efficacy of GnP by suppressing tumor growth. 
Furthermore, GnP significantly upregulated CXCL8 secretion in GnP-resistant MIA PaCa-2 cells, which was mediated by increased 
expression of GPRC5A in PDAC cells. Screening of classic NET-derived molecules identified cell-free DNA (cfDNA) as a pleiotropic 
factor that promoted tumor cell proliferation and migration and thereby contributed to chemotherapeutic resistance. In vivo 
experiments revealed that the combination of GnP with siGPRC5A or DNase was more effective in reducing tumor growth and 
prolonging survival in PDAC-bearing mice than either treatment alone.
Conclusion: The GPRC5A-CXCL8-NET-cfDNA axis has a critical role in the development of therapeutic resistance to GnP in 
PDAC. Targeting this axis may represent a promising strategy for overcoming GnP resistance and thereby enhancing the efficacy of 
chemotherapy in PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most preva-
lent form of pancreatic cancer and comprises > 90% of cases1. 
Current treatment options for PDAC include surgery, radia-
tion, chemotherapy, and targeted therapy2. Despite surgical 
intervention, the 5-year survival rate is approximately 11%3. 
Greater than 80% of patients with PDAC experience relapse 
that necessitates adjuvant chemotherapy2,4. Gemcitabine com-
bined with nab-paclitaxel (GnP) has demonstrated superior 
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survival outcomes compared to monotherapy with either gem-
citabine or nab-paclitaxel in a phase III clinical trial5. Another 
multicenter clinical trial focusing on postoperative PDAC 
reported a 5-year survival rate of 36% with GnP treatment4. 
Although GnP is one of the first-line therapies for advanced 
PDAC6, the objective response rate is only approximately 
20%5. Most patients will be confronted with disease progres-
sion after a short period and the development of therapeutic 
resistance persists, potentially due to complex interactions 
with the tumor microenvironment (TME) in PDAC7.

The TME in PDAC consists of various cell types; neutrophils 
are abundant and have crucial roles in tumor progression8,9. 
Like M1 and M2 for macrophages, some studies have divided 
tumor-associated neutrophils (TANs) into two populations 
(antitumor N1 and protumor N2 neutrophils)10. A wide spec-
trum of neutrophil states has been identified with differences 
in gene expression11,12 and suggests the intricacy of neutrophil 
function in PDAC. Ejection of neutrophil extracellular traps 
(NETs), which are web-like DNA structures decorated with 
histones and granule proteins, is one of the complicated roles 
of neutrophils13. Patients with PDAC and high neutrophil 
infiltration and positive NET staining have poorer progres-
sion-free survival (PFS) and disease-specific survival (DSS). 
NET formation is an independent prognostic factor for DSS14. 
In addition, patients with PDAC and low neutrophil infiltra-
tion or negative NET staining are more likely to benefit from 
5-fluorouracil- and/or gemcitabine-based chemotherapies14. 
A high neutrophil-to-lymphocyte ratio (NLR) in peripheral 
blood is a prognostic factor for poor survival in patients with 
PDAC15,16. Reduction of NETs resulted in delayed tumor 
growth and improved survival in mouse models of ortho-
topic pancreatic adenocarcinoma17. NET inhibitors, such as 
GSK484, DNase I, or antagonists of chemotactic receptors 
CXCR1/CXCR2, inhibit tumor progression17. Furthermore, 
NETs promote tumor proliferation by activating pancreatic 
stellate cells, while removal attenuates tumor growth18.

NETs can affect the biological behavior of tumor cells, while 
tumor cells induce NET formation19. Cytokines secreted in the 
tumor microenvironment, including CXCL820,21, TIMP-122, 
IL-1723, G-CSF24,25, TGF-β26, and IL-1327 have been shown to 
induce NET formation. Breast cancer cells are also capable of 
stimulating NETs and thereby enhance cancer cell mobility28. 
In addition, some chemotherapeutic agents, such as cisplatin 
or adriamycin/cyclophosphamide, promote NET formation in 
breast cancer lung metastasis19. Oxaliplatin induced NETs in a 
mouse model; targeting NETs is a potential strategy for treating 

oxaliplatin-induced peripheral neuropathy29. However, the 
effect of GnP on NETs in PDAC has not been established.

G protein-coupled receptor class C group 5 member A 
(GPRC5A) is an orphan receptor coupled to G proteins and 
exhibits dual behavior in cancer. GPRC5A knockout mice 
spontaneously develop lung cancer. Normal lung tissue has a 
higher level of GPRC5A expression than tumor tissues, which 
suggests that GPRC5A has a tumor-suppressing function30. 
Similarly, GPRC5A inhibits IL-6-induced STAT3 activation 
and represses the growth of head and neck squamous cell carci-
noma31. Conversely, GPRC5A acts as a proto-oncogene because 
GPRC5A overexpression restores the growth of pancreatic can-
cer suppressed by miR-135b-5p inhibition32. GPRC5A is asso-
ciated with chemotherapy resistance in pancreatic cancer33,34 
but the precise mechanism has not been established.

In the current study GnP was shown to induce neutrophil 
recruitment and NET formation, which reduces the therapeutic 
response in mouse models of PDAC. GnP treatment enhanced 
PDAC cells to secrete CXCL8 by increasing GPRC5A expres-
sion. As a result, CXCL8 triggered NET formation by increas-
ing the NLR family pyrin domain containing 3 (NLRP3) level. 
NET-derived cell-free DNA (cfDNA) has a crucial role in con-
ferring chemoresistance by promoting tumor cell proliferation 
and migration. Moreover, GnP and si-GPRC5A combination 
therapy had a significant therapeutic effect compared to mon-
otherapy. Thus, the GPRC5A-CXCL8-NET-cfDNA axis con-
tributes to GnP chemoresistance in PDAC (Study flow chart).

Materials and methods

Cell culture

MIA PaCa-2, PANC-1, and HL-60 cell lines were purchased 
from Wuhan Pricella (Wuhan, China). MIA PaCa-2 and 
PANC-1 were cultured in Dulbecco’s Modified Eagle’s Medium 
[DMEM] (Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA), and HL-60 in Iscove’s Modified Dulbecco’s Medium 
[IMDM] (Gibco), both of which were supplemented with 
10% FBS (HyClone Laboratories, Cytiva, Logan, UT, USA), 
100 U/mL of penicillin (Yeasen, Shanghai, China), and 100 
μg/mL of streptomycin (Yeasen, Shanghai, China) at 37°C 
in 5% CO2. All cells were Mycoplasma-negative at the last 
passage. A co-culture system of bone-marrow-derived neu-
trophils (BMDNs) with MIA PaCa-2 or PANC-1 cells was 
established. MIA PaCa-2 or PANC-1 cells were cultured in 
10 cm-diameter dishes (Corning, NY, USA) and 3  × 105/mL  
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freshly separated mouse-derived neutrophils were added to the 
media when the tumor cells reached 80% confluence. HL-60 
cells were induced to mature neutrophils by incubating with 1% 
DMSO (Sigma-Aldrich, St. Loui, MO, USA) and 5 μM all-trans-
retinoic acid (ATRA) (MCE, MedChemExpress, Monmouth 
Junction, NJ, USA) for 5 d. Giemsa staining was performed to 
verify the maturation of neutrophils.

