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Abstract
In the present report, we show real-time imaging of cancer cell
trafficking in lymphatic vessels. Cancer cells labeled with both
green fluorescent protein (GFP) in the nucleus and red
fluorescent protein (RFP) in the cytoplasm or with GFP only
or RFP only were injected into the inguinal lymph node of
nude mice. The labeled cancer cells trafficked through
lymphatic vessels where they were imaged via a skin flap in
real time at the cellular level until they entered the axillary
lymph node. The bright fluorescence of the cancer cells and
the real-time microscopic imaging capability of the Olympus
OVIOO small-animal imaging system enabled imaging of the
trafficking cancer cells in the lymphatics. Using this imaging
strategy, two different cancer cell lines, one expressing GFP
and the other expressing RFP, were simultaneously injected in
the inguinal lymph node. Fluorescence imaging readily
distinguished the two color-coded cell lines and their different
a bilities to survive in the lymphatic system. Using this imaging
technology, we also investigated the role of pressure on
tumor-cell shedding into lymphatic vessels. Pressure was
generated by placing 25- and 250-g weights for 10 s on the
bottom surface of a tumor-bearing footpad. Tumor cell
fr agments, single cells, and emboli shed from the foo tpad
tumo r were easily distinguished with the la beled cells and
OVIOO imaging system. Increasing pressure on the tumor
increased the numbers of shed cells, fragment s, and emboli.
Pressure also deformed the shed emboli, increasing their
maximum major axis. Imaging lymphatic trafficking of cancer
cells can reveal critical steps of lymph node metastasis.
(Cancer Res 2007;67(17):8223-8]

