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ABSTRACT

Intratumor heterogeneity of positron emission tomography-computed tomography (PET-CT) is reflected by
variable 8F-fluorodeoxyglucose (FDG) uptake. Increasing evidence has shown that neoplastic and non-
neoplastic components can affect the total ®F-FDG uptake in tumors. Cancer-associated fibroblasts (CAFs) is
considered as the main non-neoplastic components in tumor microenvironment (TME) of pancreatic
cancer. Our study aims to explore the impact of metabolic changes in CAFs on heterogeneity of PET-CT. A
total of 126 patients with pancreatic cancer underwent PET-CT and endoscopic ultrasound elastography
(EUS-EG) before treatment. High maximum standardized uptake value (SUVmax) from the PET-CT was
positively correlated with the EUS-derived strain ratio (SR) and indicated poor prognosis of patients. In
addition, single-cell RNA analysis showed that CAV1 affected glycolytic activity and correlated with gly-
colytic enzyme expression in fibroblasts in pancreatic cancer. We also observed the negative correlation
between CAV1 and glycolytic enzyme expression in the tumor stroma by using immunohistochemistry
(IHC) assay in the SUVmax-high and SUVmax-low groups of pancreatic cancer patients. Additionally, CAFs
with high glycolytic activity contributed to pancreatic cancer cell migration, and blocking CAF glycolysis
reversed this process, suggesting that glycolytic CAFs promote malignant biological behavior in pancreatic
cancer. In summary, our research demonstrated that the metabolic reprogramming of CAFs affects total 8-
FDG uptake in tumors. Thus, an increase in glycolytic CAFs with decreased CAV1 expression promotes tumor
progression, and high SUVmax may be a marker for therapy targeting the neoplastic stroma. Further studies

should clarify the underlying mechanisms.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

5-year survival rate of approximately 9% [ 1]. The majority of patients
with pancreatic cancer are diagnosed at an advanced stage, and only

As the most lethal gastrointestinal malignancy, pancreatic cancer 20% of patients are eligible for curative surgery [2]. In addition, the
is the fourth leading cause of cancer-related death worldwide, with a current therapies for pancreatic cancer do not produce satisfactory

results. Abundant stroma in the tumor microenvironment (TME) is a
crucial feature of pancreatic cancer, and it contributes to tumor
growth, progression and chemoresistance [3,4]. Therefore, further
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research on the TME of pancreatic cancer will help to explore new
therapeutic strategies.

At present, two important clinical examinations, ['®F]-fluoro-2-
deoxy-p-glucose ('8F-FDG) positron emission tomography-com-
puted tomography (PET-CT) and endoscopic ultrasound (EUS), are
used to diagnose pancreatic cancer. The standardized uptake value
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(SUV) is a well-known measurement for '®F-FDG uptake in PET-CT
imaging. Increasing evidence shows that the SUVmax parameter, the
largest SUV in the selected region, is an important prognostic factor
[5-7]. EUS elastography (EUS-EG) has been used to detect the stiff-
ness of the pancreas, and EUS-guided fine needle aspiration (EUS-
FNA) has been employed to obtain tumor tissue [8]. The calculated
strain ratio (SR) is a parameter derived from EUS-EG images and
provides a quantitative measure of pancreatic tumor stiffness [9,10].
A previous study by our team showed that the SR value identified on
EUS correlated with the stroma proportion and predicted the sur-
vival of pancreatic cancer patients treated with a nab-paclitaxel and
gemcitabine regimen [11].

Metabolic reprogramming in tumors is a hot research topic, but
few relevant studies have focused on the TME in pancreatic cancer.
The cellular components of the TME include cancer-associated fi-
broblasts (CAFs), endothelial cells, immune inflammatory cells, and
marrow-derived mesenchymal stem cells (MSCs) [12]. Recent stu-
dies have reported that FDG uptake might be increased in stromal
cells in many tumors [13-16]. Hence, we aimed to explore the me-
tabolic reprogramming of CAFs in pancreatic cancer.