GnP treatment was introduced to the culture media at dif-
ferent concentrations to induce GnP resistance in MIA PaCa-2 
and PANC-1 cells. GnP was added to the media and cultured 
for 24 h when the tumor cells reached 60%–80% confluence. 
The cells were then rinsed twice with PBS and returned to 

normal media until the typical morphology was exhibited. 
This process was repeated until the tumor cells could grow 
steadily in the presence of GnP. The most effective concentra-
tion was evaluated and confirmed using the CCK8 assay. The 
working concentrations for MIA PaCa-2 and PANC-1 were 1 
μM gemcitabine + 0.68 μM nab-paclitaxel and 9.5 μM gemcit-
abine + 1.9 μM nab-paclitaxel, respectively.

Human samples and mouse models

Human PDAC specimens were obtained from Renji Hospital 
affiliated with Shanghai Jiao Tong University School of 

Background Gemcitabine plus nab-paclitaxel is first-line therapy for advanced pancreatic ductal
adenocarcinoma, but its efficacy is limited by tumor microenvironment-induced resistance.

  
  

Conclusion
The GPRC5A-CXCL8-NET-cfDNA axis plays a critical role in the development of
therapeutic resistance to GnP in PDAC. Targeting this axis may represent a promising strategy
for overcoming GnP resistance and thereby enhancing the efficacy of  chemotherapy in PDAC.
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Study flow chart  GPRC5A-CXCL8-NET-cfDNA axis contributes to chemotherapy resistance in pancreatic ductal adenocarcinoma. Part 1 
illustrates tissue microarray and prognosis analysis of PDAC patients undergoing GnP therapy revealed that neutrophil levels were associated 
with treatment outcomes. Part 2 shows that in murine models, GnP therapy increased neutrophil infiltration in tumors. Conditioned medium 
from PDAC cells promoted neutrophil extracellular trap (NET) formation through CXCL8 secretion. Mechanistically, GPRC5A enhanced CXCL8 
secretion via NF-κB signaling in GnP-resistant PDAC cells, while NET formation was mediated by NLRP3 activation in neutrophils. Part 3 pre-
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therapeutic potential of targeting GPRC5A. *, P < 0.05; **, P < 0.01 (created with biorender.com).
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Medicine (Shanghai, China). The study was conducted 
according to the Declaration of Helsinki. All tissues and exper-
iments were reviewed and approved by the Ethics Committees 
of Renji Hospital (Approval Nos. KY2020-116, KY2024-
059-C). Clinical data were collected and anonymized before 
analysis. A total of 152 patients with PDAC were initially 
enrolled in this study. Of the 152 patients, 42 who received 
treatment regimens other than GnP were excluded from anal-
yses focusing on treatment efficacy. An additional 10 patients 
who were lost to follow-up were excluded. As a result, 100 
patients were included in the Kaplan–Meier survival analysis 
and in the evaluation of the NLR as a predictor of treatment 
response. Tumor specimens were only available from a subset 
of patients for immunofluorescence (IF) staining of CD66b 
and immunohistochemistry (IHC) staining of GPRC5A. Due 
to limited access to resected tumor tissues, 70 patients lacked 
suitable samples for staining. Therefore, a total of 30 tumor 
specimens were included in the IF analysis. The median was 
taken as the cut-off value in survival analysis. Thirty PDAC 
surgical samples were collected between 2020 and 2023; the 
clinical characteristics are listed in Table S1. The responsive 
group was defined as patients with a complete response plus 
partial response after two cycles of chemotherapy treatment 
when assessing treatment efficacy. The non-responsive group 
was defined as progressive disease.

All animal experiments were approved by the Institutional 
Animal Care and Use Committee of the Animal Core Facility 
of the Shanghai Jiao Tong University School of Medicine 
Affiliated Renji Hospital (Approval No. RJ2022-0811). All 
performances adhered to local and national requirements 
for the care and use of laboratory animals. Five-week-old 
female BALB/c-nude mice were randomly distributed into 
groups and anesthetized to generate the subcutaneous PDAC 
model. MIA PaCa-2 cells were dissociated and injected sub-
cutaneously into the mice (5 × 106 cells in 100 μL DMEM). 
Treatment started 1 week after injection of PDAC cells. The 
tumor-bearing mice were treated intraperitoneally with 
gemcitabine (100 mg/kg) together with albumin-paclitaxel 
(20 mg/kg) and/or anti-Ly6G (RRID: AB_1107721; Bio X 
Cell, West Lebanon, NH, USA). Mice were injected intra-
peritoneally with GnP as described above to assess small 
interfering (si)RNA treatment efficacy and treated with 
si-NC (5 nmol/20 g) or si-GPRC5A (5 nmol/20 g; Ribobio, 
Guangzhou, China) intratumorally twice per week for 3 
weeks. The size of the tumors was measured twice per 
week and when the tumor volume reached approximately 

800 mm3 or at the time mice were sacrificed. All mice were 
housed in SPF barrier facilities.

Flow cytometry

Subcutaneous tumors were collected, minced, digested, and 
strained through a 70-μm nylon filter for single-cell suspen-
sions. The cells were first incubated for 15 min with anti-CD16/
CD32 antibody (#14-0161-82, 1:300; eBioscience) to block Fc 
receptors, then primary antibodies for 45 min on ice. The pri-
mary antibodies included CD45, F4/80, Ly6G,CD11b, CD11c, 
and NK1.1, which were used to label macrophages, neutro-
phils, dendritic cells, and natural killer cells. The antibodies 
used are listed in Table S2 (Supporting Information). Data 
were collected using a flow cytometer (BD LSRFortessa 
X-20) and analyzed using FlowJo software (Tree Star, Ashland, 
OR, USA).

Isolation of neutrophils

Mice were sacrificed and the femurs were collected and flushed 
using a sterile syringe filled with 1 × PBS, then collected into 
a sterile 50-mL tube. The bone marrow cells were collected by 
centrifugation at 400 × g for 5 min, then suspended in PBS. 
An EasySep Mouse Neutrophil Enrichment kit (Stemcell, 
Technologies, Vancouver, BC, Canada) was used to purify 
BMDNs. After centrifugation and resuspension, the remain-
ing cells were collected as neutrophils and assessed for purity 
and viability by Giemsa and trypan blue staining, respectively.

NETosis assay

BMDNs or HL-60-derived neutrophils were seeded in 96-well 
plates at a density of 3 × 105 cells/mL and treated with DMEM 
(media group), GnP-resistant MIA PaCa-2 or PANC-1 cell 
culture medium [conditioned media (CM) group], or LPS 
(100 ng/mL), or untreated (blank group). The MPO-DNA 
complexes were detected according to a previous study35. 
Anti-MPO antibody (Cayman, Chemical, Ann Arbor, MI, 
USA) was used as a capture antibody and a peroxidase-labeled 
anti-DNA primary antibody (Cell Death Detection Enzyme-
linked Immunosorbent Assay kit; Roche, Basel, Switzerland) 
was used as the detection antibody. Equal volumes of plasma 
or neutrophil supernatant were subjected to MPO-DNA 
ELISA. The MPO activity of neutrophils was performed using 
a Neutrophil Myeloperoxidase Activity Assay kit (Cayman). 
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The cfDNA was quantified with a Quant-iT PicoGreen dsDNA 
Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). All 
procedures were performed according to the manufacturer’s 
instructions.

Transwell cell migration assay

Transwell migration assays were performed as previously 
described36. The culture medium of GnP-resistant PANC-1 
cells was collected, centrifuged at 450 g for 5 min and filtered 
through a 0.45-μm membrane. The filtered culture medium 
was added to the mouse BMDNs with or without GSK484 (10 
μM; MCE). The neutrophil culture medium supernatant was 
collected after 4 h and added to PANC-1 cells with or without 
GnP. Approximately 2 × 104 PANC-1 cells were added to an 
8-μm pore size Transwell chamber in a 24-well plate 24 h ear-
lier. Media containing 10% FBS were plated into the bottom 
chamber. After incubation for 24 h, the cells were fixed and 
dyed with methanol and crystal violet, respectively. Migrated 
cells were counted in five randomly selected fields using a 
microscope. The assays were run in triplicate.