Introduction
The major pathways of cancer cell dissemination are the
lymphatic system and the circulatory system. However, the role
of the lymphatic system in ca nce r metastasis is less well
understood compared with the circulatory system (1).
Lymphangiogenesis is associated with an increased incidence of
lymph node metastasis. Tumor-secreted cytokines, such as vascular
endothelial growth fac tor (VEGF)-C and VEGF-D, bind to VEGF
receptors on lymphatic endo thelial cells and induce proliferation of
new lymphatic capillaries (2, 3). However, despite its importance in
lymphatic metastasis, cancer cell trafficking in lymphatic vessels,
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including entrance to th e targeted lymph nod e, has bee n
insufficiently investigated. Some studies suggest that the trafficking
of tumor cells to lymph nodes resembles the normal migration of
dendritic cells and that they follow a chemokine gradient (4).
Tumor cells that express certain types of chemokine receptors
are more likely to metastasize to the lymph node. A promising
approach to the further understanding of trafficking of cancer cells
in lymphatics is imaging.
Recently, in vivo imaging has been adap ted to visualize normal
cell trafficking in lymph nodes (5, 6). von Anclrian and Mempel (7)
and J-Ialin et a!. (8) have developed fluorescence visualization of
lymphocyte trafficking, cell migration, and cell-cell interaction in
lymph nodes using intravital microscopy. Stoll et a!. (9) visualized
T cells interacting with dendritic cells in lymph nodes using
multicolor fluorescence. Dacliani et a!. (10) imaged breast cancer
emboli clustering at a lymphatic vessel junction. Howeve r,
trafficking of cancer cells in lymphatic vessels was not investigated
in these studies.
Interstitial fluid pressure (IFP) in tumors and in the peritumoral
extracellular matrix correlates with lymphatic flow and tumor
migration (11). Young eta!. (12) reported in 1950 that the hydrostatic
pressure of tumo rs is often increased, and now it is well known that
the IFP of most solid tumors is increased, such as breast cancer,
melanoma, head and neck cancer, and colorectal cancer ( 13-17).
The mechanisms of the increased tumor IFP are not well
und erstood. Blood vessel leakiness, lymph vessel abnormalities,
interstitial fibros is, and a contraction of the interstitial space
medi ated by stromal fibroblasts are possible causes (18). Tumor
blood vessels and lymphatic vessels are often structurally and
functionally abnormal. These abnorm aliti es can cause hypertension
within the tumor. An imbalance in molecular factors regulating
vessel growth and maturation as well as compressive mechanical
forces generated by proliferating cancer cells could lead to vessel
abnormality (19, 20).
Clinically, several studies have indicated that high IFP in the
tumor is co rrelated with poor prognosis (15, 21, 22). Elinar et a!.
reported that high central tumor IFP was associated with the
development of pulmonary and lymph node metastases in a
melanoma xe nograft mouse model (23). Increased IFP may
decrease transcapillary transport and uptake of drugs into tumors,
which are also factors for poor prognosis (IS).
We have previously described real-time imag ing of trafficking
of tumor cells in blood vessels using fl uorescent proteins (24, 25).
\ Ve now aim to study the other main conduit for cancer cell
trafficking, the lymphatic system. We report here the development
of fluorescence real-time imaging of lymphatic trafficking at the
cellul ar and su bcellular levels. Dual-color fluorescent cancer cell
lines expressing gree n fluorescent pro tei n (GFP) in the nucleus and
reel fluorescent protein (RFP) in the cytoplasm served in a highly
sensitive whole-mouse imaging system that was used.
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Fluorescent protein-gene transduction of cancer cells. Cancer cells
were labeled with RFP or GFP or RFP and H2B-GFP. Clones e.\.-pressing RFP
or GFP were initi ally established. In brief, cancer cells were incubated with a
1:1 precipitated mixture of retroviral supernatants of PT67-RFP cell s or
PT67-GFP cells and RPM! 1640 (Irvine Scientific) containing 10% FBS for
72 h. Fresh medium was replenished at this time. Cells were harvested w·ith
tryp sin/EDTA 72 h posttransduclion and subcultured at a ratio of 1:15 into
selective m edium, which conta in ed 200 J.lg/mL G418. The level of G418 was
increased stepwise up to 800 f!g/ mL. For double-labeling with RFP and H2B,
RFP-expressing cancer cells were isolated "~th cloning cylinders (Bel-Art
Products) using trypsin /EDTA and amplified by convention al culture
methods. For establi shing dual-color cancer cells, the RFP-expressing cells
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 \\~ th hygromyci n 72 h after transfection.
The level of hygromycin was increased stepwise up to 400 pg/mL.
;\fouse mode l for imaging real-time trafllcking of cancer cells in
lymphatic vessels in experimental metastasis. Fluorescent proteinexpressing cancer cell s were injected into the inguinal lymph node. Nude
mice were anestheti zed with a ketamine mixture (10 f!L ketam ine HCL,
7.6 J.lL :~.-yl az ine, 2.4 J.lL acepromazine maleate, and 10 pL H 2 0 ) via s.c.
injection. An arc-shaped incision was made in the abdominal skin from the
axillary to the inguinal region. The s.c. connective tissue was separated to
free the skin fla p without injuring the lymphatic vessel. Mice were laid fl at
and the skin fl ap was spread and fixed on the flat stand (Fig. lA ). The
axillary lymph node was exposed from the inner side or the skin side. HT4
1080 dual-color cells (5 x 10 ) in 10 FL were inj ected into the center of the
inguinal lymph node. To increase contrast, 5 f!L of PBS containing 5 x 104
RFP-expressi ng cancer cell s were inj ected alon g with 5 f!L of FITC-dextran
(molecular weight, 2 x 10°; Sigma-Aldrich). Im ages were acqu ired as
described below with the Olympus OV100 small-animal imaging system.
A total of 10 mice were used in this study.
Simultaneous im aging of cancer cells color-coded with GFP or RFP
in lymphatic vessels a nd lymph nodes. To simultaneously compare the
beha,~or of two cell lines in the sam e lymphatic vessel or lymph node, a
mixture of 143B -G FP human osteosarcoma and B16-RFP murine melanoma
cell lines was injected in the inguinal lymph node using the same techn ique
as described above. Cells (5 x 10' ) of each cell line were mixed in a total of
10-FL PBS. The color-coded cancer cells in the lymphatic and inguinal

