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Abstract. The tumor microenvironment (TME) has an
important influence on tumor progression. For example, we
have discovered that passenger stromal cells are necessary for
metastasis. In this report, we describe six different cyan
fluorescent protein (CFP) multicolor TME nude mouse
models. The six different implantation models were used to
image the TME using multiple colors of fluorescent proteins:
I) Red fluorescent protein (RFP)- or green fluorescent protein
(GFP)-expressing HCT-116 human colon cancer cells were
implanted subcutaneously in the CFP-expressing nude mice.
CFP stromal elements from the subcutaneous TME were
visualized interacting with the RFP- or GFP-expressing
tumors. II) RFP-expressing HCT-116 cells were transplanted
into the spleen of CFP nude mice, and experimental
metastases were then formed in the liver. CFP stromal
elements from the liver TME were visualized interacting with
the RFP-expressing tumor. III) RFP-expressing HCT-116
cancer cells were transplanted in the tail vein of CFP-
expressing nude mice, forming experimental metastases in the
lung. CFP stromal elements from the lung were visualized
interacting with the RFP-expressing tumor. IV) In order to
visualize two different tumors in the TME, GFP-expressing
and RFP-expressing HCT-116 cancer cells were co-implanted
subcutaneously in CFP-expressing nude mice. A 3-color TME
was formed subcutaneously in the CFP mouse, and CFP
stromal elements were visualized interacting with the RFP-
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and GFP-expressing tumors. V) In order to have two different
colors of stromal elements, GFP-expressing HCT-116 cells
were initially injected subcutaneously in RFP-expressing nude
mice. After 14 days, the tumor, which consisted of GFP cancer
cells and RFP stromal cells derived from the RFP nude mouse,
was harvested and transplanted into the CFP nude mouse.
CFP stromal cells invaded the growing transplanted tumor
containing GFP cancer cells and RFP stroma. VI) Mouse
mammary tumor (MMT) cells expressing GFP in the nucleus
and RFP in the cytoplasm were implanted in the spleen of a
CFP nude mouse. Cancer cells were imaged in the liver 3 days
after cell injection. The dual-color dividing MMT cells and
CFP hepatocytes, as well as CFP non-parenchymal cells of
the liver were imaged interacting with the 2-color cancer cells.
CFP-expressing host cancer-associated fibroblasts (CAFs)
were predominantly observed in the TME models developed in
the CFP nude mouse. Thus, the CFP nude mouse adds
another color to the pallet of the TME, allowing multiple types
of color-coded cancer and stromal cells to be imaged
simultaneously. The multi-colored models described in this
report provide new opportunities to study the cellular
interactions in the live primary and metastatic TME.

The tumor microenvironment (TME) is comprised of
endothelial cells, fibroblasts, perivascular cells, inflammatory
cells, and other cell types (l). Angiogenesis and
lymphangiogenesis occur in the TME and are regulated by a
variety of molecules released by cancer cells, as well as host
stromal cells (2, 3). The cancer-associated fibroblast (CAF)
is the most prominent cell type within the stroma of the TME
(4-7). CAFs promote cancer cell growth and increase
angiogenesis, invasion, and metastasis (8-10). Macrophages
migrating to tumor stroma are called tumor-associated
macrophages (TAMs). Although TAMs may have antitumor
activity (11), they also promote tumor progression and
invasion (12), including intravasation (13).
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The TME strongly regulates tumor behavior. For example,
we discovered that passenger stromal cells are necessary for
metastasis (14). After splenic injection of cancer cells,
splenocytes co-trafficked with the cancer cells to the liver and
enabled metastatic colony formation. Human colon cancer cells
that express green fluorescent protein (GFP) linked to histone
H2B in the nucleus and red fluorescent protein (RFP) in the
cytoplasm (HCT-116-GFP-RFP) were injected into either the
portal vein (PV) or spleen of transgenic nude mice expressing
GFP and imaged at the subcellular level in vivo. Extensive
clasmocytosis (destruction of the cytoplasm) of the cancer cells
occurred within 6 hours after PV injection, and essentially all
the cancer cells died. In contrast, splenic injection of the cancer
cells resulted in the aggressive formation of liver and distant
metastases. GFP spleen cells were found in the liver metastases
that resulted from intrasplenic injection of the cancer cells in
the transgenic GFP nude mice. When GFP spleen cells and the
RFP cancer cells were co-injected into the PV, liver metastasis
resulted that contained GFP spleen cells. Cancer cells alone
injected into the PV were unable to form liver metastases.
These results demonstrated that passenger stomal cells are
necessary to form metastasis (14). This pioneering observation
was confirmed by Duda et al four years later (15).