CCK-8 cell viability assay

The NET inhibitor, GSK484 hydrochloride, was added to the 
co-culture system described above to assess the effect of NETs 
on PDAC cell resistance to GnP therapy. The culture media 
were collected and added to GnP-resistant MIA PaCa-2 or 
PANC-1 cell culture dishes. MIA PaCa-2 and PANC-1 cells 
were dissociated and seeded in 96-well plates at a density of 
3,000 cells per well and incubated overnight. Cell viability 
(OD450) was measured after reacting with a Cell Counting 
Kit-8 [CCK-8] (MCE) for 2 h.

Western blot

Cells were collected and washed twice with cold PBS and 
lysed with proteinase inhibitor on ice. The suspension was 
collected after centrifugation at 14000 g for 15 min at 4°C. 
The suspension was collected as total protein and the con-
centration was measured using a BCA Protein Assay kit 
(Thermo Fisher Scientific). Equal amounts of proteins were 
added on SDS-page gels for separation, transferred to PVDF 
membranes (Millipore, Billerica, MA, USA), and blocked 
with 5% BSA at room temperature for 1 h. The membranes 
were incubated overnight with primary antibodies at 4°C 

and thrice-washed with TBST, followed by 1-h incubation 
with secondary antibodies at 37°C. Protein bands were vis-
ualized using a chemiluminescence detection system. The 
antibodies that were used are listed in Table S2 (Supporting 
Information). Western blot bands were quantitatively ana-
lyzed using Image J software (National Institutes of Health, 
Bethesda, MD, USA).

Subcellular fractionation

Fractionation of nuclear and cytosolic extracts was performed 
using the Nuclear and Cytoplasmic Protein Extraction kit 
(catalog no. P0027; Beyotime, Beijing, China) according to the 
manufacturer’s instructions.

IF

The paraffin-embedded samples were sectioned and dep-
araffinized. Antigen retrieval was performed using cit-
rate-EDTA buffer at 100°C for 30 min. The slides were then 
rinsed in ddH2O and blocked in 2% BSA, goat serum, and 3% 
Tx-100 for 30 min at room temperature, and incubated in pri-
mary antibody overnight at 4°C. Antibody information is pro-
vided in Table S2 (Supporting information). The slides were 
thrice-washed in TBST and incubated with secondary anti-
bodies for 30 min at room temperature. The slides were then 
rinsed, cover-slipped, and imaged on an Andor Dragonfly 
(CD-DFLY-505; Andor Technology Ltd., Belfast, Northern 
Ireland, UK). CD66b and GPRC5A expression was deter-
mined by a pathologist using ImageJ for quantification.

PANC-1 cells were transfected with si-GPRC5A or si-NC 
using the Hieff Trans® Liposomal Transfection reagent 
(40802ES03; Yeasen, Shanghai, China) following the manufac-
turer’s instructions. The transfection efficiency was assessed 
via qPCR. The transfected PANC-1 cells were subsequently 
treated with 9.5 μM gemcitabine and 1.9 μM nab-paclitaxel 
for 24 h, then the conditioned media were collected separately. 
BMDNs were collected as previously described, then incu-
bated with the conditioned media from GPRC5A-knockdown 
PANC-1 cells or the control group for 24 h. The treated 
BMDNs were fixed with 4% paraformaldehyde at 4°C over-
night, permeabilized, and blocked after culture, then incu-
bated with primary antibody against MPO, citH3, and CD66b 
for 1 h at 37°C. The antibody details are listed in Table S2. 
Then, the cells were incubated with secondary antibodies and 
DAPI, and imaged as outlined above.
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IHC

Tissue microarray containing the collected 30 PDAC tissues 
was subjected to immunohistochemical analysis using an 
anti-GPRC5A antibody (Table S2) to determine GPRC5A 
expression. IHC was performed according to the manufac-
turer’s instructions (PK10006; Proteintech, Wuhan, China). 
Quantitative analysis of GPRC5A staining was performed as 
previously described37.

Cytokine array

Cytokine array allowing simultaneous detection of cytokines 
was used to assess secretion profiles in CM from GnP-resistant 
MIA PaCa-2 cells according to the manufacturer’s instruc-
tions. Cytokine array was performed by RayBiotech (AAH-
CYT-1000; Guangzhou, China).

ELISA-based quantification of cytokines

Cell culture supernatants of GnP-resistant MIA PaCa-2 or 
PANC-1 cells were collected to evaluate CXCL8. CXCL8, 
TNF-α, IL-12, IL-1Ra, TGF-β1, and elastase secretion. ELISA 
kits (RayBiotech) were used according to the manufacturer’s 
instructions. Each sample was run in triplicate.

RNA isolation and quantitative reverse 
transcription (qRT-PCR)

Total RNA was extracted using TRIzol reagent for real-
time qRT-PCR following the manufacturer’s instructions. 
RNA samples were reverse-transcribed into cDNA using a 
cDNA synthesis kit (Takara, Tokyo, Japan). The qRT-PCR 
was performed using a SYBR Green Master Mix kit (Roche) 
in QuantStudio 7 Flex (AppliedBiosystems, Thermo Fisher 
Scientific). The results were standardized to GAPDH val-
ues. The primers used for key genes are as follows: GPRC5A  
(F: 5′-ATGGCTACAACAGTCCCTGAT-3′; R: 5′-CCACCG 
TTTCTAGGACGATGC-3′); NF-κB p65 (F: 5′-ACCGCTGC 
ATCCACAGTTTC-3′; R: 5′-GGGGTTGTTGTTGGTCTGG 
A-3′); CXCL8 (F: 5′-ACTGAGAGTGATTGAGAGTGGAC-3′; 
R: 5′-AACCCTCTGCACCCAGTTTTC-3′); and GAPDH (F:  
5′-GGAGCGAGATCCCTCCAAAAT-3′; R: 5′-GGCTGTT 
GTCATACTTCTCATGG-3′). Primer sequences for other 
genes are listed in Table S3. The sequences for siRNA use 
in inhibiting GPRC5A in vitro were as follows: siGPRC5A 

(5′-AGGCAGCAUUUUUCGCCUGTT-3′); and si-NC (5′ 
GUAGAUUACCACUGGAGUCTT-3′). The sequences 
for GPRC5A-siRNA in vivo were si-h-GPRC5A_001 
[2Ome+5Chol] (5′-AGGACTCCAACAGGCGAAA-3′) from 
RIBOBIO.

Statistical analysis

All experiments were performed at least three times. Statistical 
analysis was performed using Prism software (GraphPad 
Software, Inc., La Jolla, CA, USA). The unpaired Student’s 
t-test and Mann–Whitney U test were used for comparison 
between the two groups depending on the distribution. One- 
and two-way ANOVA were used for comparisons between 
three or more groups. The log-rank test (survival) was used 
to determine statistical significance. The sample size for sur-
vival analysis was estimated based to be 82 patients based on 
an expected hazard ratio of 2.0 with an α = 0.05 and a power = 
80%. A P < 0.05 was considered significant for all comparisons.

