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Abstract

Pancreatic cancer is a malignant tumor that metastasizes to distant organs, such as the liver and lungs from an early stage.
Few animal models can reproduce early metastasis. In addition, no model has been reported that reproduces cancer-related
hypercoagulability, which is characteristic of pancreatic ductal adenocarcinoma and other adenocarcinomas. We hypoth-
esized that the reason why the commonly used orthotopic cell xenograft model cannot reproduce the disease is inadequate
construction of the cancer microenvironment. We developed an orthotopic tissue fragment xenograft model in which tumor
tissue was transplanted into the pancreas of mice while preserving the microenvironment. Briefly, we injected single cancer
cells subcutaneously to form a tumor, which was then cut with a scalpel into tumor fragments. A fragment was then sutured
and fixed to the surface of the pancreatic tail. In this study, we evaluated the superiority of this model over a conventional
orthotopic cell xenograft model. As a result, the novel orthotopic tissue xenograft model reproduced early distant metastasis
to the liver and lung, nerve invasion, and cancer-related hypercoagulability of human pancreatic cancer, and showed greater
similarity to clinical cases than the control orthotopic cell xenograft model.

Keywords Pancreatic cancer - Patient-derived xenograft (PDX) - Orthotopic transplantation - Metastasis - Trousseau’s
syndrome

Introduction patient-derived xenograft (PDX) and orthotopic (intra-

pancreatic) patient-derived xemograft (PDOX) models

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most lethal malignancies, and despite advances in multidis-
ciplinary treatment, the 5-year survival rate remains approx-
imtely 10% [1]. Distant metastasis of PDAC is associated
with a poor prognosis. Although ectopic (subcutaneous)
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using pancreatic cancer cells have been used to elucidate
the mechanism of distant metastasis, these models cannot
efficiently reproduce distant metastasis. The main reason
for this may be the difficulty of forming a cancer micro-
environment during the observation period. In addition to
cancer cells, tumor tissues contain vascular endothelial cells,
immune cells, and fibroblasts, and the microenvironment is
constructed by these cells. The microenvironment functions
as a niche to control the maintenance, proliferation, invasion,
and metastasis of cancer cells [2].

Genetically engineered mouse models expressing mutant
KRAS and related genes specifically in the pancreas have
been used as a model of pancreatic cancer, but this is not
necessarily an ideal model in terms of microenvironment
construction or distant metastasis [3]. In contrast, PDX mod-
els, such as ectopic subcutaneous xenografts, and PDOX
models such as orthotopic xenografts, are also thought to
mimic the pathophysiology and molecular properties of
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pancreatic cancer [4, 5]. Furthermore, the PDOX model
recapitulates the tumor microenvironment more closely than
the ectopic subcutaneous xenograft model and mimics liver
metastasis [5]. Our laboratory has previously established
cancer cells from patients with pancreatic cancer and gen-
erated ectopic subcutaneous xenograft (PDX) and orthotopic
pancreatic xenograft (PDOX) models. However, they did not
show distant metastases (e.g., liver and lung metastases),
which are characteristic of pancreatic cancer [6, 7].

Recently, cancer-related hypercoagulopathy (so-called
Trousseau’s syndrome) has become a major problem in
patients with cancer [8, 9]. In particular, adenocarcinomas
including pancreatic and lung cancers have been reported
to be associated with a high risk of cancer-related hyperco-
agulopathy [9, 10]. However, none of the current pancreatic
cancer models are appropriate for developing treatments for
cancer-related thrombosis.

In this study, we established a novel orthotopic tissue
xenograft model that maintains the microenvironment of
cancer cells (patient-derived orthotopic tissue xenograft
[PDOTX]) and compared it with a conventional orthotopic
cell xenograft model (patient-derived orthotopic cell xeno-
graft [PDOCX]) in terms of metastatic potential, nerve inva-
sion, and coagulation capacity.