2. Materials and methods
2.1. Study population

The 126 enrolled patients were histologically or cytologically
diagnosed with either locally advanced pancreatic cancer (stage III,
LAPC) or metastatic pancreatic cancer (stage IV, MPC) at the Fudan
University Shanghai Cancer Center (FUSCC) from January 2018 to
December 2020. All patients underwent EUS and ®F-FDG PET-CT and
only received gemcitabine (GEM)-based first-line chemotherapy.
Clinical information on age, sex, tumor location, vascular involve-
ment, lymph node or distant metastasis, and tumor markers
(CA19-9, CA125, CA153, AFP, CEA) was extracted from our database.
This study was approved by the Ethics Board of FUSCC, and due to its
retrospective nature, the requirement for informed patient consent
was waived.

2.2. EUS-EG

EUS-EG was conducted using a linear EUS scope (EG3870UTK;
Pentax, Japan) combined with a HI VISION Preirus EUS system
(Hitachi, Japan). The procedure was performed as previously de-
scribed [11].

2.3. "8F-FDG PET-CT

PET-CT was performed on a PET-CT scanner (Biograph Duo or
Biograph TruePoint; Siemens Medical, Erlangen, Germany) at our
institution. The SUVmax was calculated by identifying the area of
most intense uptake using the Xeleris workstation. The PET-CT
images were evaluated by two nuclear medicine physicians who
were blinded to the clinical data.

2.4. Single-cell RNA analysis

The pancreatic cancer scRNA-seq datasets were downloaded
from the Gene Expression Omnibus (GSE155698) and Genome
Sequence Archive (AAD_CRA001160). The combination and analysis
of the two scRNA-seq datasets were performed within the Seurat
framework (4.2.0). Fibroblasts were selected based on their specific
markers. The AUCell package was used to score the glycolytic activity
of each fibroblast. The expression matrixes of two scRNA-seq data-
sets were integrated using the algorithm “Harmony” with the R
package “harmony (0.1.1).
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2.5. Immunohistochemistry (IHC)

Tumor tissues were obtained from pancreatic cancer patients
who underwent PET-CT before treatment and underwent radical
surgery at the FUSCC (n = 10). All procedures were performed after
obtaining approval from the Clinical Research Ethics Committee of
FUSCC, and informed consent was obtained from each patient prior
to the analyses. The protocol was performed as previously described
[17]. IHC staining with antibodies against CAV1 (#3238, CST), GLUT1
(66290-1-Ig, Proteintech), HK2 (22029-1-AP, Proteintech), LDHA
(19987-1-AP, Proteintech), and PKM2 (15822-1-AP, Proteintech) was
performed to detect protein expression levels.

2.6. Cell lines and reagents

The human pancreatic cancer cell lines PANC-1 and SW1990
were obtained from American Type Culture Collection (ATCC). The
culture conditions for all cells have been described previously
[17,18]. Human CAFs were isolated from pancreatic cancer tissue
from FUSCC. After excision, the tumor sample was immediately
transported to the laboratory on ice. Next, the tissue sample was
digested with 0.1% type I collagenase and trypsin. After filtering with
a 400-mesh sieve, the cell suspension was centrifuged at 1,000g for
10 min. The isolated CAFs were tested for mycoplasma presence,
verified by morphology and a-SMA expression analyses, and cul-
tured in DMEM supplemented with 10% FBS. All cells were cultured
in a humidified atmosphere in 5% CO2 at 37 °C. 2-Deoxy-p-glucose
(2-DG), a glycolysis inhibitor (S4701), was obtained from Selleck
(Houston, TX, USA).

2.7. Wound-healing assay

The cells were seeded into 6-well plates and grown to 90% con-
fluence. The cell monolayer was scratched using a micropipette tip,
and the cells were cultured in serum-free medium.
Microphotographs were obtained at the indicated times.

