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Abstract
Pancreatic cancer is a devastating malignancy with a high mortality rate, poor prognosis, and limited treatment 
options. The tumor microenvironment (TME) plays a crucial role in tumor progression and therapy resistance. 
Multiple subpopulations of cancer-associated fibroblasts (CAFs) within the TME can switch between different 
states, exhibiting both antitumorigenic and protumorigenic functions in pancreatic cancer. It seems that targeting 
fibroblast-related proteins and other stromal components is an appealing approach to combat pancreatic cancer. 
This study employed single-cell transcriptome sequencing to identify MME (Membrane Metalloendopeptidase)-
expressing CAFs in pancreatic cancer. Systematic screening was conducted based on tumor differentiation, lymph 
node metastasis, and T-stage parameters to identify and confirm the existence of a subpopulation of fibroblasts 
termed MME+CAFs. Subsequent analyses included temporal studies, exploration of intercellular communication 
patterns focusing on the hypoxia signaling pathway, and investigation of MME+CAF functions in the pancreatic 
cancer microenvironment. The pathway enrichment analysis and clinical relevance revealed a strong association 
between high MME expression and glycolysis, hypoxia markers, and pro-cancer inflammatory pathways. The role of 
MME+CAFs was validated through in vivo and in vitro experiments, including high-throughput drug screening to 
evaluate potential targeted therapeutic strategies. Single-cell transcriptome sequencing revealed tumor-associated 
fibroblasts with high MME expression, termed MME+CAF, exhibiting a unique end-stage differentiation function in 
the TME. MME+CAF involvement in the hypoxia signaling pathway suggested the potential effects on pancreatic 
cancer progression through intercellular communication. High MME expression was associated with increased 
glycolysis, hypoxia markers (VEGF), and pro-cancer inflammatory pathways in pancreatic cancer patients, correlating 
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Introduction
Pancreatic cancer is characterized by its aggressive nature 
and poor prognosis [1, 2], with the TME playing a crucial 
role in disease progression [3–5]. Despite advancements 
in cancer research, pancreatic cancer patients have short 
survival time because it is often diagnosed in advanced 
stages and therapeutic challenges [6, 7]. Amongst the 
various components of the TME, CAFs have gained sig-
nificant attention [8, 9]. The complex network of interac-
tions within the TME plays a crucial role in the enigmatic 
landscape of pancreatic cancer. Within this TME, CAFs 
exert significant control over the progression of the dis-
ease and the effectiveness of treatment [10, 11]. These 
stromal cells play a multifaceted role in shaping the TME, 
orchestrating protumorigenic signaling pathways, and 
fostering immune evasion mechanisms [12–14].

A defining feature of pancreatic cancer is its aberrant 
metabolic profile, characterized by enhanced glycolytic 
activity through the Warburg effect [15, 16]. This shift 
towards aerobic glycolysis not only fuels tumor growth 
and metastasis but also contributes to immune suppres-
sion within the TME, posing a significant barrier to suc-
cessful therapeutic interventions [17]. Recent studies 
have highlighted the intricate interplay between CAFs 
and metabolic reprogramming, particularly focusing on 
glycolysis [18–20]. Glycolysis, the process through which 
glucose is metabolized to generate energy, has emerged 
as a key metabolic pathway that fuels the rapid prolif-
eration of cancer cells [21]. Becker et al.. demonstrated 
that CAFs exhibit a pro-glycolytic phenotype, which 
helps to fuel the metabolism of breast cancer cells and 
enhances tumor growth [22]. CAFs in tumor stroma tend 
to activate both glycolysis and autophagy in contrast to 
neighboring cancer cells, which leads to a reverse War-
burg effect [23]. CAFs underwent a reverse Warburg 
effect when co-cultured with pancreatic cancer cells, 
represented by enhanced aerobic glycolytic metabolism. 
Nevertheless, Shikonin (specific pyruvate kinase M2 
inhibitor) reduced aerobic glycolysis in CAFs by reduc-
ing their glucose uptake and glycolytic protein expression 
[24]. Understanding the relationship between CAFs and 
glycolysis in pancreatic cancer may provide novel insights 

into the development of targeted therapeutic strategies to 
disrupt the metabolic dependencies of tumor cells [25]. 
In this context, elucidating the molecular mechanisms 
underlying the crosstalk between CAFs and glycolysis 
holds promise for improving therapeutic outcomes and 
survival in patients with pancreatic cancer.

In parallel, the immunosuppressive milieu within pan-
creatic tumors poses a significant hurdle to effective 
immunotherapeutic strategies [26]. Regulatory T-cells 
[27], myeloid-derived suppressor cells [28, 29], and other 
immune checkpoints [30] conspire to dampen antitumor 
immune responses, fostering a tolerogenic microenvi-
ronment that facilitates disease progression and limits 
the efficacy of immune-based interventions. The conver-
gence of CAF-driven tumorigenic signals and immune 
evasion mechanisms underscores the importance of 
understanding the dynamic interplay between these ele-
ments in shaping the pancreatic cancer microenviron-
ment [31]. Unraveling the complexities of CAF-mediated 
immunosuppression is paramount for devising innova-
tive therapeutic approaches that target both the stromal 
and immune compartments, offering new avenues for 
intervention in this challenging disease [32]. It has been 
reported that lactic acid in the highly glycolytic TME 
acts as a regulatory factor for the function of regulatory 
T-cells (Tregs) in the TME by increasing the expression of 
PD-1 [33]. Aerobic glycolysis promotes HK2-dependent 
PD-L1 expression and subsequent immune evasion using 
cultured brain tumor cells [17]. High glucose condition in 
the TME promotes immune suppression by upregulating 
glycolysis in pancreatic cancer cells, which can be rescued 
via knockdown Bmi1 expression or after 2-deoxy-D-glu-
cose treatment [34]. JQ1 combats PDT (Photoimmuno-
therapy by photodynamic therapy)-mediated immune 
evasion by inhibiting the expression of c-Myc and PD-L1, 
which are key regulators of pancreatic cancer glycolysis 
and immune evasion [35]. The challenge lies in unravel-
ing the intricate crosstalk between these key players-
CAFs, glycolytic pathways, and immune checkpoints—in 
the context of pancreatic cancer to develop synergistic 
treatment strategies that overcome therapeutic resistance 
and improve patient outcomes [36, 37]. This study aims 

with lower survival rates, advanced disease stage, and higher oncogene mutation rates. Animal experiments 
confirmed that elevated MME expression in CAFs increases tumor burden, promotes an immunosuppressive 
microenvironment, and enhances resistance to chemotherapy and immunotherapy. The developed MME+CAF 
inhibitor IOX2 (a specific prolyl hydroxylase-2 (PHD2) inhibitor), combined with AG (Paclitaxel + Gemcitabine) and 
anti-PD1 therapy, demonstrated promising antitumor effects, offering a translational strategy for targeting MME 
in CAFs of pancreatic cancer. The study findings highlighted the significant role of MME+CAF in pancreatic cancer 
progression by shaping the TME and influencing key pathways. Targeting MME presented a promising strategy 
to combat the disease, with potential implications for therapeutic interventions aimed at disrupting MME+CAF 
functions and enhancing the efficacy of pancreatic cancer treatments.
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to analyze the molecular mechanisms that underlie these 
interactions to identify vulnerabilities within the TME 
that can be leveraged for therapeutic purposes [38].