Materials and methods
Cells

Human pancreatic cancer cell lines (KMC34-GFP, KMC26-
GFP) KMC34,26 cells were established from human pan-
creatic cancer patients in our laboratory [6, 7], and the
green fluorescent protein (GFP) gene was introduced by
retrovirus [7, 11]. KMC cells were cultured in serum-free
Stem medium (DSRK100; DS Pharma Biomedical) contain-
ing 0.1 pM 2-mercaptoethanol, 50 U/mL penicillin-50 pg/
mL streptomycin.

In vivo transplantation experiments

(1) KMC-GFP cells (4% 10°) were mixed with Matrigel
and transplanted subcutaneously into nude mice. After
3—4 weeks, the tumors were removed and cut into 2-mm
cubes (8 mm?) to create grafts. In the PDOTX model, the
graft (8 mm?®) was sutured to the tail of the pancreas in nude
mice (n=35). The details are presented (Fig. 1A and Sup-
plementary Video 1). The mouse was placed in the right
lateral position under isoflurane inhalation anesthesia, and a
transverse incision was made on the left chest. (2) A retrop-
eritoneal incision was made parallel to the incision to avoid
damaging the intercostal artery and vein. (3) A cotton swab
was used to remove the spleen from the abdominal cavity,
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and detach the splenic and pancreatic ligaments with a cot-
ton swab to free the spleen and tail of the pancreas. (4) The
tumor fragment was placed in front of the pancreatic tail
and fixed to the pancreas with a 6-0 suture to prevent the
tumor fragment from deviating from the pancreas. (5) The
tumor was covered with sutures to prevent it from being
exposed to the pancreas and cancer cells from spreading into
the abdominal cavity. (6) The tumor and tail of the pancreas
were returned to the abdominal cavity, and the peritoneum
with a 3-0 nylon thread. The skin was then closed using a
stapler. Figure 1B shows a schematic illustration of in vivo
transplantation. As for the PDOTX model, the tumor frag-
ment was transplanted as described above and, the liver and
lungs were removed and analyzed two months after trans-
plantation. As a control (PCOCX) model, 8mm? grafts were
digested into single cells in phosphate-buffered saline (PBS)
containing 0.04 units of Liberase Blenzyme 3 (Roche Diag-
nostic, Basel, Switzerland), suspended in 200 pl Gibco Dul-
becco's Modified Eagle Medium (DMEM), and transplanted
into the tail of the pancreas of nude mice (n=35) using a 27G
needle (PDOCX). The number of GFP-positive (KMC-GFP)
and GFP-negative cell in 8 mm?® grafts was 1.4 103 and
1.2x 10°, respectively. At 2 months after transplantation,
the liver and lungs were removed and analyzed as well. No
mice died during the observation period.

Immunohistochemical staining

After perfusion and deblooding in PBS, the liver and lungs
were removed, fixed in 4% paraformaldehyde overnight,
replaced with sucrose, and embedded in Optimal Cutting
Temperature (Sakura Finetek) to prepare frozen sections.
Frozen sections were air-dried and blocked with Block-
ing One Histo (Nacalai Tesque) for 10 min. The anti-GFP
antibody (Abcam) was diluted 1:500 in 10% FCS in Tris-
buffered saline (pH 7.6). containing 0.1% TritonX-100
(10% FCS/TBST) at a dilution ratio of 1:500, and incubated
overnight at 4 °C. The secondary antibody was anti-chicken
Alexa Fluor 488 (Invitrogen) diluted 1:200 in 10% FCS/
TBST and incubated for 60 min at room temperature, fol-
lowed by DAPI for 10 min at room temperature. In pan-
creatic primary tumors, anti-GFP antibodies (Abcam) and
anti-peripherin antibodies (Invitrogen) were diluted 1:500
and 1:1000, respectively, as described above, and incubated
overnight at 4 °C. DAPI was reacted with anti-chicken Alexa
Fluor 488 (Invitrogen) at 1:200 and anti-rabbit Alexa Fluor
555 (Invitrogen), as a secondary antibody, at a dilution of
1:200 for 60 min at room temperature at the same dilution,
as described above. The same procedure was performed as
previously described. Images were obtained using a fluo-
rescence microscope (ZEISS Axio Vert. Al). The follow-
ing antibodies were used to evaluate metastasis-related
gene products. Anti-HIF 1« antibodies (Abcam), anti-Snail
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Fig.1 In vivo human pancreatic cancer cell transplantation experi-
ments. A The procedure of establishing the patient-derived orthotopic
cancer tissue xenograft model (PDOTX) using 8mm?® human pancre-
atic cancer cell (GFP-KMC34 or GFP-KMC26)-derived tumor. See
also Materials and Methods, and Supplementary Video 1. B A sche-
matic illustration of in vivo transplantation. First, we injected 4 x 10°
GFP-KMC34 or GFP-KMC26 cells subcutaneously into immuno-
compromised mice to form subcutaneous tumors. Three weeks later,
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antibodies (Abcam), and anti-FOXM1 antibodies (Merck)
were diluted 1:500, 1:200, 1:100, respectively.