Results

Neutrophil infiltration is associated with poor 
prognosis in patients treated with GnP therapy

Clinical data from 100 patients with complete follow-up 
records in the Shanghai Jiao Tong University School of 
Medicine Affiliated Renji Hospital were collected to assess the 
effect of neutrophils on pancreatic cancer patients (Figure 1A, 
Table S1). A high NLR is a prognostic factor for poor PFS in 
patients with unresectable PDAC treated with gemcitabine38. 
The NLRs of patients with resected PDAC were calculated at 
the time of admission to Renji Hospital for surgery. The sur-
vival analysis indicated that a high NLR was correlated with 
reduced PFS (Figure 1B). Additionally, patients with a poor 
response to GnP therapy had a significantly elevated NLR 
(Figure 1C). CD66b staining was performed to further val-
idate neutrophil infiltration in PDAC tissues. The results 
revealed that patients with high CD66b expression had a 
worse prognosis (Figure 1D and 1E).

GnP recruits neutrophils and promotes 
NETosis in the PDAC

MIA PaCa-2 cells were injected subcutaneously into BALB/c-
nude mice to establish a PDAC model. The model was used to 
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determine how GnP modifies the TME in PDAC. Tumor for-
mation was observed after 7 days. The mice were then treated 
intraperitoneally with GnP chemotherapy [gemcitabine (100 
mg/kg) and nab-paclitaxel (20 mg/kg)] twice a week for 21 d 
before being sacrificed. A single-cell suspension was prepared 
from tumor tissues, and the percentage of macrophages, neu-
trophils, dendritic cells, and natural killer cells was quantified 
using flow cytometry to determine the effect of GnP therapy 
on the tumor immune microenvironment (Figure S1). A 
significant increase in neutrophils was noted in GnP-treated 
tumors, whereas other immunocytes were not significantly 
affected by GnP treatment (Figure 2A). Because of the marked 

increase in neutrophil infiltration, whether GnP therapy influ-
enced neutrophil chemotaxis was determined. To evaluate this 
hypothesis, GnP was added to the neutrophil culture medium, 
but there was no effect on neutrophils (Figure 2B). All MIA 
PaCa-2 and PANC-1 cells were treated with GnP at different 
doses for 24 h before experiments were performed to estab-
lish GnP-resistant MIA PaCa-2 and PANC-1 cell lines and to 
determine the role of tumor cells in the significant increase of 
neutrophils, (Figure S2). CM from GnP-resistant MIA PaCa-2 
and PANC-1 cancer cells enhanced neutrophil chemotaxis in 
vitro (Figure 2C). This outcome suggested that GnP therapy 
may promote neutrophil migration into PDAC tumor tissues 

A

Low
neutrophil
infiltration

DAPI CD66b DAPI CD66b

High
neutrophil
infiltration

D

CB

E
Res

pons
e

Non-
res

pons
e

0

5

10

15

After two cycles of GnP

N
LR

0 5 10 15 20
0

50

100

Months

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l (
%

)

High-CD66b Group
Low-CD66b Group

P = 0.0246
HR (95% CI)
1.827 (0.8504–3.925)

n = 14 n = 16

0 5 10 15 20
0

50

100

Tumor specimens
not available

n = 70

Lost follow-up
n = 10

Other treatment
n = 42

Included patients
for IF staining

n = 30

Included patients for
survival analysis

n = 100

Gemcitabine + Nab-
paclitaxel therapy

n = 110

Total pancreatic
cancer patients

n = 152

Months

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l (
%

)

High-NLR Group
Low-NLR Group

HR (95% CI)
2.974 (1.831–4.831)
P < 0.001

n = 49 n = 51

*

Figure 1  Clinical correlation of neutrophil infiltration and PDAC prognosis. (A) Schemes for the collection of patient information and human 
PDAC samples. (B) Kaplan–Meier plots of the progression-free survival (PFS) of patients with PDAC with a high neutrophil-lymphocyte ratio 
(NLR) and low NLR. The cut-off value was the NLR median (n = 100). The medians PFS of the low and high NLR groups were 10 and 5.5 months, 
respectively. (C) NLR level between GnP-responsive and -non-responsive patients after two GnP treatment cycles (n = 100). The responsive 
group included patients with complete and partial responses. The non-responsive group included patients with progressive disease. (D) 
Representative images of human PDAC patient samples for CD66b (yellow) and DAPI (blue). White arrows point to neutrophils. The cut-off 
value is the CD66b MFI median. Scale bar, 30 μm. (E) Kaplan–Meier plots of the PFS of patients with PDAC with high and low CD66b and 
expression (n = 30). The cut-off value was the CD66b MFI median (n = 30). The median PFS of low and high CD66b levels was 10.5 and 7.0 
months, respectively. The P value shown was determined by the log-rank test in (B) and (E). Unpaired t-test was used in (C)*, P < 0.05. Data 
are the mean ± SD.



Cancer Biol Med Vol 22, No 7 July 2025� 839

Bla
nk

Med
ia CM

LP
S

Bla
nk

Med
ia CM

LP
S

0

20

40

60

80

100
MIA PaCa-2 + BMDN

SY
TO

X 
gr

ee
n 

flu
or

es
ce

nc
e

(%
 o

f t
ot

al
 D

N
A)

ns

IL-
1R

a

TG
F-β

1

Ela
sta

se
TN

F-α
IL-

12
0

500

1,000

1,500

2,000

Co
nc

en
tr

at
io

n 
of

 c
yt

ok
in

es
in

 tu
m

or
 (p

g/
m

L)

NC
GnP

ns ns ns ns

Bla
nk

Med
ia CM

LP
S

Bla
nk

Med
ia CM

LP
S

0.0

0.5

1.0

1.5
MIA PaCa-2 + BMDN

Mac
ro

pha
ge

Neu
tro

phil DC NK
0

5

10

15
Pe

rc
en

ta
ge

 o
f c

el
ls

in
 C

D
45

+
 c

el
ls

NC
GnP

ns ns ns

NC GnP
0

50

100

150

200

MIA PaCa-2 CM
**

**

***

***

***

***

***

***

*** ***

* **
*** ***

*

*
***

C

NC GnP
0

50

100

150

PANC-1 CMA

H

K

J

NC GnP
0

10

20

30

Av
er

ag
e 

nu
m

be
r o

f
ne

ut
ro

ph
ils

 p
er

 fi
el

d

Av
er

ag
e 

nu
m

be
r o

f
ne

ut
ro

ph
ils

 p
er

 fi
el

d

Av
er

ag
e 

nu
m

be
r o

f
ne

ut
ro

ph
ils

 p
er

 fi
el

d

nsB

I

G

L NC GSK484

GnP-CM GnP-CM + GSK484

FE

0

20

40

60

80
PANC-1 + BMDN

SY
TO

X 
gr

ee
n 

flu
or

es
ce

nc
e

(%
 o

f t
ot

al
 D

N
A)

ns

NC

GSK
48

4

GnP
-C

M

GnP
-C

M +
 G

SK
48

4
NC

GSK
48

4

GnP
-C

M

GnP
-C

M +
 G

SK
48

4
NC

GSK
48

4

GnP
-C

M

GnP
-C

M +
 G

SK
48

4
0.0

0.5

1.0

1.5

2.0

2.5

MIA PaCa-2

Ce
ll 

vi
ab

ili
ty

(A
bs

or
ba

nc
e 

at
 4

50
 n

m
)

Ce
ll 

vi
ab

ili
ty

(A
bs

or
ba

nc
e 

at
 4

50
 n

m
)

ns

0.0

0.5

1.0

1.5

2.0

2.5
PANC-1

ns

0.0

0.5

1.0

1.5 PANC-1 + BMDN

M
PO

-D
N

A 
(O

D
45

0)

M
PO

-D
N

A 
(O

D
45

0)