MME, also known as Neprilysin, CD10, or Neutral 
Endopeptidase, encodes for enkephalinase [39, 40]. This 
transmembrane metalloprotease is widely expressed in 
various tissues and organs including the brain, kidney, 
heart, liver, etc. Its molecular structure comprises an 
extracellular N-terminus, transmembrane region, and 
cytoplasmic C-terminus, playing a role in neurotrans-
mitter degradation, metabolic regulation (e.g., hormone 
concentration regulation), immune response, and holds 
significant importance in drug development, disease rel-
evance (e.g., Alzheimer’s disease, hypertension, cancer), 
as well as cancer research and neuroscience [40–43]. 
MME is a zinc peptidase that belongs to the M13 family 
of cell-surface peptidases. This family also includes endo-
thelin converting enzymes (ECE-1 and ECE-2), KELL, 
and PEX. MME cleaves peptide bonds on the amino side 
of hydrophobic amino acids and is the key enzyme in 
the processing of a variety of physiologically active pep-
tides. In breast cancer, fibroblasts can be classified into 
nine clusters, with the tCAFS (tumor-like CAFs) cluster 
in particular exhibiting high levels of MME and PDPN, 
among other markers. In addition, single-cell analyses of 
lung cancer have reported high expression of MME spe-
cific to hypoxia-tCAF and tCAF [44, 45].

This study employs a combination of single-cell 
transcriptome sequencing, clinical data analysis, and 
functional experiments to elucidate the molecular 
mechanisms underlying the protumorigenic proper-
ties of MME+CAF. The involvement of MME+CAF in 
the hypoxia signaling pathway suggests potential effects 
on pancreatic cancer progression through intercellu-
lar communication. High MME expression is associated 
with increased glycolysis, hypoxia markers (VEGF), and 
pro-cancer inflammatory pathways in pancreatic can-
cer patients. The findings reveal a distinct gene expres-
sion profile and signaling pathways associated with 
MME+CAF, highlighting its potential as a therapeutic 
target in pancreatic cancer. Through a comprehensive 
analysis of patient samples and preclinical models, the 
study demonstrates that MME+CAF abundance corre-
lates with disease progression, immune dysregulation, 
and poor clinical outcomes in pancreatic cancer. Further-
more, the study identifies potential therapeutic strategies 
targeting MME+CAF, offering new avenues for improv-
ing treatment efficacy and patient survival.

In conclusion, this study provides insights into the 
complex interplay between CAFs and pancreatic cancer, 
emphasizing the significance of MME+CAF in driving 
tumor progression and therapeutic resistance. By unrav-
eling the functional properties of MME+CAF, this study 
aims to pave the way for the development of precision 

medicine approaches tailored to disrupt the TME and 
enhance treatment outcomes in pancreatic cancer.

Materials and Methods
Surgical Samples and Demographics of Participants
The Cancer Institute of Tianjin Medical University and 
the Hospital Ethics Committee (bc20240074) approved 
the use of all samples and participants’ information. All 
participants provided written consent for the use of their 
samples and disease information for future investigations 
according to the ethics committee and in accordance 
with the recognized ethical guidelines of Helsinki.

Sorting of Human and Murine CAFs
The Ethics Committee approved the acquisition of all 
human PDAC samples from the Pancreatic Cancer 
Department of Tianjin Medical University Cancer Insti-
tute & Hospital. These samples were collected with the 
informed consent of the donors. The clinical informa-
tion of participants whose tumors were used for isolat-
ing CAFs is presented in Table S1. Human pancreatic 
CAFs were isolated from fresh PDAC surgical samples 
using a culture outgrowth approach. Specifically, fresh 
human PDAC surgical samples were sliced into blocks 
of 1–3 mm using a sharp blade. These blocks were sub-
sequently seeded in 6-cm culture dishes and cultivated 
with DMEM medium supplemented with 10% fetal 
bovine serum. After 7–15 days, when the cell confluence 
reached 90%, CAFs were subjected to trypsinization, 
replated into another culture plate, and further cultured 
with a complete DMEM medium. The isolated cells were 
identified using immunofluorescence and FCM, showing 
positivity for the following mesenchymal-specific mark-
ers: Desmin, Collagen I, and α-SMA, and negativity for 
other cell lineage markers: CD326 for epithelial cells, 
CD31 for endothelial cells, and CD45 for immune cells. 
The human PDAC cell line SW1990 was kindly provided 
by Prof. Keping Xie (MD Anderson Cancer Center, Hous-
ton, TX) and was maintained in RPMI-1640 with 10% 
FBS.

Screening of Primary Resting Fibroblasts from Human and 
Murine Sources
(1) The pancreas of mice was removed and cut into small 
pieces and rinsed with PBS; then the floating fat was 
removed. (2) Digestion: 0.02% collagenase IV, 0.02% pro-
nase, and 0.05 DNAse were added to the enzyme dilu-
tion to a final volume of 10 ml. 3). The digestive enzymes 
and tissue samples were mixed evenly and incubated 
in a 37  °C water bath for 12–15  min. 4). Then 10  ml of 
complete medium was introduced to the aforemen-
tioned volume to counteract the digestion and subse-
quently underwent filtration using a 100-µm filter. 5) 
The resulting mixture was centrifuged at 450 g for 7 min. 
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Subsequently, the supernatant was removed, and 5  ml 
of 15% optiprep (1.25  ml optiprep + 3.75  ml tris base-
NaCl) was added. The tube wall was gently brushed with 
5  ml of 11.5% optiprep (0.96  ml optiprep + 4.04  ml tris 
base-NaCl), and 5 ml of GBSS was gently brushed along 
the tube wall. 6) Then it was centrifuged at 1400  g for 
17 min and the white film layer between GBSS and 11.5% 
optiprep was collected. 7) The collected white film layer 
was re-suspended and washed with GBSS, centrifuged 
at 450  g for 8  min, and cultured in a complete DMEM 
medium.

ScRNA-Sequencing Dta Processing
The 10X Genomics-based scRNA data for 35 PAAD 
samples were downloaded from the Genome Sequence 
Archive (CRA001160). A total of 57,004 cells were anno-
tated and distinct cell clusters were identified using 
representative markers. The default parameters of the 
“Seurat” package were utilized, and the harmony algo-
rithm was employed to de-batch the data. Subsequently, 
the Uniform Manifold Approximation and Projection 
(UMAP) technique was applied to reduce the dimension-
ality and visualize the cell subpopulations. The differen-
tially expressed genes (DEGs) were compared among 
cell clusters with the Seurat ‘FindAllMarkers’ function. 
The fibroblasts were divided into seven subpopulations 
according to highly expressed genes. The “CellChat” 
package was used to infer and analyze cellular communi-
cation from the PAAD scRNA-seq data. The pseudo-time 
evolutionary trajectory was inferred from the Slingshot 
method.