2.8. Transwell migration assay

Cell migration assays were performed as previously described
[17]. Cells were seeded in the upper chamber (approximately 6 x10*
cells) and cultured in 200 pl serum-free medium. The lower chamber
was filled with 800 pl of medium containing 10% FBS. After the plate
was cultured for 24 h, the lower surface of the plate containing cells
was washed, and the cells were fixed, stained and imaged. The mi-
grating cell number was determined in randomly selected fields.

2.9. Statistical methods

The data are presented as the meanz+ SD. The relationships be-
tween clinicopathological characteristics were assessed using
Spearman tests. The OS rates were assessed using Kaplan—Meier
curves, and the differences between groups were compared using
the log-rank test. Univariate and multivariate Cox proportional ha-
zards models were applied using SPSS for Windows version 24.0
software (SPSS, Inc., Chicago, IL, USA). Differences with P values
(two-sided) < 0.05 were considered statistically significant.

3. Results
3.1. Characteristics of patients

A total of 77 males and 49 females were enrolled in our study,
with a median age of 60.8 years. The patients consisted of 59 LAPC

and 67 MPC patients. The median tumor size, SUVmax and EUS-SR of
the primary lesions were 35.9, 7.1 and 41.9, respectively, with ranges
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Table 1 Table 2
Demographic details of patients included in study. Median SUVmax related to other characteristics.
Characteristic Total (N = 126) Characteristic Median SUVmax p-value
Median age (years) 60.8 (30-83) Median age (years) 0.309
Sex (%) > 60 6.7
male 77 (61%) < 60 7.5
female 49 (39%) Sex 0.962
Tumour location (%) male 71
Head 79 (63%) female 7.0
Body and tail 47 (37%) Tumour location 0.706
Median tumor size (mm) 35.9 (11-99.3) Head 6.9
Lymph nodes metastasis (%) Body and tail 72
Yes 108 (86%) Median tumor size (mm) 0.003
No 18 (14%) > 40 8.6
Distant metastasis (%) < 40 6.2
Yes 59 (47%) Lymph nodes metastasis 0.002
No 66 (53%) Yes 7.5
Vascular involvement (%) No 42
Yes 111 (88%) Distant metastasis 0.002
No 15 (22%) Yes 83
Median SUVmax (range) 7.1 (0-27.1) No 5.9
Median EUS-SR (range) 419 (7.9-124.7) Vascular involvement 0.012
Median tumor marker level pre-treatment (range) Yes 74
CA19-9 917.8 (1.5-10000) No 43
CA125 105.3 (5.8-5000) Median EUS-SR 0.004
CA153 19.3 (2.3-273) 240 8.1
AFP 5.5 (0.95-157.3) < 40 5.9
CEA 23.8 (0.34-855)

of 11-99.3, 0-27.1 and 7.9-124.7. Overall, 111 patients (88%) were
found to have lymph node metastasis, and 108 patients (86%) were
found to have vascular involvement. All patients underwent PET-CT
and EUS and received a GEM-based first-line regimen. The clinical
characteristics of the patients are described in Table 1. The median
overall survival (OS) was 8.9 (range 4-24) months.

3.2. Correlation of SUVmax with duration of survival

The SUV is a well-known measurement for '®F-FDG uptake and
the SUVmax is the largest value in the selected region of interest the
trans-axial PET image. Next, we explored the correlation between
SUVmax and other characteristics of patients with pancreatic cancer
using Spearman tests. A high SUVmax was associated with tumor
size, vascular involvement, EUS-SR, and lymph node and distant
metastasis but not with sex, age or tumor location (Table 2). There
was a positive correlation between SUVmax and SR (Fig. 1A). A
scatter plot of the relationship of SUVmax with SR is shown in Fig. 1B
(R= 0.298, P < 0.001). All factors associated with survival in the
univariate analysis are shown in Table 3. There was a significant
association of tumor size (>3 cm), SUVmax (>6.4), SR (>40.33),
CA19-9 (> 246 U/ml), CA125 (>27.9 U/ml), CA153 (> 12 U/ml), vas-
cular involvement, lymph node metastasis and distant metastasis
with poor OS. In addition, cumulative survival was significantly
better in patients in the low SUVmax group (9.8 months for
SUVmax < 6 versus 8.2 months for SUVmax > 6, p < 0.01; Fig. 1C).
The relationship of cumulative survival with EUS-SR is shown in
Fig. 1D (10.1 months for SR<40 versus 7.8 months for SR > 40,
p < 0.01). The characteristics significantly correlated with OS in the
univariate analysis were entered into the multivariate analysis. The
multivariate Cox regression analysis showed that tumor size, vas-
cular involvement, distant metastasis, CA19-9 and SR were sig-
nificant prognostic factors for OS.

