
Abstract. In order to individualize and therefore have more
effective treatment for pancreatic cancer, we have developed
a multicolor, imageable, orthotopic mouse model for
individual patients with pancreatic cancer by passaging their
tumors through transgenic nude mice expressing green
fluorescent protein (GFP) and red fluorescent protein (RFP).
The tumors acquired brightly fluorescent stroma from the
transgenic host mice, which was stably associated with the
tumors through multiple passages. In the present study,
pancreatic cancer patient tumor specimens were initially
established in NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID)
mice. The tumors were then passaged orthotopically into
transgenic nude mice ubiquitously expressing GFP and
subsequently to nude mice ubiquitously expressing RFP. The
tumors, with very bright GFP and RFP stroma, were then
orthotopically passaged to non-transgenic nude mice. It was
possible to image the brightly fluorescent tumors non-
invasively longitudinally as they progressed in the non-
transgenic nude mice. This non-invasive imageable
tumorgraft model will be valuable to screen for effective
treatment options for individual patients with pancreatic
cancer, as well as for the discovery of improved agents for
this treatment-resistant disease. 

There has been much excitement recently about tumors
from human patients implanted in immunodeficient mice.
These models have now been given names such as
“tumorgraft” (1) “xenopatients” (2). However, these new

models are ectopic subcutaneous models, as were similar
nude-mouse models of tumors from patients in the 1970s
and 1980s (3-9), and, therefore, are not patient-like. Our
laboratory pioneered on surgical orthotopic implantation
(SOI) nude-mouse models from patient tumor specimens in
the early 1990s (10, 11). These orthotopic models are much
more patient-like than the ectopic subcutaneous models.
However, in orthotopic models, it is difficult to visualize
tumor growth and metastasis. 

To address this problem of imaging such orthotopic
tumorgrafts, we have recently developed the technology to
introduce fluorescent protein-expressing stroma (12-18) into
tumors by passaging tumorgrafts through transgenic nude
mice expressing fluorescent proteins. Tumor specimens from
patients with pancreatic cancer were initially established
subcutaneously in NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID)
mice immediately after surgery (19, 20). The tumors were
then passaged in transgenic nude mice ubiquitously
expressing red fluorescent protein (RFP), green fluorescent
protein (GFP), or cyan fluorescent protein (CFP), whereby
the tumor acquired RFP, GFP and CFP stroma, respectively.
RFP, GFP and CFP stroma acquired by the tumors, including
RFP- and GFP-expressing cancer-associated fibroblasts
(CAFs), tumor-associated fibroblasts (TAMs) and blood
vessels, persisted throughout at least three passages (21).

In subsequent experiments, the primary patient tumors,
passaged in transgenic GFP-expressing nude mice, acquired
GFP-expressing stroma and subsequently metastasized to the
liver and also formed disseminated peritoneal metastases.
The metastases maintained the GFP stroma from the primary
tumor, and apparently acquired stroma from the metastatic
site, resulting in their very bright fluorescence (22). 

The present report describes the further development of
tumors from patients with pancreatic cancer, that are
brightly-labeled with fluorescent protein-expressing stroma,
for non-invasive and longitudinal imaging in orthotopic nude
mouse models. 
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Materials and Methods

GFP and RFP mice. Transgenic nude C57/B6-GFP- and RFP-
expressing mice were obtained from AntiCancer, Inc. (San Diego,
CA, USA). These transgenic nude mice express the fluorescent
protein gene under the control of the chicken β-actin promoter and
cytomegalovirus enhancer. Most of the tissues from these transgenic
mice, with the exception of erythrocytes and hair, fluoresce under
illumination with proper excitation light (14, 21). 

Animal care. The transgenic nude mice were bred and maintained
in a HEPA-filtered environment at AntiCancer Inc. with cages, food,
water, and bedding sterilized by autoclaving. All surgical procedures
and imaging were performed with the animals anesthetized by
intramuscular injection of a ketamine mixture. All animal studies
were conducted in accordance with the principles of and the
procedures outlined in the NIH Guide for the Care and Use of
Laboratory Animals, under assurance number A3873-1.

Specimen collection. All patients provided informed consent and
samples were procured and the initial establishment of patients
tmors in NOD/SCID mice was conducted under the approval of the
Institutional Review Board of the MD Anderson Cancer Center.

Tumor models.
Establishment of tumorgraft model (F1) of tumor from patients

with pancreatic cancer: Tumor tissue from patients with pancreatic
cancer obtained at surgery was cut into 3-mm3 fragments and
transplanted subcutaneously into NOD/SCID mice (19, 20). 

Orthotopic tumorgraft (F2) of tumor from patients with
pancreatic cancer in transgenic GFP-expressing nude mice: The F1
tumors from NOD/SCID mice were harvested and cut into 3-mm3

fragments and then transplanted orthotopically (23) into six-week-
old transgenic GFP-expressing nude mice (14) (F2 model).

Orthotopic tumorgraft (F3) of tumors from patients with
pancreatic cancer in transgenic RFP-expressing nude mice: The F2
tumors from GFP mice were harvested and cut into 3-mm3

fragments and then transplanted orthotopically (23) into six-week-
old transgenic RFP-expressing nude mice (15) (F3 model). For each
passage of F2-F3, the tumor grew for 70 days. 