Development of RNA-Sequencing Library
The strand-specific libraries were developed by using 
the TruSeq Stranded mRNA Sample Prep Kit (Illumina), 
according to the manufacturer’s instructions. Poly-ade-
nylated RNA from intact total RNA was refined using 
oligo-dT beads. The extracted complementary DNA 
fragment was ligated to Illumina paired-end sequencing 
adapters, 3′ ends adenylated and amplified by PCR. The 
libraries were sequenced with 65-base pair (bp) single-
end reads on a HiSeq 2500 System in high output mode 
using V4 chemistry (Illumina). Gene expression lev-
els were quantified by Salmon (see URLs) using default 
parameters for both applications after raw reads were 
aligned to GRCh38 using a STAR RNA-seq aligner.

Genomic Mutation Analysis
The somatic mutations in the Mutation Annotation For-
mat (MAF) file for all the PAAD patients were obtained 
from the TCGA cohort. Maftools is agnostic of bigger 
alignment files and simply requires somatic variations 
in MAF [46]. It provides many analysis and visualization 
modules, including driver gene identification, signature, 

pathway, enrichment, and association analyses, that are 
frequently used in cancer genomic investigations. This 
study employed the R Bioconductor package “Maftools” 
package to analyze and visualize PAAD genomic muta-
tion data. The “Forestplot” package was also used to 
compare genes with significant mutation frequency dif-
ferences between the two groups.

Analysis of Immune Cell Infiltration
The GSVA scoring system was employed to calcu-
late the infiltration scores of highly expressed genes in 
MME+CAF for each sample in the bulk transcriptome to 
determine the MME+CAF infiltration scores. Based on 
the median of the infiltration scores, they were catego-
rized into high and low groups. A diverse array of algo-
rithms, such as TIMER, CIBERSORT, CIBERSORT-ABS, 
EPIC, MCPCOUNTER, XCELL, and QUANTISEQ, 
were implemented to quantify immunoreactivity to com-
pare the immune microenvironment of high and low 
MME+CAF infiltration groups. The degree of correlation 
between MME+CAF and immune cells was calculated 
using Pearson correlation analysis. The TIDE algorithm 
was also employed to evaluate the immune exclusion 
score, immune dysregulation score, and total TIDE score 
in different groups.

Prediction of Drug Sensitivity of MME+ Fibroblast
The cell line expression data were obtained from the 
Genomics of Drug Sensitivity in Cancer (GDSC) data-
base (https://www.cancerrxgene.org/). The IC50 value 
matrix was also included for drug sensitivity analysis. The 
“oncopredict” R package was employed to generate pre-
dictive drug sensitivity data (IC50) for pancreatic cancer 
samples. The Connectivity map analysis (CMap) online 
tool (http://clue.io) has been verified to be useful in silico 
drug screening tools to target disorders. The genes posi-
tively correlated with MME+fibroblasts were subjected, 
and the query result was a list of drugs with a “connec-
tivity score” ranging from + 1 (positive connectivity) to -1 
(negative connectivity).

Cell Culture and Transfection
Primary CAFs were isolated from invasive pancreatic 
ductal adenocarcinoma samples obtained from sur-
gery or KPC genetic engineering mice. The KPC mice 
were primarily 10 weeks old and were initially identi-
fied through PCR for KRAS-TP53 mutations, and sub-
sequently through in vivo ultrasound for tumorigenesis 
and tumor burden. Briefly, tissues were digested by col-
lagenase type I, collagenase type III, and hyaluronidase 
(1.5  mg/ml) at 37°C with agitation for 2–3  h in DMEM 
with 10% FBS. Subsequently, the dissociated tissues were 
incubated at room temperature for 5 minutes without 
shaking to isolate primary fibroblasts. Then the stromal 

https://www.cancerrxgene.org/
http://clue.io
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cell-enriched supernatant was removed and transferred 
to a new tube. Human fibroblasts were then cultured in 
DMEM with 10% FBS and the purity of fibroblasts was 
validated by flow cytometry analysis. CAFs from pas-
sages 2 to 10 were used for subsequent experiments [47]. 
To introduce genetic material into CAFs, a total of 1 × 105 
CAFs were placed in each well of 6-well plates. Lentivi-
ral particles with a multiplicity of infection (MOI) of 100 
were added to the CAFs, along with 5 µg/mL of Poly-
brene. The CAFs were then incubated with these sub-
stances for 12 h. To transduce mouse fibroblasts, 5 × 105 
cells per well were treated with mouse MME-overex-
pression lentiviral particles (MOI of 20) and 5 µg/mL 
Polybrene for 12 h in 6-well plates. The human pancre-
atic cancer cell line (SW1990) and the murine pancreatic 
cancer cell line (PANC02) were cultured on RPMI1640 
and DMEM media supplemented with 10% Fetal Bovine 
Serum (FBS), 100 U of penicillin, and 100 µg/ml strepto-
mycin at 37℃ in a humidified atmosphere of 95% air and 
5% CO2.

Western Blot
Cells were lysed using RIPA lysis mixed with phosphatase 
inhibitors and protease inhibitors. Protein concentrations 
were measured by BCA protein assay. The same amount 
of protein was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Related anti-
bodies were diluted at 1:1000 and incubated overnight at 
4  °C with membranes containing blot proteins. Horse-
radish peroxidase-conjugated goat anti-rabbit antibody 
and goat anti-mouse antibody were diluted at a ratio of 
1:5000 as secondary antibodies. The blots were detected 
with a Chemi-Scope exposure machine. We have added 
the concentration and source of the protein in Table S2.

qPCR
Total RNA was extracted from pancreatic cancer cell 
lines using TRIzol reagent. Then, the mRNA was used for 
first-strand cDNA synthesis with the Reverse Transcrip-
tion PCR System (Bimake) according to the manufactur-
er’s instructions. RT-PCR was performed to measure the 
mRNA levels of the target genes. Each RT-PCR experi-
ment was repeated independently at least three times. 
β-Actin was also used as a loading control. The primers 
information was supplemented in the Table S3.

Flow Cytometry
Flow cytometry is mainly based on mouse-derived sorted 
CAF and KPC cell lines mixed and injected subcutane-
ously into immunocompetent mice to form tumors. The 
tissues contain KPC cells, CAFs, and many immune cells. 
For mouse tumor tissues, samples were prepared into a 
single-cell suspension. The harvested cells were divided 
into separate tubes for each antibody staining. After 

adding appropriate concentrations of fluorochrome-con-
jugated antibodies, the mixture was incubated for 30 min 
away from light. The above samples were detected using 
a Beckman flow cytometer and the obtained data were 
analyzed in software Flow Jo-10.0.

Multiplex Fluorescent IHC
The development of multiplex fluorescent IHC is mainly 
carried out after subcutaneous tumor formation by 
mixed injection of mouse-derived CAF and mouse-
derived KPC cell lines for sectioning. In brief, 5  μm of 
PDAC slides were deparaffinized and rehydrated through 
a graded series of ethanol solutions (100% 1 × 10  min; 
100% 2 × 10 min; 95%×10 min; and rinsed in 70%) before 
antigen retrieval in heated Citric Acid Buffer (pH 6.0) in 
microwave treatment for 15  min (EZ Retriever micro-
wave). Each slide was put through the process of staining 
including a protein block with blocking buffer followed 
by primary antibody targeting Ki67 and corresponding 
secondary HRP-conjugated polymer. Each HRP-conju-
gated polymer mediated the covalent binding of a differ-
ent fluorophore for signal amplification. Ki67 was labeled 
by Opal 690(676–694 nm). This reaction was followed by 
additional antigen retrieval in a heated Citric Acid Buffer 
(pH 6.0) for 15  min to remove bound antibodies. DAPI 
was used to identify nuclei, and slides were mounted with 
a fluorescence mounting medium. All analyses were con-
ducted with the same type of control. Images were cap-
tured by the Zeiss fluorescence microscope (400×) and 
analyzed in ImageJ.