3.3. Metabolic reprogramming of CAFs in pancreatic cancer affects the
heterogeneity of PET-CT

Both neoplastic and non-neoplastic components can affect the
total '8F-FDG uptake of PET-CT in malignant tumors. Similar research
has showed that '8F-FDG preferentially accumulates in «-SMA-
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positive myofibroblasts in tumor model [19]. Recent study also
showed that CAFs may influence '8F-FDG uptake in PET-CT imaging
[20]. Our previous study showed that the glucose metabolism in
pancreatic cancer cells was associated with the SUVmax in PET-CT
scan[21]. In this study, we explored the role of CAFs on '®F-FDG
uptake of PET-CT imaging in pancreatic cancer. The pancreatic cancer
scRNA-seq datasets were downloaded from the Gene Expression
Omnibus (GSE155698) and Genome Sequence Archive
(AAD_CRAO001160). The combination and analysis of the two scRNA-
seq datasets were performed within the Seurat framework (4.2.0).
Fibroblasts were selected based on their specific markers. We first
annotated all cells according to their specific markers as shown in
supplementary Fig. 1 A. Then, we isolated fibroblast as a new Seurat
object and visualize it as shown in supplementary Fig. 1B according
to the fibroblast marker (DCN, TAGLN, COL3A1, COL1A1, FAP and
CAV1). A dot plot showing the distribution of common fibroblast
markers in selected pancreatic cancer-infiltrating fibroblasts was
generated (Fig. 2). A UMAP plot showing six subclusters for the se-
lected fibroblasts was created (Fig. 3A). Furthermore, the AUCell
package was used to score the glycolytic activity of each fibroblast,
and the fibroblast cells of subcluster 3 showed higher glycolytic
activity (Fig. 3B). Caveolin-1 (CAV1), as one of the main indicators of
CAF activation, was expressed at low levels in cells of subcluster 3
with a high glycolysis score (Fig. 3C). Next, we analyzed the corre-
lation between the expression of CAV1 and glycolytic enzymes in
CAFs. As shown in Fig. 4A, glycolytic enzymes, including PKM2, HK2,
PGK1 and HOMER1, were highly expressed in CAFs with low CAV1
expression, suggesting that CAV1 is involved in the metabolic al-
teration of CAFs to favor the Warburg effect. To further verify the
conclusions, we detected the expression of the above proteins in the
SUVmax-high and SUVmax-low groups of pancreatic cancer patients
and observed a negative correlation between CAV1 and glycolytic
enzyme expression in the tumor stroma (Fig. 4B). The above results
further confirmed that glucose metabolic reprogramming of CAFs in
pancreatic cancer affects the heterogeneity of PET-CT.

3.4. Blocking CAF glycolysis affects the progression of pancreatic cancer

To investigate the role of CAF glycolysis in pancreatic cancer
progression, we next pretreated CAFs with 2-DG, a glycolysis in-
hibitor, and cocultured them with pancreatic cancer cells. Wound-
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Fig. 1. The correlation between SUVmax and EUS-SR. A. Sample graph of PET-CT and EUS-SR. B. There was a positive correlation between SUVmax and SR. A scatter plot of the

relationship between SUVmax and SR is shown (Spearman’s R= 0.298, p < 0.01).

healing assays revealed that the increase in cancer cell migration
induced by CAFs was reversed in by 2-DG (Fig. 5A-B). Moreover, in
vitro transwell assays indicated that the number of migrating cells
was significantly increased in the CAF group, and CAF glycolysis
inhibition decreased the progression of pancreatic cancer
(Fig. 5C-D).