In order to image the TME, the cancer cells and the host
elements must be distinguished. Transgenic nude mice
expressing various fluorescent proteins, including GFP (16),
RFP (17), and cyan fluorescent protein (CFP) (18, 19), are
very useful as hosts for human tumors since stromal and
cancer cells can be color-coded.

We previously imaged GFP-expressing CAFs recruited by
metastatic tumors in the liver of transgenic GFP nude mice.
A desmin-positive area increased around and within the liver
metastasis over time, suggesting CAFs were recruited by the
liver metastasis and have a role in tumor progression (20).
Egeblad et al. (21) observed that CFP was useful for imaging
the TME. We report here the power of the CFP nude mouse
as a host for multicolor imaging of the primary and
metastatic TME.

Materials and Methods

Cell culture. HCT-116 human colon cancer cells and mouse
mammary tumor 060562 (MMT) (22) cells were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 2 mM glutamine from Gibco-BRL, Life Technologies
Inc. (Grand Island, NY, USA). All media were supplemented with
penicillin and streptomycin (Gibco-BRL). All cell lines were
cultured at 37°C with 5% CO, (23).

Fluorescent protein gene transduction of cancer cells. Cancer cells
were labeled with RFP or GFP. Clones expressing RFP or GFP were
initially established. In brief, cancer cells were incubated with a 1:1
precipitated mixture of retroviral supernatants of PT67-RFP or PT67-
GFP packaging cells and RPMI 1640 (Irvine Scientific, Irvine, CA,
USA) containing 10% FBS for 72 h. Fresh medium was replenished at
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this time. Cells were harvested with trypsin/EDTA 72 h post-
transduction and sub-cultured at a ratio of 1:15 into selective medium,
which contained 200 ug/ml G418 (Invitrogen, Carlsbad, CA, USA).
The level of G418 was increased stepwise up to 800 pg/ml (24).

Production of histone H2B-GFP vector. The histone H2B gene has
no stop codon, thereby enabling the ligation of the H2B gene to the
5’-coding region of the EGFP gene (Clontech Laboratories,
Mountain View, CA, USA) (25). The histone H2B GFP fusion gene
was then inserted at the Hindlll/Clal site of the pLHCX (Clontech
Laboratories) that contains the hygromycin resistance gene. To
establish a packaging cell clone producing high amounts of the
histone H2B GFP retroviral vector, the pLHCX histone H2B-GFP
plasmid was transfected in PT67 packaging cells. The transfected
cells were cultured in the presence of 200 to 400 pg/ml hygromycin
(Life Technologies) for 15 days to establish stable PT67 H2B-GFP
packaging cells (26, 27, 28).

Establishment of dual-color cancer cells. For establishing dual-color
cells, the RFP-expressing cancer cells, produced as described above
were then incubated with a 1:1 precipitated mixture of retroviral
supernatants of PT67 H2B GFP cells and culture medium. To select
the double transformants, cells were incubated with hygromycin 72
h after transfection. The level of hygromycin was increased stepwise
up to 400 pg/ml. Clones of dual-color cancer cells were isolated with
cloning cylinders under fluorescence microscopy. These clones were
amplified by conventional culture methods. These sublines stably
expressed GFP in the nucleus and RFP in cytoplasm (26, 27, 28).

CFP mice. Transgenic nude mice, expressing CFP under the control
of chicken (-actin promoter coupled with the cytomegalovirus
(CMV) immediate early enhancer, were used (29).

RFP mice. Transgenic nude mice, expressing RFP under the control
of the chicken B-actin promoter and cytomegalovirus enhancer, were
used (30).

Animal care. Transgenic nude mice expressing CFP or RFP were bred
and maintained in a HEPA-filtered environment at AntiCancer, Inc.
(San Diego, CA, USA) with cages, food and bedding sterilized by
autoclaving. The animal diets were obtained from Harlan Teklad
(Madison, WI, USA). Ampicillin (5.0%, %/,; Sigma, St. Louis, MO,
USA) was added to the autoclaved drinking water. All surgical
procedures and imaging were performed with the animal anesthetized
by intramuscular injection of 0.02 ml of a solution of 50% ketamine,
38% xylazine and 12% acepromazine maleate. All animal studies
were conducted in accordance with the principles and procedures
outlined in the NIH Guide for the Care and Use of Laboratory
Animals under PHS Assurance number A3873-01.

Subcutaneous cancer cell implantation. Mice were anesthetized as
described above. HCT-116-GFP or HCT-116-RFP cells (1x10°)
were injected subcutaneously with a 1 ml 27G/2 latex-free syringe
(BD Biosciences, Bedford, MA, USA).