TUNEL Staining Assay
The tumor tissues were fixed in formalin, embedded in 
paraffin, and cut into sections of 5 μm. TUNEL assay was 
used to detect apoptosis in the tumor tissues according 
to the manufacturer’s protocol. Tissue sections were ana-
lyzed to detect the localized green fluorescence of apop-
totic cells, and DAPI was used to visualize the cell nuclei. 
Finally, images were captured by the Zeiss fluorescence 
microscope (400×) and analyzed in ImageJ.

Extracellular Acidification rate (ECAR) and Oxygen 
Consumption rate (OCR)
Seahorse XF96 Extracellular Flux Analyzer was used to 
detect cellular ECAR and OCR. On the first day, experi-
mental and control cells were seeded into Seahorse XF96 
cell culture microplates, and the XFe96 sensor cartridges 
were hydrated. At least 5 replicates were performed for 
the measurement of each group. A day later, microplates 
were incubated with a basic culture medium (contain-
ing 1 mM L-glutamine, without glucose) for 1  h before 
the assay was conducted to detect ECAR. Then ECAR 
was measured with the sequential injection of glucose, 
oligomycin, and 2-deoxyglucose (final concentration: 10 
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mM, 1 µM, and 50 mM respectively). For OCR detection, 
microplates were incubated with a basic culture medium 
(17 mM glucose, 1 mM sodium pyruvate, 2 mM L-glu-
tamine, pH: 7.4) for 1 h before the assay. OCR was then 
measured with the sequential injection of Oligomycin, 
FCCP, and Rotenone/Antimycin (final concentration: 1, 
1, and 0.5 µM, respectively).

Lactate Production Assay
In fresh RPMI 1640 culture media, 1 × 106 pancreatic 
cancer cells (SW1990 and PDX1) were co-cultured with 
hCAFs (human tumor-associated fibroblasts) at a 1:1 
ratio for 4  h. The concentrations of lactic acid in the 
supernatant were measured by a lactate assay kit.

Subcutaneous Mouse Model
The Ethics Committee of Tianjin Medical University 
Cancer Institute and Hospital approved all proposed 
animal experiments, which were conducted in accor-
dance with NIH guidelines. The pancreatic cancer cells 
were utilized to establish subcutaneous xenograft in 
4-6-week-old C57BL/6J mice or BALB/c-nude mice, and 
the mice were then randomly assigned to 6 groups. Pri-
mary murine-derived fibroblasts for MME+ and MME− 
subpopulations were sorted, mixed with murine-derived 
KPC cell lines, and then subcutaneously injected into 
immunodeficient mice. For the subcutaneous tumor 
model, the indicated pancreatic cancer cells at a dilution 
range of 1 × 106 mixed with an equal amount of CAFs 
were suspended in 40  µl of PBS and then subcutane-
ously transplanted into each mouse’s flank. Related drugs 
were intraperitoneally injected one week later. The drug 
of interest was IOX2, with an IC50 of 22 nM. For the in 
vivo administration of IOX2 to mice, a dosage of 10 mg/
kg was given via intraperitoneal injection once a week for 
a total of 3 weeks. For the AG regimen, 1000 mg/kg/week 
of gemcitabine (GEM) plus 300 mg/kg/week of Abraxane 
(AB) were injected intraperitoneally and administered 
once a week for 3 weeks. Immunotherapy involved the 
use of anti-PD1 (programmed cell death protein 1) anti-
bodies, specifically the in vivo RMP1-14 antibody. The 
concentration of the solution was 2 mg/ml. Each mouse 
was intraperitoneally administered 200  µg once a week 
for a total of 3 weeks. The control group of IOX2 and AG 
were injected with the same volume of DMSO. The con-
trols of anti-PD1 were injected with isotype IgG (Go in 
vivo RTK2758). The observers and recorders in the study 
were blinded to the grouping. Tumor growth was moni-
tored every three days using a caliper, and tumor volumes 
were calculated by the following formula: Volume = 1/2 
L1 × (L2)2, where L1 is the length of the long axis and L2 
is the length of the short axis.

Functional Analysis
Gene ontology (GO) analysis and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment 
analysis were performed to determine the biological 
functions of the DEGs using the cluster Profiler package. 
GO enrichment analysis included cellular component 
(CC), molecular function (MF), and biological process 
(BP) [33]. The parameters were configured with a signifi-
cance level (p-value) of less than 0.01, a minimum count 
threshold of 3, an enrichment factor greater than 1.5, 
and a statistically significant threshold of p-value less 
than 0.05. The Gene Set Enrichment Analysis (GSEA) 
was used to enrich differentially expressed mRNA path-
ways, and 10,000 permutations were performed for each 
analysis. The KEGG Pathways dataset was selected from 
the curated Gene Sets. The threshold for the statisti-
cally significant GSEA analysis was set to the corrected 
p < 0.05 and false discovery rate (FDR) < 0.25. The refer-
ence gene set chosen was “c2.cp.kegg.v7.0.symbols.gmt”. 
A significance level of P < 0.05 and a false discovery rate 
(FDR) of less than 0.25 were used to determine signifi-
cant enrichment. The result of enrichment analysis would 
be characterized by corrected p-values and NES. GSEA 
enrichment analysis and visualization were performed in 
GSEA local software.

Statistical Analysis
Statistical analyses were performed in GraphPad Prism-
6.0. The data were reported as the mean ± standard 
deviation (SD) unless specified otherwise. The variance 
between different groups was statistically compared, 
and p < 0.05 was considered statistically significant. 
Power analysis was conducted on the results. Student’s 
t-test was used to compare the mean values. One-way 
ANOVA was carried out for the analysis of mouse tumor 
growth. The differential gene analysis was conducted 
using the top Table and decide methods. The limma 
package provided test functions for summarizing linear 
model results, performing hypothesis tests, and adjust-
ing p-values for multiple tests. The log-rank algorithm 
was performed to compare statistical differences in sur-
vival curves. The Pearson test was also used to conduct 
correlation analysis. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001 and n.s., non-significant.

Results
Single-Cell Transcriptome Analysis of Pancreatic Cancer 
Samples Reveals Heterogeneity of Fibroblasts
To examine the role of fibroblasts in the progression of 
pancreatic cancer, the proportion of fibroblasts in vari-
ous pancreatic cancer patient samples was determined 
using cell infiltration algorithms, including XCELL, 
EPIC, and MCPCOUNTER. The three algorithms dem-
onstrated a high degree of agreement (Figure S1A). The 
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highest scores were observed in patients with grade 3, 
stage III-IV, and T2-3 pancreatic cancers (Figure S1B-D), 
as evidenced by the comparison of cancer-related fibro-
blast scores in various clinical subgroups. This suggests 
that fibroblasts are crucial in the progression of pan-
creatic cancer. Survival prognostic analysis also showed 
that patients with highly infiltrated fibroblasts had a 
worse prognosis and shorter survival time (Figure S1E-
F). Therefore, it is worthwhile to study the mechanism of 
fibroblasts in pancreatic cancer patients.