With this new imaging tech nology, we studied three phenomena
related to cancer cell trafficking in lymphatics: (a) trafficking of
cancer cells to lymph nodes: (b) differential survival of cancer cell
types in lymphatic channels; and (c) increasing tumor pressure
increases tumor-cell shedding and trafficking in the lymphatics,
which may account for poor prognosis of patients with high IFP.

Materials and Methods
Production of RFP or GFP retroviral vector. For RFP retrovirus
production, the Hindiil /Not i fragment from pDsRed 2 (Ciontech Laboratories, Inc.), containing the full -l ength RFP cD:\TA , was inserted into th e
Hindiii /Nutl site of pLNCX2 (Ciontech Labo ratories) containing the
neomycin resistance gene. For GFP retrovirus production, the pLEIN
retroviral vector (Ciontech Laboratories) expressi ng enha nced GFP and th e
neomycin resistance ge ne on th e sam e bici stronic m essage was used. PT67,
an NIH3T3-derived packaging cell line (Clontech Labo ratories) expressing
the 10Al viral envelope, was cultu red in DMEM (Irvine Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gemini BioProducts). For vector production, PT67 packaging cells, at 70% confluence, were
incubated with a precipitated mixture of Lipofect.A..\1INE reagent (Life
Technologies, Inc.) and saturating amounts of pLNCX2-DsRed2 plasmid for
18 h. Fresh m edium was replenished at this time. The cells were examined by
fluorescence micro scopy 48 h posttransduction. For selection of a clone
producing high amounts ofRFP retroviral vector (PT67-DsRed2), the cells were
cultured in the presence of 200 to 1,000 J.lg/ mL G418 (Life Technologies) for
7 days. The isolated packaging cell clone was termed PT67-DsRed2.
Production of histone H2B-GFP vector. The histone H2B gene has no
stop codon (26), which enables the ligation of the H2B gene to the coding
region of the GFP gene (Clontech Laboratories). The histone H2B-GFP
fus ion gene was t hen inserted at the 1-Iindiil/Ca ll site of the pLHCX
(Clontech Laboratories), which has the hygromycin resistance gene. To
esta blish a packaging cell clone producing high a mounts of histone H2BGFP retroviral vector, the pLHCX histone H2B -GFP plasmid was transfected
in PT67 packaging cells using the same methods described above for PT67DsRed2. The transfected cells were cultured in the presence of 200 to
400 f! g/mL hygromycin (Life Technologies) for 15 days to establish stable
PT67 I-12B-GFP packaging cells.
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Figure 1. Experimental model of lymph
node metastasis: cancer cells homing to
the axil lary lymph node after injection in
the ingu inal lymph node. A, dual-color
HT-1080 human fibrosa rcoma cells were
injected into the ingu inal lymph node. Nude
mice were anesthetized and an arc-shaped
incision was made in the abdominal skin
from the axillary to the inguinal region.
The s .c. connective tissue was separated
to free the skin flap without injuring the
lymphatic. The skin flap was spread and
fixed on the flat stand. The axillary lymph
node was exposed. 8, cancer cells
entering the axillary lymph node via the
afferent lymph duct. A total of 10-[l l
medium containing 5 x 104 HT-1080
dual-color cells was injected into the
center of the inguinal lymph node.
C, schematic of (A).