0 7 14 21
0

200

400

600

800

1,000
MIA PaCa-2

Days post treatment

Tu
m

or
 v

ol
um

e 
(m

m
3 ) Isotype control

GnP
Anti-Ly6G
GnP + anti-Ly6G

D

Isotype control

GnP

Anti-Ly6G

GnP + anti-Ly6G

0.0

0.2

0.4

0.6

0.8

MIA PaCa-2

Tu
m

or
 w

ei
gh

t (
m

g)

Isotype control
GnP
Anti-Ly6G
GnP + anti-Ly6G

0

100

200

300

400

Ce
ll 

co
un

t
Supernatant Supernatant

PDAC cells PDAC cells
NETs inhibitor

(GSK 484)
Neutrophils

Figure 2  GnP treatment induces neutrophil infiltration and NET formation and contributes to chemoresistance in PDAC. (A) Percentage of 
the CD45+CD11b+F4/80+ macrophages, CD45+CD11b+Ly6G+ neutrophils, CD45+NK1.1+ natural killer cells (NK), and CD45+CD11b+CD11c+ 
dendritic cells (DC) in tumor tissues of negative control (NC; n = 5 per group) and GnP-resistant MIA PaCa-2-bearing BALB/c-nude mice. 
(B) Measurements of the neutrophil number recruited by GnP and (C) conditioned medium (CM) of GnP-resistant MIA PaCa-2 (MIA PaCa-2 
CM) and PANC-1 (PANC-1 CM) cells by microscopy. (D) Tumor photo, (E) tumor weight, and (F) tumor growth curve of MIA PaCa 2-bearing 



840� Zhu et al. GPRC5A-CXCL8-NET axis mediates GnP resistance in PDAC

by increasing the production of some chemokines. In vivo 
experiments demonstrated that neutrophil depletion by anti-
Ly6G antibody improved the effectiveness of GnP in reducing 
tumor volume (Figure 2D) and weight (Figure 2E) in BALB/
c-nude mice. In like manner, the tumor growth (Figure 2F) 
was more effectively inhibited in mice receiving combination 
therapy compared to mice receiving GnP alone. These find-
ings indicated a key role for neutrophils in mediating resist-
ance to GnP in pancreatic cancer treatment.

Various neutrophil cytokines in tumor tissue homogenates 
from MIA PaCa-2-bearing BALB/c-nude mice were assessed 
by ELISA to further investigate the effects of GnP therapy on 
neutrophils. Because neutrophils synthesize and secrete pro- 
and anti-inflammatory factors, TNF-α, IL-12, IL-1a, TGF-β1, 
and elastase were selected as representative cytokines to eval-
uate the functional changes of neutrophils after GnP therapy. 
Elastase levels significantly increased following GnP therapy, 
whereas the other pro- and anti-inflammatory factors showed 
only minor changes (Figure 2G). Given that elastase is a NET 
marker, the results suggested that GnP therapy might induce 
NET formation in PDAC. CM from GnP-resistant MIA 
PaCa-2 or PANC-1 cancer cells were cultured with freshly iso-
lated BMDNs to determine how GnP therapy influences NETs. 
Neutrophils formed NETs when cultured with PDAC cells but 
only in co-cultures treated with GnP therapy, as determined 
with MPO-DNA (Figure 2H) and SYTOX Green (Figure 
2I). The NET inhibitor, GSK484 hydrochloride, was intro-
duced in the co-culture system to further explore the effect 
of NETs on PDAC cell behavior. The CM of GnP-sensitive or 
resistant PDAC cells were first collected and neutrophils were 
treated with or without the addition of GSK484. Neutrophil 
CM (Figure 2J) were used to treat GnP-resistant PADC cells 

prior to the CCK-8 and Transwell assays. NET inhibition over-
came GnP therapy resistance, as demonstrated by the CCK-8 
(Figure 2K) and migration assays (Figure 2L). The changes in 
proliferation and migration induced by GnP-CM were moder-
ate, which may reflect early adaptive responses to chemother-
apy-induced secretory signals and could contribute to a more 
permissive microenvironment that supports residual tumor 
cell survival and reshape the immune environment.

CXCL8 secretion from PDAC cells promotes 
NET formation

The mechanisms underlying NET formation following GnP 
therapy were investigated. HL-60 cells were induced to neu-
trophils by ATRA to simulate human neutrophils. MPO-DNA, 
MPO activity, and SYTOX Green revealed that neutrophils 
cultured alone did not form NETs when treated with GnP 
(Figure 3A–C). These findings showed that GnP did not 
directly induce NET formation in neutrophils. However, CM 
from GnP-resistant cancer cells (MIA PaCa-2 GnP CM and 
PANC-1 GnP CM) promoted NET formation, which suggested 
that tumor cells released NET-inducing factors after GnP 
treatment. A cytokine array was performed on the CM from 
GnP-sensitive or -resistant MIA PaCa-2 cells to identify can-
didate factors. The analysis revealed that CXCL8, a neutrophil 
chemokine, was the most significantly upregulated cytokine in 
the CM by a volcano plot (Figure 3D), a finding corroborated 
by GO analyses (Figure 3E). Importantly, secretion of CXCL8 
by GnP-resistant MIA PaCa-2 and PANC-1 cancer cells was 
confirmed by ELISA (Figure 3F). Moreover, neutralizing 
CXCL8 effectively prevented NET formation induced by CM 
from GnP-resistant cancer cells (Figure 3G,H).

BALB/c-nude mice that received treatments by isotype control, GnP, anti-Ly6G antibody (neutrophil depletion), or GnP + anti-Ly6G antibody 
when the tumor volume reached approximately 20 mm3. (G) Measurements of neutrophil-derived cytokines using enzyme-linked immuno-
sorbent assay (ELISA), n = 6, (H) Measurements of MPO-DNA by ELISA, and (I) the fluorescence intensity of SYTOX Green in bone marrow-
derived neutrophils (BMDNs) that were not treated (blank) or treated with DMEM (media), CM from GnP-resistant MIA PaCa-2 or PANC-1 cells 
(CM), or LPS (100 ng/mL). (J) Diagram depicting the experimental design used in Figure 2. K–L (created with Biorender.com). (K) Cell viability 
assessed by CCK-8 assay in GnP-resistant MIA PaCa-2 and PANC-1 cells following treatment with control media (NC), conditioned media (CM) 
from neutrophils treated with GSK484 (100 nM), CM from neutrophils stimulated by GnP-resistant cancer cell CM, and CM from neutrophils 
exposed to GnP-resistant cancer cell CM in combination with GSK484 (GnP-CM + GSK484). (L) Representing images and quantification of 
migration of MIA PaCa-2 treated by media (NC), GSK484 (100 nM), media from GnP-resistant relative cells (GnP-CM), and GnP-CM + GSK484. 
All experiments were performed at least thrice. For statistical analyses, two-way ANOVA was used for (A) and (G). An unpaired t-test was used 
for (B) and (C). One-way ANOVA was used for (E), (H), (I), (K), and (L). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Data are the 
mean ± SD.

https://www.biorender.com/


Cancer Biol Med Vol 22, No 7 July 2025� 841

A B C

D

E F

G H

NC GnP
0.00

0.05

0.10

0.15

M
PO

-D
N

A 
(O

D
45

0)

ns

PANC-1 + BMDN

0

10

20

30

40

MIA PaCa-2 + BMDN

SY
TO

X 
gr

ee
n 

flu
or

es
ce

nc
e

(%
 o

f t
ot

al
 D

N
A)

SY
TO

X 
gr

ee
n 

flu
or

es
ce

nc
e

(%
 o

f t
ot

al
 D

N
A)