Single-cell data analysis can better reveal the het-
erogeneity among different cells. By annotating cellu-
lar subpopulations, subpopulations of ductal epithelial 
cells, T cells, B cells, macrophages, endothelial cells, and 
fibroblasts were identified in pancreatic cancer (Fig. 1A, 
Figure S2). Compared to other subpopulations, fibro-
blasts were significantly more frequent in patients with 
moderately to severely differentiated, vascular invasion, 
peripheral nerve infiltration, and progressive pancreatic 
cancer (Fig.  1A). The LUM gene was utilized to extract 
and down-cluster fibroblasts. Subsequently, seven dis-
tinct fibroblast subtypes were identified by annotating 
them with genes that were expressed at significantly dif-
ferent levels (Fig. 1B-D). The assessment of the cell cycle 
of the seven fibroblasts revealed that the MME+ CAFs 
had a greater proportion of cells in the S-phase. This indi-
cates the higher proliferative activity of this particular cell 
population (Fig. 1E). The results also showed that MME+ 
CAFs were more prevalent in patients with moderately 
to severely differentiated, vascular invasion, peripheral 
nerve infiltration, and pancreatic cancer progression, 
suggesting that this type of fibroblasts plays a crucial role 
in the progression of pancreatic cancer (Fig. 1F).

MME + Fibroblasts are Associated with Multiple Cancer 
Pathway Activities and Promote Pancreatic Cancer 
Progression through the Hypoxia-Related Signaling 
Pathway
The differential analysis of various subtypes of fibroblasts 
demonstrated that each cell subpopulation exhibited dis-
tinct patterns of highly expressed genes. Notably, MME+ 
CAFs showed high expression of genes such as MIF, 
ALODA, and GAPDH (Fig.  2A-B). Functional enrich-
ment was conducted on these CAFs due to the hetero-
geneity of fibroblast subpopulations, which serve distinct 
functions in tumors. Pathway enrichment of different 
fibroblast subpopulations revealed that the MME+ fibro-
blast population was associated with glucose metabolism, 
HIF-1 signaling pathway, and tumor-typical signaling 
pathways such as MYC, P53, E2F, and DNA damage 
repair (Fig. 2C-D). The KDM6B+ fibroblast was enriched 
in the IL-17 signaling pathway, TNF signaling path-
way, and IL-18 signaling pathway. The results indicated 
that the COL11A+ fibroblast was mainly involved in the 

ECM-receptor interaction and focal adhesion; the FBLN+ 
fibroblast was associated with pancreatic secretion; 
the EMP1+ fibroblast was correlated with complement 
and coagulation cascades; and the COL4A1+ fibroblast 
was related with tissue remodeling and inflammatory 
response to wounding. The BTG1+fibroblast was mainly 
enriched in the antigen processing and presentation 
(Fig. 2C-D). The MME+ cell subpopulation was compared 
to other subpopulations of tumor cells and immune cells. 
It was found that the MME+ cells are actively involved in 
pathways influenced by hypoxia, such as the MIF, VEGF, 
TGFB, CALCR, and ANGPTL4 pathways (Fig.  2E-I). A 
time-series analysis of fibroblasts revealed that MME+ 
fibers were at the end of the fibroblast evolutionary 
spectrum 1 (Fig.  3A-B). The MIF gene, which has been 
reported to be one of the hallmark genes of hypoxia, was 
also expressed in MME+ fibroblasts in addition to MME. 
This suggests that the MME+ fibroblasts were prone to 
forming a hypoxic TME, which in turn activated the MIF 
signaling pathway (Fig. 3C). The study of genes develop-
ing along the trajectory of cell differentiation indicated 
that hypoxia-related ADM and TGFBI played a key role 
in driving the formation of MME+ fibers, further illus-
trating the close association between MME+ fibroblasts 
and the formation of a hypoxic environment in tumors 
(Fig. 3D).

Genomic and Transcriptomic Analysis of Pancreatic Cancer 
Patients After Differential Grouping by MME+CAF
In two combined datasets, TCGA and CPTAC, the prog-
nostic relationship between this fibroblast score and 
pancreatic cancer patients was evaluated by organiz-
ing the highly expressed genes of MME+ fibroblasts into 
gene sets. The results revealed the poorer prognosis of 
patients in the highly infiltrated MME+ fibroblasts group 
(Fig.  4A). As expected, the MME+ fibroblast score was 
higher in patients with high-grade and advanced-stage 
pancreatic cancer (Fig. 4B), suggesting that MME+ fibro-
blasts play a key role in the progression and deterioration 
of pancreatic cancer. Genomic analysis was conducted 
on the high- and low-infiltration groups of MME+ CAFs 
to investigate the mechanism of fibroblast production. 
The results indicated that the mutation rates of onco-
genes, including KRAS and TP53, were slightly higher in 
the high-infiltration group, suggesting that mutations of 
typical oncogenes may facilitate the production of MME+ 
fibroblasts (Fig.  4C-D). Differential analysis and GSEA 
analysis of the high and low infiltration groups revealed 
that the high infiltration group was positively enriched 
for the hypoxia pathway, MYC signaling pathway, EMT, 
and G2M checkpoint signaling pathway, while the low 
infiltration group was associated with downregulation of 
bile metabolism and KRAS activity pathway (Fig. 4E-F). 
Transcriptome sequencing was performed on a sample 
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Fig. 1  Single-cell transcriptome landscape of pancreatic cancer patients. (A) UMAP plots of cell subpopulations with descending clustering as well as 
UMAP plots of cells at different levels of differentiation, vascular infiltration, peripheral nerve infiltration, staging, and T-staging. (B) LUM gene expression 
UMAP plot. (C) UMAP plot of fibroblast subpopulations. (D) Bubble plots showing typical gene expression in each fibroblast subpopulation. (E) Cellular 
staging of different fibroblast subpopulations. (F) UMAP downscaling plots of different fibroblast subpopulations in peripheral nerve infiltration, vascular 
infiltration, different T-stages, and different degrees of differentiation
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Fig. 2  Signaling pathways involved in MME + fibroblasts. A-B. Volcano plots demonstrating high and low differentially expressed genes in MME+ fibro-
blasts (A) and other subtypes of fibroblasts (B). C. Heatmap of GO, KEGG, and wiki pathway pathways enriched for highly expressed genes in different 
fibroblast subpopulations. D. Heatmap of 50 typical cancer pathway scores enriched in different fibroblast subpopulations. E. Bubble diagram of ligand-
receptor interactions between MME+ fibroblasts and other cell subpopulations. F-H. Connection diagrams of MIF (F), TGFb (G), and VEGF (H) interactions 
signaling pathways in fibroblast subpopulations and other distinct cellular subpopulations. I. Heatmaps of the roles of different cellular subpopulations in 
the MIF, TGFb, and VEGF signaling pathways in the cellular communication network, including senders, receivers, mediators, and influencers
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Fig. 3  Proposed temporal analysis of fibroblast subpopulations. A.. Cell evolutionary trajectory of the start and end points of fibroblast evolution. B. 
UMAP plots of the timing of the proposed chronology of different cellular evolutions. C. Expression of different genes in different fibroblast subpopula-
tions increases or decreases with the evolutionary trajectory. D. Heatmap of genes that drive differentiation and development of fibroblasts along a 
trajectory with pathway functional enrichment
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Fig. 4  Analysis of MME + fibroblasts in bulk multi-omics. (A) KM survival curves of survival differences between high and low MME+ fibroblast groups. (B) 
Box plots of differences in MME+ fibroblast scores in patients with different staging grades. (C) Waterfall plot of top 15 gene mutations in the high and 
low infiltrating MME+ fibroblast groups. (D) Forest plot of genes with significant mutational differences between the two groups. (E) Volcano plot of the 
differentially expressed genes (DEGs) in the high and low groups (F) GSEA plot of the pathways positively and negatively enriched in MME+ fibroblasts 
(G) Heatmap of differences in cancer pathway activity in the self-tested group of high- and low-infiltrating MME+ fibroblasts of pancreatic cancer samples 
(H) Scores of MME+ fibroblasts populations enriched for the MYC and hypoxia pathways
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of 16 patients to verify the difference in transcriptome 
pathway activity in the high infiltration group. The results 
showed that the cancer pathway activity was elevated 
in the high MME+ CAFs group compared with the low 
infiltration group (Fig. 4G). In particular, the hypoxia and 
MYC pathways were highly enriched in the highly infil-
trated group (Fig. 4H).