•:

I

•

.•

8224

www.aacrjournals.org

Imaging of lntralymphatic Cancer Cell Trafficking

Figure 2. Simultaneous dual-color
imaging of lymphatic structure and
trafficking cancer cells. To simultaneously
observe lymphatic structure and trafficking
cancer cells , 5 ~L containing 5 x 104
XPA 1-RFP human pancreas cancer
cells were injected along with 5 ~ L of
FITC-dextran (molecular weight, 2 x 106 }.
A, FITC-dextran (green) shows structure of
the lymphatic and axi llary ly mph node.
FITC-dextran permeates the lymph node ,
enabling visualization of the germinal
center. Note the cancer cells arresting in
the subcapsular sinus just after entrance to
the lymph node (arrow) . Bar , 500 ~m .
B, single-cell motion at the junction of
afferent lymph duct and subcapsular sinus
of the lymph node. White arrow, direction
of cancer-cell trafficking. Inset, low
magnification of whole lymph node as
also seen in (A). Red arrow, where high
magn ification image of (B) was obtained .
Bar, 200 ~ m. C, XPA1-RFP cells (5 x 105 )
were injected in the ingu inal lymph node ,
and the axillary lymph node was imaged
7 d later. Bar, 1 mm.

Color-coded imaging of
cancer cells in lymph node

l)~nph node were observed 1-1~th the OV100 and images were taken on days
0 and 2. A total of 10 m ice were used in this study.
Mouse model for imaging spontaneous shedding of tumor cells into
lymphatic vessels. HT-1080 dual-color cells (2 x 106 ) in 20 JlL were inj ected
into the nude mouse footp ad. Four weeks later, mice were anesthetized
11~th the ketamine mb;ture via s.c. inj ection. Mice 11·ere laid in the prone
position and the legs were fixed without stimulation of th e tumor. A 2-cm
straight incision was m ade in the ipsilateral popliteal region. The popliteal
l~nph node and l)~ph atic were exposed without injuring them . Shed
tumor cells in the lymphatic vessel were imaged 11~ th the OV 100.
Effect of pressure on tumor-cell shedding into l~nphatic vessels.
Pressure was generated by 25- and 250-g weights for 10 s each on the
bottom surface of the tumor-bearing footpad to increase th e internal
press ure of the tumor. A cylindrical weight 1-1~th a 10-mm diameter
(78.5 mm 2 ) was used for the stimulation. After stimulation, cancer cell
trafficking was imaged at 1-~d eo rate with the OVIOO system at x 100
m agnification for 1 min. Th e numbers of cell fragments, single cells, and
emboli were counted by re1-~ ewin g the saved 1-~ d eo fil e. The major axi s
length of the largest embolus in each experiment was also measured. A total
of 10 mice were used in this study. Statistical analysis was don e using
the two-tailed paired Student t test.
Cellular and subcellular imaging in live mice. The Olympus OV100
Small-Anima] Imaging System (OI)~llpus Corp.), containing an MT-20 light
source (OI)~pu s Biosystem s) and DP70 charge-coupl ed device camera
(OI)~pus) , was used for subcellular imaging in live mice. The optics of
th e 0\1100 fluorescence imaging system have been specially developed for
m acroimaging as 'veil as n1icroin1aging 'vith high light-gathering capacity.
The instrument incorporates a unique combination of high numerical
aperture and long working distance. Four individually optimized objective
lenses, parcentered and parfocal, prm~d e a 105-fo]d m agnification range for
seamless imaging of the entire body do11~1 to the subcellular level without
disturbing th e anim al. Th e OVJOO has th e lenses mounted on an autom ated
turret 1-vith a high magnification range of x 1.6 to x 16 and a field of view
ranging from 6.9 to 0.69 mm. The optics and antirefl ective coatings ensure
optimal imaging of multiplexed fluore scent reporters in small animal s.
High -resolution im ages were captured directly on a PC (Fujitsu Siemens).
Im ages were processed for contrast and brightn ess and analyzed with the
use of Paint Shop Pro 8 and CeliR (Olympus Biosystem s).

www.aacrjournals.org

Mice. Ath~ic nu/nu nude mice were ke pt in a barrier facility tmder
HEPA filtration. Mice were fed Vl~th autoclaved laboratory rodent chow
(Tecklad LM-485, Wes tern Research Products). All animal studies were
conducted in accordance 1-1~ th the principals and procedures outlined in
the NIH Guid e for the Ca re and Use of Laboratory Animals under assurance
no. A3873- l.