Iso
typ

e c
ontr

ol

Anti
-C

XCL8

GnP
-C

M

GnP
-C

M +
 an

ti-
CXCL8

0.0

0.5

1.0

1.5

MIA PaCa-2 + BMDN

M
PO

-D
N

A 
(O

D
45

0)

Iso
typ

e c
ontr

ol

Anti
-C

XCL8

GnP
-C

M

GnP
-C

M +
 an

ti-
CXCL8

Iso
typ

e c
ontr

ol

Anti
-C

XCL8

GnP
-C

M

GnP
-C

M +
 an

ti-
CXCL8

0.0 0

10

20

30

40

Iso
typ

e c
ontr

ol

Anti
-C

XCL8

GnP
-C

M

GnP
-C

M +
 an

ti-
CXCL8

0.5

1.0

1.5

M
PO

-D
N

A 
(O

D
45

0)

NC GnP

Regulation of peptidyl-tyrosine phosphorylation

Positive regulation of peptidyl-tyrosine phosphorylation

Peptidyl-tyrosine phosphorylation
Peptidyl-tyrosine modification

Peptidyl-serine phosphorylation
Peptidyl-serine modification

Regulation of apoptotic signaling pathway
Regulation of morphogenesis of an epithelium
Regulation of peptidyl-serine phosphorylation

Positive chemotaxis
Positive regulation of peptidyl-serine phosphorylation

Negative regulation of apoptotic signaling pathway

Transmembrane receptor protein tyrosine
 kinase activator activity

Protein tyrosine kinase activator activity

Growth factor activity

Epidermal growth factor receptor binding

Chemoattractant activity

50 100 150 200

0.00025

0.00050

0.00075

P value

Count

30 50 70

BP

MF

90

2

3

4

5

6

7

Enrichment

Cytokine activity

Cytokine receptor binding

Growth factor receptor binding

0

1

2

3

4

M
PO

 a
ct

iv
ity

(1
0–1

 μ
M

/m
in

/1
06  

ce
lls

) ns

NC GnP
0

1

2

3

4

5

SY
TO

X 
gr

ee
n 

flu
or

es
ce

nc
e

(%
 o

f t
ot

al
 D

N
A)

ns

NC GnP
0

50

100

150

MIA PaCa-2

CX
CL

8 
co

nc
en

tr
at

io
n

in
 c

el
ls

 s
up

er
na

ta
nt

 (p
g/

m
L)

0

50

100

150

CX
CL

8 
co

nc
en

tr
at

io
n

in
 c

el
ls

 s
up

er
na

ta
nt

 (p
g/

m
L)

NC GnP

PANC-1

PANC-1 + BMDN

4

3

2

–l
og

10
(P

 v
al

ue
)

1

0
–1 0 1 2 3

GM-CSF

CXCL8

log2 fold change
4

Significance
Down
Not sig
Up

***
***

***
***

***

***

Figure 3  GnP enhances PDAC cells to secrete CXCL8 that promotes NET formation. (A) MPO-DNA, (B) MPO activity, and (C) the fluorescence 
intensity of SYTOX Green in HL-60-induced neutrophils treated by GnP directly. (D) Volcano plot presenting top two cytokines upregulated by 
GnP-resistant MIA PaCa-2 culture medium. (E) GO analysis of cytokine array for the supernatant of GnP-sensitive or resistant MIA PaCa-2 cells. 
(F) Concentration of CXCL8 in the supernatant of GnP-sensitive (NC) or -resistant (GnP) MIA PaCa-2 and PANC-1 cells. (G) MPO-DNA and (H) 
Fluorescence intensity of SYTOX Green in BMDN treated by media containing isotype control (isotype control), media containing anti-CXCL8 
(anti-CXCL8), media from GnP-resistant relative cells (GnP-CM), and GnP-CM + anti-CXCL8. All experiments were performed at least three 
times. For statistical analyses, an unpaired t-test in the case of normal distribution or a non-parametric Mann–Whitney test in the absence of 
normal distribution was used for (A), (B), (C), and (F). One-way ANOVA was used for (G) and (H). ***, P < 0.001; ns, not significant. n = 6, Data 
are the mean ± SD.
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GPRC5A-induced CXCL8 secretion promoted 
NET formation and GnP resistance in PDAC

The mechanisms underlying GnP-induced CXCL8 secretion 
was investigated. Previous studies have shown that gemcitabine 
and nab-paclitaxel can affect the levels of HIF1A, cyclin A239, 
GPRC5A33, CDK2, P21, P27, YAP1, and HO-1 expression40. 
The effect of GnP on these genes was assessed using qRT-
PCR and GnP significantly upregulated GPRC5A, HIF1A, and 
YAP1 in MIA PaCa-2 cells (Figure 4A). Western blot analysis 
of these proteins revealed that only GPRC5A expression was 
notably increased by GnP resistance (Figure  4B). GPRC5A 
knockdown was performed by siRNA in GnP-sensitive or 
resistant MIA PaCa-2 and PANC-1 cells to determine whether 
GPRC5A participates in GnP-mediated CXCL8 produc-
tion (Figure 4C). The ELISA results indicated that GPRC5A 
knockdown reduced CXCL8 secretion in GnP-resistant cells 
(Figure 4D). Similarly, GPRC5A inhibition diminished the 
ability of GnP-resistant cancer cells to induce NET formation 
by HL-60-induced neutrophils, as evidenced by MPO-DNA 
(Figure 4E), SYTOX Green (Figure 4F), and immunofluo-
rescent staining (Figure 4G), and CXCL8 secretion was sig-
nificantly elevated in GPRC5A-overexpressing GnP-resistant 
PDAC cells (Figure S3A). Moreover, GPRC5A overexpres-
sion enhanced NET formation in neutrophils co-cultured 
with GnP-resistant PDAC cells (Figure S3B). Overall, the 
results suggested that GnP enhanced neutrophil recruitment 
by inducing GPRC5A-mediated CXCL8 secretion in PDAC 
cells and CXCL8 promoted NET formation, which ultimately 
reduced the efficacy of GnP therapy.

GPRC5A regulated CXCL8 expression 
through nuclear factor kappa B (NF-κκB) 
signaling in GnP-resistant cells

Previous studies have identified several transcription factors, 
including NF-κB41, activator protein 1 (AP-1)42, and activat-
ing transcription factor 3 (ATF3)43, as potential regulators 
of CXCL8 expression. The levels of these transcription fac-
tors were assessed in GnP-resistant PANC-1 cells following 
GPRC5A knockdown or overexpression to further investigate 
these findings. NF-κB p65 exhibited expression patterns that 
correlated with GPRC5A levels (Figure 5A and 5B). Notably, 
NF-κB also showed reduced activation upon GPRC5A knock-
down and increased activation upon GPRC5A overexpression, 

as evidenced by increased cytoplasmic accumulation and 
decreased nuclear localization of the p65 subunit (Figure 
5C). Furthermore, treatment with JSH-23, an inhibitor of 
NF-κB nuclear translocation, significantly reduced both 
CXCL8 expression and secretion in GnP-resistant PDAC cells 
(Figure 5D,E). These findings collectively supported the con-
clusion that GPRC5A impairs the therapeutic efficacy of GnP 
through NF-κB–mediated CXCL8 secretion.