Sensitivity of MME+ Fibroblasts to Chemotherapeutic 
Agents in high and low Infiltration Groups
The GDSC database and the cell line drug sensitivity 
dataset were employed to analyze the treatment differ-
ences between the high and low infiltration groups to 
investigate the role of MME+ fibroblasts in the treatment 
of pancreatic cancer patients (Fig.  5A). Patients in the 
high infiltration group exhibited resistance to chemo-
therapeutic agents, including platinum, cyclophospha-
mide, and paclitaxel. This suggests that the presence of 
MME+ CAFs posed a significant challenge in effectively 
treating patients with pancreatic cancer (Fig.  5B). The 
top 30 genes associated with MME+ CAFs were chosen 
for cMAP small molecule drug prediction to predict the 
effects of drugs on these cells. Notably, the MTOR inhibi-
tor torin-2, the protein kinase inhibitor NVP-TAE226, 
and the P450 inhibitor clotrimazole were effective 
drugs against MME+ CAFs (Fig. 5C). The BCL inhibitor 
TW-37, the kinase agonist PAC-1, and the PKC inhibitor 
sotrastaurin were potent against MME+ CAFs (Fig. 5D).

MME+ Fibroblasts Promote Immunosuppressive 
Microenvironment Formation
The immune cell infiltration assessment algorithms, 
such as CIBERSORT, XCELL, EPIC, and TIMER, were 
employed to compare MME+ and MME− CAFs in the 
characteristics of the immune microenvironment. These 
algorithms help determine the role of MME+ fibro-
blasts in mediating signal exchange and transduction 
in the immune microenvironment. The results showed 
that the highly enriched group of MME+ fibroblasts 
was accompanied by a large infiltration of neutrophils, 
mast cells, Tregs, and monocyte macrophages, and a 
smaller infiltration of CD8 + T cells, NK cells, and den-
dritic cells. (Fig.  6A-B). The overall immune microenvi-
ronment activation and depletion characteristics were 
also assessed, and the results indicated that patients 
enriched with MME+ CAFs had a depleted and inacti-
vated immune microenvironment (Fig.  6C). Moreover, 
both immune exclusivity and immune TIDE scores were 
more pronounced in the MME+ fibroblast-enriched 
group (Fig. 6D-E). It suggests that MME+ fibroblasts have 
a significant inhibitory effect on the immune microen-
vironment of pancreatic cancer, which may potentially 
influence the subsequent immunotherapy of pancreatic 
cancer.

MME+CAFs Promote Tumor Growth by Mediating the 
Formation of Immunosuppressive TME and Enhancing 
Aerobic Glycolysis in Pancreatic Cancer Cells
The effects of MME+ CAFs on the progress of pancreatic 
cancer were further evaluated through a series of in vivo 
and in vitro experiments. MME+ CAFs and MME−CAFs 
were sorted by flow cytometry from the CAFs derived 
from tumor tissues of pancreatic cancer patients (Fig. 7A). 
The expression level of MME protein in MME− CAFs and 
MME+ CAFs was verified by Western blot (Fig. 7B). Pan-
creatic cancer cells (KPC) derived from mice were mixed 
with PBS, MME− CAFs, or MME+ CAFs at a 1:1 ratio. 
These mixtures were then subcutaneously transplanted 
to C57BL/6J mice, which were randomly divided into 
three groups: Ctrl, MME− CAFs, and MME+ CAFs. After 
28 days, the tumors were collected for further analysis. 
MME+ and MME− murine-derived primary fibroblasts 
were obtained from tumor tissues of KPC mice. The 
tumor burden of the MME+ CAFs group was significantly 
boosted compared with the control and MME− CAFs 
groups (Fig.  7C-D). The results obtained from the har-
vested tumors showed a significant increase in the Ki67 
level, which is a well-known marker for cell proliferation, 
in the MME + CAFs group. Additionally, there was a sig-
nificant decrease in the TUNEL level, which is an index 
for apoptosis, in the same group (Fig. 7E). The effects of 
MME+ CAFs on the tumor immune microenvironment 
were also evaluated. Flow analysis results demonstrated 
that MME+ CAFs minimized the number of CD8+T 
cells and effector CD8+T cells secreting killer proteins 
(TNFα, Granzyme B, and IFNγ) and increased exhausted 
CD8+PD1+T cells and Tregs (CD4+CD25+Foxp3+ T 
cell) (Fig.  7F). Meanwhile, MME+ CAFs also increased 
the proportion of tumor-infiltrated myeloid cells, 
which include granulocytic myeloid-derived suppres-
sor cells (Gr-MDSCs, CD45+CD11b+Ly6G+) and mono-
cytic myeloid-derived suppressor cells (Mo-MDSCs, 
CD45+CD11b+Ly6C+), as well as tumor-associated 
macrophages (CD45+CD11b+F4/80+) (Fig.  7G). These 
results indicated that MME+ CAFs promote the forma-
tion of tumor immunosuppression microenvironment. 
The above analyses suggested that MME+ CAFs might 
participate in cellular energy metabolism. Therefore, 
this study also validated the role of MME+ CAFs in the 
progress of aerobic glycolysis. Pancreatic cancer cells 
were co-cultured with an equivalent amount of CAFs in 
vitro (Fig. 7H). The results showed that MME+ CAFs can 
promote the expression of glycolysis-related biomarkers 
(i.e., MCT1, MCT4, GLUT1, GLUT4, and LDHA) on the 
mRNA and protein level (Fig.  7I-J). In addition, MME+ 
CAFs significantly increased the glycolysis-associated 
ECAR and decreased the OXPHOS-associated OCR 
used for ATP production (Fig.  7K-L). Similarly, MME+ 
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Fig. 5  Chemotherapeutic agents predicted to target MME + fibroblasts. (A) Heatmap of the sensitivity of high and low MME+ fibroblasts to chemothera-
peutic agents (IC50 values). (B) Boxplots and densitograms jointly show the sensitivity of high and low MME+ fibroblast groups to specific drugs C-D. 
The CMap database predicts effective chemotherapeutic drugs based on positively and negatively correlated genes in MME+ fibroblasts, where a smaller 
score represents more effective treatment for MME+ fibroblasts (C), and a larger score represents that the drug is positively correlated with MME+ fibro-
blast scores and is not effective for treatment (D)
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Fig. 6  Assessment of the immune microenvironment of MME + fibroblasts. A. The differences between the MME+ and MME− fibroblast groups in the im-
mune microenvironment and infiltration characteristics were assessed using immune infiltration algorithms such as CIBERSORT, XCELL, EPIC, and TIMER; 
B. The correlation between MME+ fibroblasts and immune cells in the immune microenvironment was calculated and shown in a bar graph; C. The func-
tional scores of the MME+ and MME− fibroblast groups were compared; D. Calculating the immune exclusivity between the MME+ and MME− fibroblast 
groups; E. Calculating the functional TIDE scores for the MME+ and MME− fibroblast groups
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CAFs also enhanced lactate production in pancreatic 
cancer cells (Fig. 7M).