Sirius red staining

Tissue samples were fixed in formalin, embedded in par-
affin, and sectioned. Sirius Red staining was performed
according to the manufacturer's instructions (Picro-Sirius
Red Stain Kit [ScyTek Laboratories]).

Enzyme-linked immunosorbent assay (ELISA)

Plasma D-dimer and thrombin antithrombin III complex
(TAT) concentrations were measured in the untreated,

8

10 (weeks)

1. patient-derived orthotopic cell xenograft
(PDOCX)

2. patient-derived orthotopic tissue xenograft
(PDOTX)

we extracted and cut the tumor into 2-mm sequres (8 mm?). In the
case of the conventional patient-derived orthotopic cancer cell model
(PDOCX), 8 mm® grafts were digested with Liberase Blenzyme 3 to
single cells and whole cells were injected into the pancreatic tail of
nude mice. On the other hand, the PDOTX model was established by
suturing 8mm?® grafts to the pancreatic tail of nude mice, as shown
in Fig. 1A. Seven weeks later, the grafts were extracted and analyzed

PDOTX, and PDOCX groups by the D-dimer ELISA
(MyBioSource) and TAT ELISA (ASSAYPRO) Kkits,
respectively.

Statistical analysis

Statistical significance was determined using a two-tailed
unpaired Student’s ¢ test or y* test. (All parameters are
expressed as mean + standard error of the mean (SEM),
and P values of <0.05 were considered to induce statistical
significance.
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Results

Pancreatic tumor volume

The size of tumors formed by tissue transplantation (PDOTX)
and cell transplantation (PDOCX) was measured for KMC34

A 2500

and KMC26, respectively, and it was confirmed that the tumor
volume of the PDOTX group was significantly larger than that
of the PDOCX group in both strains (Fig. 2A). However, there
was no clear difference in the ratio of stroma formation between
the two groups (Fig. 2B).

PDOCX PDOTX

Fig.2 Comparison of PDOCX and PDOTX in tumor volume and
stromal formation. A Tumor volume was significantly increased in
the PDOTX model using KMC34 and KMC26 cells relative to the
PDOCX model. B The histology of KMC-derived tumors (GFP stain-
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ing) and stromal formation (Sirius red staining) in the PDOCX (a, b)
and PDOTX (¢, d) models, respectively. There was no clear differ-
ence in the ratio of stroma formation between the two groups. (n=5;
mean + SEM; *, P<0.05)
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Liver and lung metastasis