Results and Discussion
Dynamic subcellular imaging of trafficking of cancer cells in
lymphatic vessels in live mice (experimental model). We
obse rved cell trafficking in lymphatics after inj ection of the tumor
cells in the inguinal lymph node (Fig. lB and C; see Supplementary
Mo~e 1). With FITC-dextran labeling of the lymphatics, we could
see both the lymphatic structure and the cancer cell trafficking
(Fig. 2A). Cancer cells were imaged flowing in the center of the
duct (see Supplementary Movie 2). At th e junction of the afferent
lymph duct and subcapsular sinus of the lymph node, the cancer
cells disseminated by avoiding attachment to the lymphatic vessel
wall (Fig. 2B). However, 7 days after injection, a tumor mass was
occasionally observed at the junction (Fig. 2C). The junction
seemed to be a focal point in lymph node metastasis.
Simultaneous imaging of cancer cells color coded '~th GFP
or RFP in lymphatic vessels and lymph nodes. There was no
significant difference in cell trafficking between the hum an l43BGFP osteosarcoma cell line and the murine Bl6-RFP melanoma cell
line. Both cell types were easily distinguished by GFP and RFP
exp ression. Afler injection, both cell types were arrested around the
junction of the afferent lymph duct and the lymph node (Fig. 3B ).
On day 2, 143B-GFP cells almost disappeared due to their
decreased ~ability in the lymphatic and lymph node. Bl6-RFP
cells remained in the lymph node and could p roliferate (Fig. 3C).
Using GFP and RFP makes it possible to simultaneously observe
the differential sur~ val of two cell lines in the same lymph node or
vessel (27).
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Differential survival of co-injected
Bl6-RFP murine melanoma and
143B-GFP human osteosarcoma in
lymphatic vessels

Dynamic subcellular imaging of trafficking of cancer cells in
lymphatic in live mice (spontaneous model). Real-time
trafficking of HT-1080 dual-color cell was observed in the popliteal
lymphatic (Fig. 4A-D). Most of the cells were fragmented and
appeared single color in the lymphatic, suggesting that most of
the cancer cells already had fragmented before entering the

Figure 3. Simultaneous imaging of
color-coded cell lines in the same lymph
node. 1438-GFP human osteosarcoma
and 816-RFP murine melanoma cell lines
were injected in the inguinal lymph node
using the same techniques as described
above. A, equal cell number of each line
was confirmed under fluorescence
microscopy before injection. B, after
injection , cells arrested around the junction
of the afferent lymph duct and lymph node.
C, on day 2, 1438-G FP cells almost
disappeared due to poor survival in the
lymph node whe re as 816-RFP cells
remained viable. Bar , 100 ~ m (A) ; 1 mm
(Band C).

peritumoral lymphatic and lymph flow. There were few living cells
in the lymph duct.
Shedding of trafficking cancer cells in lymphatic as function
of pressure. Cell fragments, single cells, and emboli were easily
distinguished with the du al-color HT-1080 cell line and the
OVlOO imaging system. With 25-g stimulation of the footpad