Additionally, lentiviruses that stably overexpress the 
MME protein were developed and assembled. They were 
then transfected into mCAF cell lines and combined with 
murine-derived KPC cell lines for subcutaneous injection 
into C57BL/6J mice (Figure S3 A-B). The results showed 
that the MME-overexpressing CAFs promoted tumor 

growth and proliferation (Figure S3C-E), and enhanced 
the formation of immunosuppressive TME. This con-
sisted of a decreased number of CD8 + T cells and their 
functional biomarker, as well as an increased presence of 
exhausted T cells, tumor-infiltrating Tregs, and myeloid 
cells (Figure S3F-G). In vitro experiments demonstrated 
that the MME-overexpressing CAFs promoted the 
progress of aerobic glycolysis in pancreatic cancer cells 

Fig. 7 (See legend on next page.)
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(Figure S3 H-M). All these findings are consistent with 
previous results of sorting MME+ CAFs.

IOX2 Inhibitor Sensitizes the Pancreatic Cancer Treatment 
Effectiveness of AG Chemotherapy and Anti-PD1 
Immunotherapy in the Presence of MME + CAFs
Murine-derived pancreatic cancer cells (KPC cell lines) 
mixed with CAFs sorted from tumor tissues of KPC mice 
or PBS at the ratio of 1:1 were subcutaneously trans-
planted into BALB/c-nude mice, which were randomly 
assigned to four groups: MME− CAFs-AG, MME− CAFs-
AG + IOX2 inhibitor, MME+ CAFs-AG, MME+ CAFs-
AG + IOX2 inhibitor. AG or a combination of AG and A 
inhibitors was administered once weekly beginning on 
the seventh day. The tumors were harvested 28 days after 
transplantation (Fig.  8A). Based on the study findings, 
the synergistic effect of IOX2 and AG was investigated 
in Synergyfinder-2.0. The comprehensive synergy scores 
of IOX2 with AG (26.173) indicated that IOX2 and AG 
exhibited synergistic lethal effects at the studied doses. 
(Fig. 8B). The combination of AG and IOX2 significantly 
inhibited the tumor growth in the MME+ CAFs group, 
when compared to the administration of the AG regi-
men alone; however, the AG-IOX2 inhibitor combination 
therapy could not significantly affect the MME− CAFs 
group (Fig. 8C-D). To further acknowledge whether IOX2 
inhibitor could alleviate tumor burden and improve the 
therapeutic efficacy of immunotherapy, murine-derived 
pancreatic cancer cells (KPC cell lines) mixed with 
CAFs sorted from tumor tissues of KPC mice or PBS at 
the ratio of 1:1 were subcutaneously transplanted into 
C57BL/6J mice, which were randomly assigned to four 
groups: MME− CAFs-Anti-PD1, MME− CAFs- Anti-
PD1 + IOX2 inhibitor, MME+ CAFs- Anti-PD1, and 
MME+ CAFs- Anti-PD1 + IOX2 inhibitor; Anti-PD1 
or a combination of Anti-PD1 and IOX2 inhibitor was 
administered once weekly beginning on the seventh day. 
The tumors were harvested 28 days after transplantation 
(Fig. 8E). The results indicated a robust synergy between 

the IOX2 inhibitor and Anti-PD1, as indicated by a ZIP 
Synergy score of 32.262 (Fig. 8F). The results also showed 
that the combination of Anti-PD1 and IOX2 decreased 
tumor burden more significantly than Anti-PD1 in the 
presence of MME+ CAFs (Fig. 8G-H).

Discussion
Pancreatic cancer is widely recognized for its aggressive 
nature and unfavorable prognosis. The TME plays a criti-
cal role in the progression of this disease [4, 48]. Among 
the various components of the TME, CAFs have been 
identified as key players [49]. CAFs are important con-
stituents of the stromal region in pancreatic tumors that 
significantly affect the disease progression and therapeu-
tic outcomes through various mechanisms [50, 51].

CAFs facilitate the development of chemo-resistant 
phenotypes by cultivating a niche that supports tumor 
growth, invasion, and metastasis, thereby circumventing 
the cytotoxic effects of chemotherapy [52]. They establish 
a protective barrier that protects malignant tumor cells 
from the cytotoxic effects of chemotherapeutic agents by 
modulating signaling pathways, promoting extracellular 
matrix remodeling, and granting metabolic adaptability 
to pancreatic cancer cells [50, 53]. The emergence of che-
moresistance poses a significant obstacle to the success-
ful treatment of pancreatic cancer, underscoring the need 
to gain a deeper understanding of the complex interac-
tions between CAFs and molecular pathways involved in 
drug responses [47, 54]. The convergence of CAF-driven 
tumorigenic signals and immune evasion mechanisms 
highlights the importance of comprehending the dynamic 
interplay of these factors in shaping the pancreatic can-
cer microenvironment [55, 56]. Unveiling the intrica-
cies of CAF-mediated immunosuppression is crucial for 
designing innovative therapeutic approaches that target 
both the stromal and immune components, offering new 
avenues for intervening in this challenging disease [57]. 
The exploration of the intricate relationship between 
CAFs and the immunosuppressive microenvironment in 