4. Discussion

8E_.FDG PET-CT has been routinely used for cancer diagnosis,
staging and therapeutic response monitoring. Clinical studies have
demonstrated that '8F-FDG uptake reflects metabolic activity and is
closely correlated with glucose metabolism in many malignant tu-
mors. SUVmax has been shown to be a surrogate marker for prog-
nosis. However, the major factors affecting '8F-FDG accumulation in
pancreatic cancer have not been fully elucidated. The thick desmo-
plastic stroma is one of the defining features of pancreatic cancer,
and the highly heterogeneous stroma consists of CAFs, immune cells,
blood vessels and extracellular matrix[22]. Many studies have pro-
posed that CAFs are involved in energy metabolism in tumor cells
[23,24]. Hence, this study aimed to explore the potential effect of
CAF glycolysis on tumors.

Intratumor heterogeneity of PET-CT is reflected by variation in
8E_FDG uptake. Consistent with our conclusion, the SUV derived
from PET-CT has been suggested to be related to the distribution of
different tissue components in the tumor and clinical parameters,
including tumor size, angiogenesis, histological grade and tumor
growth pattern[25-27]. The SR obtained by EUS-EG provides a
quantitative measure of tumor stiffness related to stromal propor-
tion in pancreatic cancer. Our previous study demonstrated that the
SR was correlated with the stroma proportion and predicted the
survival of pancreatic cancer patients[11]. In this study, we also

clearly demonstrated that both high PET-CT-derived SUVmax and SR
predicted poor OS. Interestingly, this is the first study to propose a
significant and positive correlation between SUVmax and SR. We
wondered whether the rich stroma of the pancreas affects the me-
tabolic changes in tumors. Many controversial roles of the stroma in
tumors have been proposed. The stroma in tumors was found to be
closely correlated with '®F-FDG uptake, likely because it influences
angiogenesis, microvessel density, and nutrient and oxygen supply
[28-30]. Similarly, the nonneoplastic components in tumors have
been shown to contribute to total ®F-FDG uptake. ®F-FDG accu-
mulates predominantly in the nonneoplastic stroma, especially in o-
SMA-positive myofibroblasts, in various malignant tumor models
[19,31,32]. As CAFs are the major component of the tumor stroma,
these findings suggest that glycolytic CAFs increase the total '®F-FDG
uptake in tumors, and high PET-CT-derived SUVmax may be a
marker for therapy targeting the neoplastic stroma. Moreover, there
are several possible mechanisms accounting for the impact of CAFs
with high glycolysis on killing function of cytotoxic T lymphocytes
(CTLs) in dense ECM. On the one hand, an increased rate of glycolytic
metabolism within the TME induced by CAFs can lead to glucose
deficiency, which contributes to a competitive struggling between
cancer cells with CTLs. In such conditions, CTLs tend to decrease
their number[33]. On the other hand, some CAF-derived secretory
proteins, such as gig-h3, can decrease the transduction of T cell re-
ceptor (TCR) signaling via binding to the surface marker of CTLs[34].
Moreover, CAFs can also contribute to CTL killing in an antigen-de-
pendent mechanism by activating PD-L2 an FasL[35].

Previous studies have reported that CAV1 increases tumor cell
glucose uptake, lactate output and proliferation[36,37]. Recently,
CAV1 was shown to be involved in metabolic reprogramming in fi-
broblasts[38-40]. In our study, single-cell RNA analysis and IHC as-
says showed that CAV1 affected glycolytic activity, and CAV1
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Table 3