Two-color stromal model. Mice were anesthetized as described
above. HCT-116-GFP colon cancer cells (1x109) were injected
subcutaneously in RFP nude mice and allowed to grow for 14 days.
The tumors were excised from the RFP mice, cut into 3 mm cubes,
and transplanted subcutaneously into CFP nude mice.
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Figure 1. A: HCT-116-RFP human colon cancer growing subcutaneously in the cyan fluorescent protein (CFP) nude mouse. The panel is a high-
magnification image obtained with the MVX10 fluorescence microscope. The panel represents a cross-section of the subcutaneous tumor mass.
Cancer-associated fibroblasts (CAF's) from the host CFP mouse are seen invading the tumor mass (yellow arrow). Many CAFs were observed in the
tumor. (Bar=100 um). B: HCT-116-GFP human colon cancer expressing GFP in a CFP nude mouse. The panel represents a cross-section of
subcutaneous tumor mass, taken with the MVX10 fluorescence microscope at high magnification. CAF's from the host CFP mouse are seen invading
the tumor mass (yellow arrow). Many CAFs were observed in the tumor. (Bar=100 um). C: HCT-116-GFP human colon cancer growing
subcutaneously in a CFP nude mouse. Yellow arrow shows neovascularization. (Bar=10 mm).

Transplantation of cancer cells in the spleen. Six-week-old CFP
nude mice were used as the host for HCT-116 RFP cells or dual-
color mouse mammary tumor (MMT) cells expressing GFP in the
nucleus and RFP in the cytoplasm. HCT-116 RFP cells or dual-color
MMT cells were first harvested by trypsinization and washed three
times with cold serum-free medium, then resuspended with serum-
free RPMI medium 1640. CFP nude mice were anesthetized as
described above. The cancer cells (2x100) were then injected into
the spleen of CFP nude mice with a 1 ml 27G1/2 latex free syringe
(BD Biosciences) during open laparotomy. The cancer cells
subsequently formed liver metastases.

Tail-vein injection of cancer cells. Six-week-old CFP nude mice
were used. HCT-116 RFP cells (1x10°) were injected into the tail
vein of CFP nude mice, where they subsequently formed lung
metastases.

Animal imaging. Imaging was performed using the long-working-
distance MVX10 in vivo fluorescence microcope with high numerical
aperture objectives for variable magnification imaging in live mice
from macro- to subcellular (Olympus Corp., Tokyo, Japan) (31) or a
FV1000 confocal fluorescence microscope (Olympus Corp.) (32).

Results and Discussion

Visualizing the subcutaneous TME with RFP- or GFP-
expressing cancer cells in the CFP nude mouse. HCT-116
human colon cancer cells expressing RFP (HCT-116-RFP)
were implanted subcutaneously in CFP-expressing nude
mice. Tumor growth was followed over 14 days. The long
working distance MVX10 fluorescence microscope acquired
images of aggressive fibroblast migration to the tumor site
as a host reaction. Two-color fluorescence microscopy
visualized the tumor host reaction clearly. Cross-sectional
imaging of the deeper tumor tissue showed that the tumor
mass (red fluorescence) was surrounded by host elements
(blue fluorescence) (Figure 1A).

HCT-116-GFP also implanted
subcutaneously in CFP-expressing nude mice, and tumor
growth was followed for 14 days. The advantage of the GFP-
CFP two-color model is that the neovascularization of the
tumor mass was clearly visualized with the MVXI10

cancer cells were
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Figure 2. A: Liver metastasis of HCT-116-RFP cancer cells after splenic injection. Non-parenchymal liver cells have strong cyan fluorescent protein
(CFP) fluorescence (red arrows). CFP hepatocytes had weak CFP fluorescence. However, the hepatocyte nucleus has bright CFP fluorescence. The
left panel is an image of the normal liver of the CFP mouse. Red arrows indicate the bright CFP non-parenchymal liver cells. The right panel is an
image of the liver metastasis of HCT-116-RFP cancer cells formed after splenic injection. Cancer-associated fibroblasts (CAFs) (yellow arrows) are
seen invading the tumor mass formed by the HCT-116-RFP cancer cells (green arrow). (Bar=100 um). B: Image of the lung metastasis of HCT-116-
RFP cancer cells formed after tail vein injection. The left panel is an image of a normal CFP mouse lung. The red arrow indicates the bright CFP
lung endothelial cells. The right panel is an image of the lung metastasis of HCT-116-RFP cancer cells formed after tail vein injection (green
arrows). All images were acquired with an FV1000 confocal microscope (Olympus Corp.). (Bar=100 um).