(See figure on previous page.)
Fig. 7  MME + CAFs promote tumor growth by mediating the formation of immunosuppressive TME and enhancing aerobic glycolysis in pancreatic 
cancer cells. (A) A schematic view of the in vivo experimental design. MME + and MME- mCAFs were extracted from the tumor tissues of KPC mice and 
injected subcutaneously into C57BL/6J mice in a mixture with murine-derived KPC cell lines. (B) The expression level of MME in MME− CAFs and MME+ 
CAFs groups was measured by Western blot. (C) Tumor weight was analyzed when the tumors were harvested 28 days after the subcutaneous implanta-
tion. (D) The growth curve was plotted according to the size of the tumor once every three days. (E) Immunofluorescence staining was performed on 
the subcutaneous tumor of each group using Ki67 and TUNEL, and the representative images were shown. The development of multiplex fluorescent 
IHC was primarily conducted following the formation of subcutaneous tumors by injecting a mixture of mouse-derived CAF and mouse-derived KPC cell 
lines for sectioning. The Ki67+ and TUNEL+ tumor cells were analyzed in Image-J. (F) Percentage of tumor-infiltrated CD8+ T-cells and related functional 
markers (TNFα, Grzmb, IFNγ, and PD1) and Tregs was determined in each group by flow cytometry. (G) Percentage of tumor-infiltrated myeloid cells in 
each group was determined by flow cytometry. (H) A schematic view of the cancer cells-CAFs coculture system. Human-derived CAFs were co-cultured 
with the pancreatic cancer cell line (Pancreatic cancer primary cell lines, PDX1). (I) The expression level of glycolysis-related biomarkers was measured in 
each group by qPCR. (J) The expression level of glycolysis-related biomarkers was measured in each group by Western blot. K. The groups were compared 
in terms of ECARs, and glycolysis rates and glycolytic capacity were analyzed. L. The groups were compared in terms of OCRs, and basal respiratory and 
max respiratory levels were analyzed. M. The relative lactate production level was examined in each group. All experiments were repeated six times inde-
pendently. Unpaired Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CAFs; Ctrl, control; Tregs, regulatory 
T cells; Grzmb, Granzyme B
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pancreatic cancer aims to reveal the underlying mecha-
nisms that drive disease progression and treatment 
resistance. The dissection of the molecular basis of this 
symbiotic interaction is an attempt to identify novel tar-
gets and combination strategies that hold promise for 
disrupting tumorigenic pathways, overcoming immune 
suppression, and improving the prognosis of pancreatic 
cancer patients.

The study findings suggested that the highly expressed 
CAFs were identified as MME+CAFs through single-cell 
transcriptome sequencing, which was based on MME 
gene expression. The study further investigated the key 
molecular functions of high MME expression in fibro-
blasts, particularly its critical role in the pancreatic cancer 
microenvironment and its effect on tumor progression. 
MME gene, also known as Neprilysin, CD10, or Neutral 
Endopeptidase, encodes for enkephalinase [39, 40]. This 
transmembrane metalloprotease is widely expressed in 
various tissues and organs including the brain, kidney, 
heart, liver, etc. Its molecular structure is composed of 
an extracellular N-terminus, transmembrane region, and 
cytoplasmic C-terminus. It is involved in the degradation 
of neurotransmitters, metabolic regulation (e.g., hor-
mone concentration regulation), and immune response. 
Moreover, it is of significant importance in the develop-
ment of drugs, the study of diseases (e.g., Alzheimer’s 
disease, hypertension, and cancer), neuroscience, and 
cancer research [40–43]. CD10+GPR77+ CAFs promote 
breast tumor formation and chemoresistance by provid-
ing a survival niche for cancer stem cells (CSCs) [47]. 
CD10 + stroma signatures play a significant role in dis-
tinguishing between in situ and invasive breast cancer, 
as well as in predicting the prognosis of HER2(+) breast 
cancer patients. Additionally, these signatures may also 
have the potential to indicate nonresponse to chemo-
therapy in certain patients [58]. The CD10 expression 
in tumors is associated with more aggressive histologic 
types and increased mitotic activity, and also serves as 
an independent prognostic factor for patients diagnosed 
with malignant pleural mesothelioma [59].

This study showed that MME+CAFs were in the final 
stage of CAF differentiation function, indicating their dis-
tinct roles in the microenvironment of pancreatic cancer. 
Cell communication analysis indicated that MME+CAFs 
were more likely to participate in the hypoxia down-
stream signaling pathway and microenvironmental 
crosstalk, which might be the potential key mechanisms 
influencing pancreatic cancer progression. Hypoxia can 
cause the upregulation of MIF, VEGF, ADM, ANGPTL4, 
and other genes, and the activation of their signaling 
pathways, which further affects the progression of pan-
creatic cancer [60]. MIF is a hypoxia-related pleiotro-
pic cytokine that spatially co-localizes with HIF1A [61]. 
VEGF and ADM are associated with neovascularization, 

and their high expression can be induced in a hypoxic 
environment [62]. ANGPTL4 is significantly upregulated 
in hypoxic tumor cells, causing tumor therapy resistance 
[63].

This study also revealed that pancreatic cancer patients 
with high MME expression exhibit elevated levels of 
metabolic pathways (MYC and glycolysis) and micro-
environmental hypoxia markers (VEGF), along with 
significant involvement in pro-carcinogenic inflamma-
tory signaling pathways [64]. Patients with high levels of 
MME+CAF experienced lower overall and recurrence-
free survival rates. Additionally, a significant proportion 
of MME+CAF was associated with more advanced pan-
creatic cancer staging and clinical grading. These findings 
further underscore the role of MME+CAF in the malig-
nant transformation of the pancreatic cancer microen-
vironment and its significance in disease progression. 
CAFs in pancreatic cancer and their associated MYC 
signaling pathways have been identified as crucial fac-
tors promoting the disease development [65]. Addition-
ally, the activation of the glycolysis pathway by CAFs may 
induce the overexpression of MYC, which may drive the 
proliferation and survival of tumor cells [66].

Further investigations indicated that a high propor-
tion of MME+CAF leads to immune microenvironmental 
imbalance and dysfunction in pancreatic cancer, promot-
ing increased infiltration of immunosuppressive myeloid 
cells, Tregs, and neutrophils, among others, while inhib-
iting NK cells and functional cytotoxic T-cell infiltra-
tion. This further demonstrates the role of MME+CAF 
in the malignant transformation of the pancreatic can-
cer microenvironment and its effect on the disease pro-
gression. Animal studies have confirmed that the high 
expression of MME+CAF significantly increases tumor 
burden in PDAC. In addition, the high expression of 
MME in CAF markedly enhances the resistance of tumor 
cells caused by pancreatic cancer to chemotherapy and 
immunotherapy. The drug sensitivity experiments and 
high-throughput drug screening in this study also discov-
ered an inhibitor called IOX2, which specifically targets 
MME+CAF. Based on in vitro experiments, IOX2 exhib-
ited an IC50 of 25.4 μm for human tumor tissue-derived 
CAFs and 41.7 μm for the SW1990 cell line. Animal stud-
ies have demonstrated that the combination of IOX2 
with AG and anti-PD1 effectively reduces tumor burden 
in pancreatic cancer, providing an efficient translational 
strategy targeting MME molecules in CAFs for pancre-
atic cancer treatment.

The study findings generally suggest that MME+CAF 
plays a pivotal role in the pancreatic cancer micro-
environment, exerting profound effects on tumor 
development and therapeutic response. However, our 
study has some limitations, we didn’t have enough 
research about the effects of highly expressed MME on 
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Fig. 8 (See legend on next page.)
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immunosuppressive gene expression at the transcrip-
tional level, post-translational level, or related kinase 
activity. Future studies can further validate the biological 
functions of MME+CAF, explore potential intervention 
strategies, and consider assessing the value of MME+CAF 
as a prognostic factor in clinical practice.
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