With regard to metastasis to distant organs, in the model
using KMC34 and KMC26 cells, no macroscopically
apparent metastasis to the liver or lungs was observed in
either the PDOCX or PDOTX groups. We have already
used a similar method to show liver and lung metastases
in the immunostaining of Figs. 2 and 4 in Kimoto et al.'s
paper (Reference 18), together with GFP immunofluores-
cent staining. Histological GFP staining using KMC34
cells showed that 4 of the 5 mice in the PDOTX group
had liver metastasis, and 2 of the 5 mice in the PDOTX
group had lung metastasis. In contrast, no liver or lung
metastases were observed in any of the 5 mice in the
PDOCX group. Histological GFP staining using KMC26
cells showed that 4 of 5 mice in the PDOTX group had
liver metastasis, and 4 of 5 mice in the PDOTX group
had lung metastasis. In contrast, in the PDOCX group,
liver metastasis was observed in 1 of the 5 mice, but no
lung metastasis was observed (Fig. 3A, B). To evaluate
metastasis-related gene products, we stained with HIF1a,
Snail and FOXM1 antibodies. HIF-1a -Snail signaling
pathway and FOXMI1 are reported to induce epithelial-
mesenchymal transition (EMT), which is involved in
the metastasis and infiltration of pancreatic cancer. As a
results, we found that the expression of metastasis-related
gene products was enhanced in pancreatic tumors formed

Fig.3 PDOTX model was A
superior to the conventional

in the PDOTX group (Fig. 4b, d, e: insel in d), compared
to pancreatic tumors formed in PDOCX group (Fig. 4a, c,
f), suggesting that these results indicate that the PDOTX
model may promote distant metastasis via EMT.

Nerve invasion and lymph node metastasis

We examined nerve invasion, a characteristic of patients
with pancreatic cancer When stained with peripherin,
as a marker of peripheral nerves and GFP, we observed
perineural invasion in the PDOTX group but not in the
PDOCX group (Fig. 5a, b). Furthermore, gross lymph
node metastasis in the hilar region was observed in the
PDOTX group (Fig. 5¢).

Examination of blood hypercoagulability

In malignant tumors, especially adenocarcinoma, Trous-
seau's sign, or hypercoagulability, is also related to the
prognosis. Therefore, we measured plasma D-dimer
and TAT levels using the ELISA method as indicators
of coagulability and found that the PDOTX group had
higher plasma D-dimer and TAT levels than the PDOCX
group and the untreated control group, indicating that the
PDOTX group had higher hypercoagulability (Fig. 6).

PDOCX model in promoting
distant metastasis that was char-

Liver metastasis ( )

Lung metastasis ( )

acteristic of human pancreatic
cancer. A Immunofluorescence
staining of (a) liver and (b) lung
specimens using anti-chick GFP
antibodies. Scale bar=100 um.
B Summary of the frequency

of distant metastasis to the liver
and lungs. Distant metastasis

to the liver and lungs was
significantly enhanced in both
KMC34 cells and KMC26 cells
in the PDOTX model. (n=35; *,
P <0.05 relative to the PDOCX

model)
B
Liver Lung
clone method metastasis metastasis
PDOCX 0/5 0/5
KMC34 % F
G PDOTX 4/5 :| " 2/5 :| )
PDOCX 1/5 0/5
KMC26 *
PDOTX 4/5 :l 45 :I
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Fig.4 The expression of
metastasis-related gene products

PDOCX

in pancreatic tumors in PDOTX
model was enhanced compared
to those in the conventional
PDOCX model. Immunofluo-
rescence staining of a HIF-1a,
¢ Snail, f FOXM1 in pancreatic
tumors formed in PDOCX
model. On the other hand, b
HIF-1a, d, e: insel in d Snail,

g FOXM1 in pancreatic tumors
formed in the PDOTX model.
Scale bar=100 um

DAPI

HIF1a

DAPI

Snail

DAPI

Foxm1

Discussion

To date, two xenograft experimental models of human pan-
creatic cancer have been used: the patient-derived xenograft
(PDX) model, represented by subcutaneous transplantation,
and the patient-derived orthotopic xenograft (PDOX) model,
represented by pancreatic transplantation. In the PDX model
(mainly subcutaneous transplantation in mice), the transplant
site does not coincide with the original site of tumor devel-
opment, which is useful for determining the antitumor effect
of the drug: however, the neural invasion and stromal forma-
tion characteristics of pancreatic cancer are not observed
[12]. On the other hand, the PDOX model has the advantage
that the microenvironment of pancreatic cancer is aligned,
and metastasis in the PDOX model is enhanced in compari-
son to the PDX model. Furthermore, it has been reported
that the sensitivity to gemcitabine was altered when the PDX
model was converted to PDOX [5]. That is, the analysis of
the gene expression, including the genes involved in the