Orthotopic tumorgraft (F4) of pancreatic cancer of patients’
tumors in non-transgenic nude mice: The F3 tumors were harvested
from the RFP-expressing nude mice and cut into 3-mm3 fragments
then transplanted orthotopically (23) into six-week-old non-
transgenic nude mice (F4 model). 

Fluorescence imaging. The growing orthotopic tumor, with very
bright GFP and RFP stroma, was fluorescently imaged non-
invasively at days 21, 30 and 74 with the OV100 Small Animal
Imaging System (Olympus Corp., Tokyo, Japan). 

Histological analysis. Tumors were excised and observed under
confocal microscopy with the FV1000 (Olympus).

Results

Tumors from patients with pancreatic cancer were initially
transplanted subcutaneously into NOD/SCID mice within two
hours of surgery (Figure 1A) (19, 20). Tumors were detectable
by day 30. The harvested human pancreatic cancer patient

tumors from the NOD/SCID mice were transplanted
orthotopically into six-week-old transgenic GFP-expressing
nude mice (F2 model) where the tumor acquired GFP-
expressing stroma. After 70 days, the F2 tumors were harvested
from the GFP nude mice and were transplanted orthotopically
into six-week-old transgenic nude RFP-expressing mice (F3
model), where the tumors acquired RFP-expressing stroma in
addition to their GFP stroma. After 70 days, the F3 tumors
were harvested from the RFP-expressing nude mice and cut
into 3-mm3 fragments and were transplanted orthotopically into
six-week-old non-transgenic nude mice (F4 model). The
growing orthotopic tumor maintained the very bright GFP and
RFP stroma from previous passages. 

Non-invasive imaging at days 21, 30 and 74 demonstrated
extensive orthotopic growth of the pancreatic cancer
tumorgraft on the nude mouse pancreas (Figure 1B). 

After resection, the F4 tumor was observed with the FV1000
confocal microscope (Figure 1C). RFP- and GFP-expressing
cancer associated fibroblasts (CAFs), tumor associated
macrophages (TAMs) and blood vessels from the GFP-
expressing and RFP-expressing hosts still persisted in the
human pancreatic tumor after the three passages described
above (Figure 1C). 

Discussion

We have demonstrated a new mouse model of patient-derived
tumors whereby GFP- and RFP-expressing stromal elements
are acquired by passaging the patients’ pancreatic-cancer
tumorgrafts through transgenic GFP- and RFP-expressing
nude mice. The brightly fluorescent stroma enables the
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Figure 1. Non-invasive imaging of fluorescent tumor from (a) patient with
pancreatic cancer growing orthotopically in nude mice. A: Flow diagram
of the experimental protocol. B: Whole-body non-invasive imaging of
human pancreatic cancer orthotopic tumorgraft in non-transgenic nude
mice. Mice were non-invasively imaged at day-21 (upper row), day-30
(middle row) and day-74 (lower row). The tumors in the non-transgenic
nude mice are in the F4 passage after F1, in NOD/SCID mice after
patient surgery; F2, in transgenic green fluorescent protein (GFP)-
expressing nude mice; and F3 in transgenic red fluorescent protein
(RFP)-expressing nude mice. The tumor acquired GFP and RFP stroma
in the F2 and F3 passages, respectively. Green arrows indicate tumor
with RFP stroma. Red arrows indicate tumor with GFP stroma. Images
were taken with the Olympus OV100 Small Animal Imaging System. C:
Image of human pancreatic cancer tumor tissue resected from the F4
passage with RFP and GFP stroma. Images were taken with an FV1000
confocal laser microscope. Left panel, RFP-expressing and GFP-
expressing cancer-associated fibroblast cells (CAFs). Right panel, RFP-
expressing blood vessels and GFP-expressing tumor-associated
macrophages (TAMs). Yellow arrows indicate RFP-expressing CAFs.
Blue arrows indicate GFP-expressing CAFs. White arrows indicate GFP-
expressing TAMs. Red arrows indicate RFP-expressing blood vessels. 
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patient-derived tumor to be non-invasively and longitudinally
imaged after subsequent passage in non-transgenic nude
mice. The fluorescent protein-expressing stroma included
CAFs and TAMs. The fluorescent stroma persisted for at
least three passages in the tumors growing in the transgenic
and non-transgenic nude mice. The persistence of the stroma
over multiple passages indicates the intimacy of cancer cells
and stroma further demonstrates (24). 

The new non-invasive imaging orthotopic model of cancer
patient-derived tumors is superior to the ectopic, non-
imageable models currently in use (10, 11, 25, 26). 

This nude mouse model, described in this report, can be
used to visualize primary and metastatic progression of
human-derived tumors over a long period of time and their
response to cancer therapy, as well as to stromal therapy.
This model will allow standard and experimental drugs to be
rapidly screened for patients which should individualize and
improve therapy. The model described here will also improve
our ability to discover novel effective agents for pancreatic
and other cancer types. 
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