NLRP3 mediates NET formation in PDAC 
through neutrophil activation

Whether NLRP3 participates in GnP/CXCL8-induced 
NET formation was further investigated given the critical 
role of NLRP3 in neutrophil chemotaxis44 and activation45. 
Neutrophils were exposed to tumor-conditioned medium and 
an increase in NLRP3 levels in neutrophils was detected by 
qRT-PCR (Figure 6A) and western blot (Figure 6B). CXCL8 
in the incubation system was inhibited to assess the role of 
CXCL8 in this process. CXCL8 blocking decreased NLRP3 
levels in neutrophils induced by GnP-resistant PDAC cells, 
as shown by western blot (Figure 6C). Consequently, NLRP3 
inhibition reduced GnP/CXCL8-induced NET formation, as 
evidenced by MPO-DNA (Figure 6D) and SYTOX Green 
(Figure 6E). NLRP3 inhibition also suppressed LPS-induced 
MPO-DNA levels (Figure S4A) and SYTOX Green intensity, 
which further supports the role of NLRP3 in NET formation 
(Figure S4B).

GPRC5A inhibition overcomes GnP resistance 
and improves treatment efficacy in PDAC

Neutrophil-derived DNA is correlated with PDAC patient 
staging18. cfDNA from CM-induced NETs was extracted to 
further elucidate the role of cfDNA in NET-mediated PDAC 
cell behavior. The results revealed that cfDNA could pro-
mote cell proliferation (Figure 7A) and migration (Figure 
7B). A PDAC model was established by subcutaneously 
injecting MIA PaCa-2 cells into BALB/c-nude mice, then 
treating the tumor with PBS (NC), GnP, or GnP + DNase I. 
The addition of DNase I significantly improved the efficacy 
of GnP, as evidenced by reduced tumor growth (Figure 7C) 
and prolonged survival (Figure 7D). To evaluate the ther-
apeutic potential of targeting GPRC5A in enhancing GnP 
efficiency, the PDAC model was treated with si-NC, GnP, 
si-GPRC5A, or GnP + si-GPRC5A. The GnP combined 
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Figure 4  Continued

si-GPRC5A therapy significantly reduced tumor weight 
(Figure 7E) and volume (Figure 7F) and inhibited tumor 
growth (Figure  7G). The proportion of neutrophils in 

CD45+ cells significantly decreased in the GnP + si-GPRC5A 
group compared to the GnP group, which further supports 
our hypothesis (Figure 7H).



844� Zhu et al. GPRC5A-CXCL8-NET axis mediates GnP resistance in PDAC

Clinical relevance of GPRC5A expression in 
PDAC GnP resistance

The CXCL8, GPRC5A, and NLRP3 levels between the GnP-
responsive and -non-responsive groups were analyzed 
using data from the TCGA databases. GPRC5A and CXCL8 
expression significantly decreased following GnP treatment 
in the responsive group. Conversely, the non-responsive 

group displayed elevated GPRC5A, CXCL8, and NLRP3 
levels after chemotherapy. The GnP-responsive group had 
lower NLRP3 levels compared with the non-responsive 
group before treatment (Figure 8A). CXCL8 levels signifi-
cantly decreased in neutrophils post-chemotherapy in both 
groups. However, the reduction in CXCL8 levels was more 
pronounced in the responsive group, suggesting a stronger 
CXCL8-suppressive effect of treatment in the responsive 

G GPknock GnP GnP + GPknock

Merge

MPO

citH3

DAPI

NC

Figure 4  GnP triggers GPRC5A-mediated CXCL8 secretion by PDAC cells and leads to NET formation and chemoresistance. (A) mRNA 
expression of genes in GnP-sensitive or -resistant MIA PaCa-2 cells, detected by qPCR. (B) HIF1A, GPRC5A, and YAP1 protein expression in 
GnP-sensitive or -resistant MIA PaCa-2 cells, detected by western blot. (C) GPRC5A protein expression in GnP-sensitive or -resistant MIA 
PaCa-2 and PANC-1 cells treated by si-NC or si-GPRC5A, detected by western blot. NC: GnP-sensitive PANC-1 cells transfected with si-NC; 
GPknock: GnP-sensitive PANC-1 cells transfected with si-GPRC5A; GnP: GnP-resistant PANC-1 cells transfected with si-NC; GnP+GPknock: GnP-
resistant cells transfected with si-GPRC5A. (D) CXCL8 concentration in the supernatant of GnP-sensitive or -resistant MIA PaCa-2 and PANC-1 
cells treated by si-NC or si-GPRC5A, detected by ELISA. (E) MPO-DNA and (F) the fluorescence intensity of SYTOX Green in HL-60-induced 
neutrophils treated by the supernatant of GnP-sensitive or -resistant MIA PaCa-2 and PANC-1 cells treated by si-NC or si-GPRC5A. (G) 
Detection of co-localized staining of NETs for DAPI, citrullinated histone H3 (citH3), and myeloperoxidase (MPO) using a confocal microscope 
in the bone marrow-derived neutrophils treated by the CM of GnP-sensitive or -resistant PANC-1 cells. Scale bar, 50 μm. All experiments were 
performed at least three times. For statistical analyses, a one-way ANOVA was used for (D), (E), and (F). ***, P < 0.001; ns, not significant. n = 
6, Data are the mean ± SD.
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group (Figure 8B). Tumor samples from patients with PDAC 
were stained and quantified for GPRC5A by IHC to vali-
date these findings further (Figure  8C). The non-respon-
sive group, which was defined as progressive disease after 
two cycles of GnP treatment, exhibited higher expression of 
GPRC5A compared to the responsive group, which included 
complete and partial regression (Figure 8D). Elevated 
GPRC5A expression was associated with a worse PFS in 
patients with PDAC receiving GnP therapy (Figure  8E). 
Additionally, IF analysis of human PDAC tissues confirmed 
the co-localization of neutrophils with NLRP3 and CXCL8 
(Figure 8F).

Discussion

Chemoresistance significantly impaired the effectiveness of 
GnP therapy and was intricately associated with the complex 
tumor immune microenvironment in PDAC. GnP therapy 
mediated NET formation, which in turn promoted chemore-
sistance in a mouse PDAC model. The findings herein unveiled 
the release of cfDNA induced by NLRP3 as the key mechanism 
underlying this chemoresistance and NLRP3 levels were ele-
vated by CXCL8. Cancer cells were the main source of CXCL8 
in the current study. GPRC5A was shown to be an essential 
mediator and cfDNA enhanced tumor cell proliferation and 
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migration. The data suggested a role of NETs in GnP resist-
ance in PDAC and this role was improved by targeting the 
GPRC5A-CXCL8-NET-cfDNA axis.

GnP therapy increased neutrophil chemotaxis into PDAC 
and induced NET formation within PDAC. Neutrophils are 
essential infiltrating immunocytes in the PDAC TME9. Tumor-
infiltrated neutrophils participate in immune suppression, 
extracellular matrix modification, and tumor progression46-48. 
Clinical studies have shown that tumor-associated neutrophils 

and NETs are predictive of post-surgical survival in patients 
with PDAC that is independent of the TNM staging system49. 
In addition, patients exhibiting chemoresistance show a signif-
icant increase in plasma NETs after chemotherapy19. Cisplatin 
or adriamycin/cyclophosphamide-treated mouse mammary 
cancer cells promote NET formation, which reduces the thera-
peutic effect on lung metastasis of breast cancer19. However, a 
separate study in patients with colorectal cancer reported that 
chemotherapy-induced NETs inhibit tumor growth50. The 
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divergent findings in the current study may be attributed to 
differences in cancer types and stages.

NETs were undetectable in normal tissues in the current 
study but were present in the blood of tumor-bearing mice, 
which suggested that GnP-induced NETs were tumor-depend-
ent. Whether GnP modulates NETs in PDAC cells was inves-
tigated given that GnP primarily targets tumor cells; in vitro 
experiments confirmed that hypothesis. NETs facilitate PDAC 
cell migration51. PAD4 knockout significantly reduces NET 
formation, cfDNA, and tumor growth in a pancreatic cancer 
mouse model, which aligned with the findings herein that NETs 
contribute to PDAC tumor cell proliferation and migration18. 
The reciprocal promotion between NETs and tumor cells led 
to resistance to GnP therapy. Therefore, NET inhibition may 
disturb this feedback loop and enhance GnP efficiency.