Univariate and multivariate analysis of characteristics for survival.
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Characteristics Univariate Multivariate
HR 95% Cl P value HR 95% CI P value
Age (years)
<60 1.07 0.75-1.53 0.71
> 60
Gender
Male 0.81 0.57-1.17 0.27
Female
Tumor location
Head 0.83 0.58-1.21 0.33
Body and Tail
Tumor size (cm)
<3 0.66 0.45-0.96 0.03 0.63 0.42-0.95 0.03
>3
SR
<4033 0.51 0.34-0.75 < 0.01 0.62 0.41-0.92 0.02
> 4033
SUVmax
<64 0.61 0.43-0.88 < 0.01 0.81 0.55-1.19 0.28
> 6.4
CA19-9 (U/ml)
<246 0.51 0.35-0.74 < 0.01 1.93 1.28-2.92 < 0.01
> 246
Metastasis
No 0.41 0.28-0.60 < 0.01 0.48 0.32-0.71 < 0.01
Yes
vascular involvement
No 0.40 0.21-0.76 < 0.01 0.58 0.29-1.16 0.13
Yes
LN metastasis
No 0.50 0.29-0.86 0.01 0.78 0.43-1.42 0.424
Yes
CA125
<279 0.53 0.36-0.77 < 0.01 0.72 0.48-1.07 0.1
> 279
CA153
<12 0.68 0.48-0.98 0.04 0.83 0.57-1.21 0.34
> 12
AFP
<273 0.89 0.62-1.26 0.50
> 2.73
CEA
<52 0.72 0.50-1.02 0.07
> 52
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Fig. 2. Dot plot showing the distribution of common fibroblast markers (DCN, TAGLN, COL3A1, COL1A1, FAP and CAV1) in selected pancreatic cancer-infiltrating fibroblasts.
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**p < 0.01). C-D. Analysis of the effect of CAF glycolysis on migration capacity as determined by in vitro transwell migration assays (scale bar 100 um, **p < 0.01). CAFs were
cocultured with pancreatic cancer cells after treatment with the glycolytic inhibitor 2-DG for 24 h.

expression was correlated with glycolytic enzyme expression in fi-
broblasts in pancreatic cancer. Similarly, several glycolytic enzymes,
including PGK1, PKM2, aldolase A, enolase 1, and LDHA, were up-
regulated in bone marrow-derived stromal cells from Cav1-knockout
mice[41]. In addition, it has been shown that CAV1-deficient stromal
fibroblasts surrounding malignant cells promote aerobic glycolysis
with a simultaneous increase in mitochondrial activity and enhance
angiogenesis by recruiting CAV1-positive microvascular cells
[38,40,42].

The metabolic crosstalk between CAFs and tumor cells depends
on the amount of oxygen, availability of extracellular metabolites
and regulation of signaling molecules. Metabolic reprogramming of
CAFs promotes the growth of tumor cells, which is considered re-
versed metabolic symbiosis[43]. Moreover, CAV1 expression in CAFs
was found to promote CAF contractility and the migration and in-
vasiveness of carcinoma cells[44]. Similarly, in the present study,
CAFs with high glycolytic activity contributed to pancreatic cancer
cell migration, and blocking CAF glycolysis reversed this process.
However, the potential regulatory mechanism is still unclear. Inter-
estingly, CAV1 is believed to regulate constitutive activation of CAFs
in fibrotic diseases by preventing collagen deposition, fibroblast
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proliferation and TGF-p signaling via the PI3K/AKT, MAPK, Rho-like
GTPase, or JNK pathways|39,45]. Furthermore, CAF subpopulations
existing in the tumor stroma play different roles according to their
CAV1 expression[46].

The present study had several potential limitations. First, the
number of samples used in this study was small, and further large-
scale prospective studies are needed. Second, patients with pan-
creatic cancer were not included in the surgical resection group, and
thus, the results may be biased. Third, the mechanism by which
CAV1 affects CAF glycolysis remains unclear, and additional clinical
and basic research studies are needed.

5. Conclusion

In conclusion, our research demonstrated that SUVmax was po-
sitively associated with EUS-SR in pancreatic cancer. Increased
numbers of glycolytic CAFs with decreased CAV1 expression pro-
moted tumor progression, and high SUVmax may be a marker for
therapy targeting the neoplastic stroma. Further studies should be
helpful to clarify the underlying mechanisms.
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