@ Springer

PDOTX

100 grm ~ 100 um

100 um S 100 um
T} et

100 p#m

uptake and activation of gemcitabine, showed clustering in
PDOX that was not observed in the primary tumor or PDX
[13]. On the other hand, Go et al. prepared 2-mm square
tumor fragments by orthotopic pancreatic transplantation,
as in the present study, and examined the invasion of can-
cer into the pancreatic parenchyma, distant metastasis, and
muscle wasting in a control PDX model in which the tumor
was transplanted into the flank of a mouse. They reported
that the orthotopically transplanted tumor fragment model
induced muscle wasting in direct proportion to tumor size,
consistent with cancer cachexia syndrome [14]. Although
the detailed differences between our transplantation method
and theirs are not clear, the most different result is that in
the model reported by Go et al., all 13 of the mice showed
distant metastasis to the lungs, whereas liver metastasis was
only observed in 1 mouse [14]. In our model, liver metasta-
sis was observed in 8 of 10 cases, in 2 clones (KMC34 and
KMC26), while lung metastasis was observed in 6 of 10
cases. In clinical cases of pancreatic cancer, the liver is the
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Fig.5 The PDOTX model but not PDOCX model, recapitulated the
perineural invasion and lymph node metastasis that are characteristic
of human pancreatic cancer. a Fluorescence immunostaining using an
anti-Peripherin antibody to label the peripheral nerve showed peri-

A D-dimer (pg/ml)
16000 "
12000 %
8000
4000
L
control PDOCX PDOTX

Fig.6 PDCTX model was superior to the conventional PDOCX
model in promoting the cancer-related hypercoagulability that was
characteristic of human pancreatic cancer. a Plasma D-dimer and

neural invasion by GFP-positive human pancreatic cancer cells. b H
and E staining of the same area. ¢ Liver hilar lymph node metastasis
identified by GFP-staining
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b Plasma thrombin-antithrombin III complex (TAT) were signifi-
cantly higher in the PDOTX model in comparison to control and the
PDOCX model (n=5; mean+ SEM; *, P<0.05)
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most common site of metastasis, followed by peritoneum
and the lung [15]; therefore, this model is considered closer
to clinical cases. GFP staining demonstrated the presence
of liver and lung metastases in the PDOTX model, whereas
they were hardly observed in the PDOCX model. Recently,
we reported that exosomes derived from human pancreatic
cancer cells promote initial metastasis to the liver and lungs
[16, 17], and it is possible that exosomes derived from pan-
creatic cancer cells are also involved in the superiority of the
PDOTX model. Although there are many unknowns regard-
ing the early stages of distant metastasis in clinical cases
and in vivo models, because the tumor microenvironment is
maintained in PDOTX, it is thought that the tumor cells of
the transplanted tumor fragments infiltrated the surrounding
area, causing distant metastasis, neural invasion, and lymph
nodes metastasis in the hepatic hilum via the portal vein and
lymph vessels. There was no significant difference in stroma
formation between the PDOTX and PDOCX groups, but the
reason for this is currently unknown.