The current study findings confirmed, for the first time, 
that GnP can promote the secretion of CXCL8 by GPRC5A 
expression of PDAC cells. GnP-treated neutrophils did not 
produce NETs, which indicated that GnP induced NET pro-
duction through PDAC cells. Cytokine array analysis revealed 
that CXCL8 was the most significantly upregulated cytokine in 
the CM of GnP-resistant MIA PaCa-2 cells. This finding was 
supported by other studies that showed gemcitabine increases 
CXCL8 levels in pancreatic cancer cells52. In agreement with 
the current study findings, CXCL8 recruits neutrophils and 
induces NET formation53-55. The density of NETs in the TME 
of patients with non-small cell lung cancer (NSCLC), bladder 
cancer, and metastatic melanoma is positively correlated with 
CXCL8 protein expression and the density of NETs in periph-
eral blood of patients with melanoma and NSCLC is positively 
correlated with CXCL856. Blocking CXCL8 did not improve 
the chemotherapy efficacy of MIA PaCa-2 cells when using 
NET CM to treat PDAC cells. This finding provided support 
that CXCL8, which induces NET formation, is from PDAC 
cells. In another study, NETs capture colorectal cancer cells 
in the liver, which promotes CXCL8 production and induces 
NET formation; this positive feedback promotes liver metasta-
sis in colorectal cancer57.

The mechanisms underlying GnP-induced CXCL8 secre-
tion by PDAC cells was explored and GPRC5A was shown to 

have a key role. Inhibition of GPRC5A significantly reduced 
GnP-induced NET formation, although GPRC5A itself does 
not directly influence the effects of NETs on tumor cells. 
Inhibition of GPRC5A hampers the nuclear translocation of 
NF-κB, which accounts for the decrease in CXCL8 secretion 
in GnP-resistant PDAC cells. GPRC5A not only participates in 
the occurrence and progression of PDAC32 but also contrib-
utes to chemotherapy resistance33,34. Gemcitabine-induced 
stress in PDAC cells elevates GPRC5A protein levels34.

The current study also revealed that cfDNA produced by 
NETs promoted the proliferation and migration of PDAC 
cells. Targeting cfDNA can improve the effectiveness of GnP 
therapy. cfDNA refers to highly fragmented DNA released by 
various cell types and neutrophils produce much more cfDNA 
than PDAC cells. This finding is consistent with other reports 
that cfDNA is mainly from neutrophils in pancreatic cancer 
patients58. Circulating neutrophil-derived DNA correlates 
with staging in patients with PDAC18. cfDNA also presents 
a similar effect in promoting the proliferation and migration 
of tumor cells in breast and liver cancers59,60. Therefore, the 
combination of GnP and DNase can significantly improve the 
effectiveness of GnP.

The current study also demonstrated that targeting 
GPRC5A and cfDNA holds therapeutic potential for overcom-
ing GnP resistance. Application of si-GPRC5A in conjunction 
with GnP therapy significantly reduced tumor growth and 
decreased the proportion of neutrophils within the tumor. 
Moreover, combining DNase with GnP therapy enhanced 
survival in tumor-bearing mice. These findings indicated 
that GPRC5A and cfDNA contributed to resistance against 
GnP therapy, highlighting the potential for clinical applica-
tion. Therefore, further research using patient-derived xen-
ograft (PDX) models or biomaterial-based delivery systems 
is needed to validate this mechanism by effectively targeting 
GPRC5A inhibition.

Although the current study focused on neutrophil-mediated 
mechanisms, the tumor immune microenvironment in PDAC 
is highly complex. Specifically, tumor-associated macrophages 
(TAMs) have been implicated in promoting gemcitabine 
through the macrophage-CCL5-Sp1-AGEG feedback loop 

area. (E) Survival analysis between GPRC5A staining intensity and PFS of patients with pancreatic cancer after GnP treatment and the cut-off 
value was the median of the GPRC5A IOD/area. The median PFS of the low and high GPRC5A groups were 9 and 6 months, respectively. (F) 
Representative immunofluorescence of pancreatic tumor (n = 30) for co-localization of CD66b (yellow), NLRP3 (red), and CXCL8 (purple). 
Scale bar, 10 μm. The P value shown was determined by Student’s t-test (D) and the log-rank test in (E). *, P < 0.05; Data are the mean ± SD.
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Figure 9  Schematic illustration of the mechanism underlying GPRC5A in GnP resistance. This schematic illustrates the mechanism underlying 
gemcitabine and nab-paclitaxel (GnP) resistance in pancreatic ductal adenocarcinoma (PDAC) and how inhibition of this pathway restored 
sensitivity. In the GnP-resistant context, PDAC cells exhibit upregulated GPRC5A expression, which activated NF-κB signaling. This led to ele-
vated transcription and secretion of the chemokine, CXCL8 (also known as IL-8). CXCL8 recruited neutrophils and promoted activation of the 
NLRP3 within neutrophils, resulting in the release of cell-free DNA (cfDNA). cfDNA, in turn, contributed to the development and maintenance 
of resistance to gemcitabine and nab-paclitaxel (GnP) in PDAC cells through a feedback loop. In contrast, inhibition of GPRC5A by siRNA sup-
pressed NF-κB-mediated CXCL8 secretion, reduced neutrophil recruitment and NLRP3 activation, and limited cfDNA release. This disruption 
of the GPRC5A–CXCL8–NLRP3 signaling cascade attenuated the tumor-promoting microenvironment and restored GnP sensitivity. Direct 
degradation of cfDNA using DNase similarly enhanced the sensitivity of PDAC cells to GnP treatment. Red bars indicate inhibitory events, while 
arrows represent activation or promotion (created with Biorender.com).  

between macrophages and pancreatic cancer cells61. Therefore, 
future investigations incorporating multiple immune cell types, 
including macrophages, may provide a more comprehensive 
understanding of resistance mechanisms to GnP.

This study had several limitations. First, syngeneic mouse 
models were not utilized because mice lack a homolog for 
human CXCL8. However, CXCR1 and CXCR2 expression 
could be analyzed in mice as an alternative. Given the het-
erogeneity of first-line chemotherapy regimens in pancre-
atic cancer, along with the limited availability of surgical 
specimens and complete follow-up data, the sample size in 
this study was relatively constrained. Further validation in 
larger, independent cohorts is warranted to confirm the role 
of GPRC5A in GnP resistance. Finally, although this study 
demonstrated that GnP therapy enhanced CXCL8 secretion, 

whether this effect was specific to GnP therapy or a common 
feature of other standard chemotherapeutic drugs remains 
unclear.

Conclusions

In summary, the findings herein demonstrated increased 
CXCL8 secretion by PDAC cells through GPRC5A upregula-
tion. Therefore, CXCL8 triggers NLRP3-mediated NET forma-
tion and NET-derived cfDNA contributes to chemoresistance 
by promoting tumor cell proliferation and motility. GnP com-
bination therapy and cfDNA clearance or GPRC5A inhibition 
was significantly more efficient than respective monotherapy 
(Figure 9). These findings may lead to new therapeutic strat-
egies via targeting the GPRC5A-CXCL8-NET-cfDNA axis to 

https://www.biorender.com/
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overcome chemoresistance and improve treatment outcomes 
for patients with PDAC.
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