microscope (Figure 1C). When the tumor tissue was cross-
sectioned to investigated deeply into the tumor tissue, CFP-
expressing CAFs that invaded the tumor mass were clearly
visualized with the MVX10 microscope (Figure 1B). The
relationship between the tumor tissue and the invading
fibroblasts was imaged by color-coded fluorescence imaging.
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Visualizing the TME of liver and lung metastasis with RFP
cancer cells in the CFP nude mouse. HCT-116-RFP cancer
cells were implanted in the spleen of CFP-expressing nude
mice. Metastatic colonies were subsequently found in the
liver (Figure 2A). When HCT-116-RFP cancer cells were
transplanted in the tail vein of CFP nude mice, they formed
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Figure 3. A: HCT-116 human colon cancer cells expressing either RFP or GFP were co-injected subcutaneously in a CFP-expressing nude mouse.
The red and green fluorescence of the tumor mass and the blue fluorescence of the host tissue were observed. The image was obtained with an
FV1000 confocal microscope. (Bar=100 um). B: HCT-116-GFP human colon cancer cells were implanted in an RFP mouse. The tumor was
harvested after 21 days and implanted in a CFP nude mouse. RFP-expressing stroma cells (blue arrows) derived from the RFP nude mouse, and CFP
stromal cells (yellow arrows) were observed in the GFP-expressing tumor (red arrows). The images were obtained with an FV1000 confocal
microscope. (Bar=100 um).
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Figure 4. Dual-color MMT cells with GFP in the cytoplasm and RFP in the nucleus, growing in the liver of a CFP nude mouse after splenic injection.
A: Dual-color MMT cells (red arrows) were observed in a sinusoid of the liver 3 days after splenic injection. Non-parenchymal liver cells had strong
CFP fluorescence (yellow arrows). Hepatocytes had weaker CFP fluorescence (green arrows). The image was obtained with an FV1000 confocal
microscope. (Bar=30 um). B: Dual-color MMT cells formed tumors in the liver of a CFP mouse 28 days after splenic injection. Hepatocytes, non-
parenchymal liver cells (yellow arrows) and dual-color MMT cancer cells (red arrows) were visualized simultaneously. The image was taken with an
FV100 confocal microscope. (Bar=50 um).
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tumors in the lung (Figure 2B). In both liver and lung, CFP-
expressing CAFs were visualized by confocal fluorescence
imaging, invading the RFP tumor mass as a host reaction.
Two-color fluorescence imaging with the Olympus FV1000
confocal microscope enabled clear imaging of cancer-cell
growth at the metastatic site (red fluorescence) and the host
reaction (blue fluorescence) (Figure 2A, B).

Three-color-coded TME imaging model with tumors of different
color fluorescence in the CFP nude mouse. HCT-116 human
colon cancer cells, expressing RFP or GFP, were simultaneously
implanted subcutaneously in CFP-nude mice, and tumor growth
was followed for 21 days (Figure 3A). This multicolor model
enabled visualization by confocal microscopy of two tumors
with different color fluorescence, as well as a detailed
visualization of the host reaction (Figure 3A).

Three-color-coded TME imaging model with stroma of
different color fluorescence in the CFP nude mouse. HCT-
116-GFP human colon cancer cells were implanted
subcutaneously in RFP nude mice. Tumor growth was
followed for 14 days, at which point the tumor was excised
from the mouse. The tumor contained HCT-116-GFP cancer
cells and RFP-expressing stroma derived from the RFP nude
mouse (Figure 3B). The dual-color tumor was then implanted
in a CFP-nude mouse. With this model, it was possible to
visualize two types of stromal reaction, expressing RFP or
CFP in the TME using confocal microscopy (Figure 3B).

Four-color-coded TME imaging model in the liver of the
CFP mouse. A four-color TME model was established. Dual-
color MMT cells with GFP in the nucleus and RFP in the
cytoplasm were imaged by confocal fluorescence microscopy
in the sinusoids of the CFP liver 3 days after splenic
injection (Figure 4A). Non-parenchymal liver cells had very
bright CFP fluorescence. Hepatocytes had distinctly lighter
CFP fluorescence and were readily distinguishable from non-
parenchymal liver cells. Mitotic and dividing MMT-GFP-
RFP cells were observed surrounded by non-parenchymal
liver cells and hepatocytes (Figure 4B).

In this report, we describe six multicolor models to
visualize the TME. Cancer cells expressing RFP and/or GFP
were implanted in nude mice expressing CFP. The CFP nude
mouse adds another color to the pallet to study the TME,
allowing multiple types of color-coded cells to be imaged
simultaneously. These multicolor models provide new
opportunities to study the cellular interactions in the living
TME using the powerful imaging tools of fluorescent
proteins and confocal microscopy (22-26, 28, 33-37).
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