From the viewpoint of cardiovascular oncology, Trous-
seau’s syndrome or cancer-associated hypercoagulability,
which has increasingly become a concern among cancer
patients in recent years, serves as a typical example of a
tumor-associated syndrome that poses a significant risk to
patients with adenocarcinomas of the pancreas, stomach,
and lung [9, 10]. There is a report of a patient who had mul-
tiple cerebral infarctions and was subsequently diagnosed
with Trousseau’s syndrome associated with lung cancer
after a systemic examination, in which FDP, D-dimer, and
TAT levels were found to be elevated on admission, and
the patient was diagnosed with Trousseau’s syndrome due
to abnormal coagulation associated with lung cancer [18,
19]. In the PDOCX model, both plasma D-dimer and TAT
levels were elevated in comparison to those in the normal
control group, demonstrating that this model reproduced the
hypercoagulable state. Furthermore, in the PDOTX model,
plasma D-dimer and TAT levels were even higher than in the
PDOCX model, indicating that this model is a better treat-
ment model for cancer-associated hypercoagulability. In the
PDOCX and PDOTX models, the elevated plasma D-dimer
and thrombin-antithrombin III complex (TAT) levels likely
reflect the presence of systemic coagulability that is charac-
teristic of cancer, including pancreatic cancer. In particular,
the hypercoagulable state in these models could be due to
several factors:

Tumor-derived pro-coagulant factors: Pancreatic can-
cer cells, including those used in our models (KMC34 and
KMC26), may secrete pro-coagulant molecules, such as tissue
factor (TF), that trigger the coagulation cascade. This is consist-
ent with findings from other cancer models, where tumor cells
promote the activation of coagulation via TF and other factors,
leading to thrombin generation and fibrin formation.
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Inflammation and immune response: The tumor micro-
environment in both PDOCX and PDOTX models likely
involves a significant inflammatory response, which can
also contribute to hypercoagulability. Tumor-associated
inflammation promotes the release of not only cytokines
and inflammatory mediators, but also secreted exosomes
which may indirectly enhance coagulation pathways.
Additionally, interactions between tumor cells and immune
cells may activate platelets and other clotting factors, fur-
ther exacerbating the hypercoagulable state.

Direct oral anticoagulants (DOACs), a new class of oral anti-
coagulants for deep vein thrombosis, have also been approved
for the treatment of Trousseau syndrome [18, 20]. DOACs are
attracting attention because they are as effective as the con-
ventionally used warfarin and heparin and carry a lower risk
of bleeding: however, the evidence on the efficacy of DOACs
in Trousseau syndrome is still insufficient in pancreatic cancer
[21, 22]. We believe that the model we developed may be useful
for future studies to investigate optimal drugs for Trousseau's
syndrome. Although we developed a model that reproduces
distant metastasis, nerve invasion, and hypercoagulability, there
is room for further investigation of these mechanisms. Although
our novel PDOTX model demonstrates a more accurate repro-
duction of the metastatic potential, nerve invasion, and hyper-
coagulability seen in clinical cases of pancreatic cancer, several
limitations should be considered.

1. Immunodeficient Mouse Model: The PDOTX model
was conducted in nude mice, which are immunodeficient.
This limits our ability to evaluate how the immune system
interacts with the tumor microenvironment and contributes
to metastasis or hypercoagulability. Future studies using
immunocompetent models or humanized mice would be
beneficial to better understand the role of immune cells
in the progression of PDAC. We will extend our investi-
gations to immunocompetent mouse models to evaluate
immune-tumor interactions.

2. Longitudinal Validation: Our study provides valuable
initial evidence for the relevance of the PDOTX model,
but further longitudinal studies examining long-term
tumor progression, metastasis, and therapeutic responses
would strengthen the model's clinical relevance. Addition-
ally, studies to assess the model's response to treatment
with different types of chemotherapy, targeted therapies, or
anticoagulants would be crucial for assessing its potential
in drug testing. We will explore the therapeutic potential
of the PDOTX model by evaluating its response to various
cancer treatments.

We hope that the discussion of these limitations and
plans for further research will clarify the need for addi-
tional studies to confirm and extend our findings.
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Conclusion

We established the PDOTX model, a novel orthotopic tis-
sue xenograft model that more accurately recapitulates the
metastatic potential, nerve invasion, and hypercoagulability
seen in clinical cases of pancreatic cancer compared to the
conventional orthotopic cell xenograft model (PDOCX).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00795-025-00425-3.
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