Figure 4. Footpad spontaneous
metastasis model. A , dual-color HT-1080
cells expressing RFP in the cytoplasm and
H28-GFP in the nucleus were injected
into the footpad. Four weeks later, mice
were laid in the prone position and the
primary tumor and popliteal lymph node
metastasis were observed by whole-body
fluorescence imaging with the Olympus
OV100. B , fluorescence image of exposed
popl iteal lymph node as seen noninvasively
in (A). Dual-color HT-1080 cells
metastasized to the lymph node as
observed by fluorescence imaging.
C , exposed popliteal lymph node. Dotted
lines, area of lymphatic with trafficking
cancer cells shown at high magnification
in (0). 0 , fluorescence image of trafficking
HT- 1080 dual-color cells in the lymphatic
denoted by dotted lines in (C) . Bar, 10 mm
(A ); 1 mm (B); 2 mm (C); and 100 ~m (0).
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tumor, th e number of single cells s hed increased compared with
no stimulation (Fig. SA a nd B ). With 250-g stimulation, the total
cell number shed in creased further and la rge emboli were seen
(Fig. SC and D; see Supplementa ry Movie 3). The number of cell
fragments, cells, a nd emboli significan tly in creased with heavier
stimulation (see Supplem enta ry Table S1A-C). The m aximum
major axis of the trafficking emboli also increased with
increased pressure (see Supplement ary Table S1D). These data
·"~uggest that pressure in the tumor is important not only for th e
number of cells shed but also for the size of emboli shedding
nto lymphatics around the tumor. The larger emboli could have
more possibility to survive and form a metastasis in the lymph
node (28).
In this study, real-tim e cellular imaging of trafficking in
lymphatic vessels in live mice was achieved \vith cancer cells
expressing GFP in the nucleus and RFP in the cytoplasm or with
RFP or GFP only. Contrast was achieved by labeling the lymph atic
vessels and lymph nodes with FITC dextran. We were also able to
image the entrance of cancer cells to the lymph node. Tumor cells
m ay di ffer in lymphangiogenesis, mi gration to th e peritumoral
lymph atics, trafficking in lympha tic vessels, survival at tl1e lymph
node, migra tion in the lymph node, and growth in the lymph node,
all of which are factors in lymph node metastasis. VVith the
technology d escribed in thi s report, all of these steps can be imaged
in live a nima ls. \ <\lith increasi ng external weight put on the tumor
to increase the internal pressure of the tumor, increased tumor-cell
shedding and lymphatic trafficking was observed. This res ult might
explain why high IFP is ass ociated with poor prognosis in h uman
ca ncer (4, 21, 22). For exa mpl e, Rofstad eta!. (23) reported that high
central tumor IFP was found t o b e ass ociated wit h the
development of pulmona ry and lymph node metastases. Increased
cancer cell traftlcking associated with increased IFP co uld increase
the probability of metastasis. In this study, not only the number but
also the s ize of emboli increased with increas ing press ure. Larger

~

emboli may have a higher prob ability to survive at a distant
m etastatic site.
Ja in et a!. stated th at t here a re no functional lymphatic vessels
inside solid tumors a nd functional lymph atic vessels are present
only at the tumor margin and in the peritumoral tissue (29-3 1).
Real-time imaging, such as that reported in the present study, could
determine functionality of lymphatics with regard to the extent of
cancer cell trafficking.
Increased IFP also lead s to a d ecreased uptake of drugs. In 1987,
Jain (32) hypothesized that the IFP in tumors must be high and
serves as a barrier to efficient drug d elivery. It is also known that
increased IFP contributes to decreased tra nscapillary transport in
tumors, presenting a potential obstacle to the uptake of agents for
treatment (18).
Several types of treatment have been shown to decrease tumor
IFP in animal models a nd patients, such as VEGF antagonists,
pla telet-d erived growth factor antagonists, transforming growth
factor-(~ a ntagonists, a nd tumor necrosis factor- a (18). The
imagi ng model d escribed in this report could determine if these
drugs also reduced tumor-cell shedding.

Conclusions
We have developed fluorescence real-time cell imaging of
lymph atic trafficking by means of fluorescent dual-color ca ncer
cells and a high-resolut ion, real-tim e, sma ll-animal im aging system.
The im aging technology visualized the extent of cancer intralymphatic tra ffickin g a nd lymph node targeting, differential intralymph atic cell viability, and the effect of pressure on tumor cells
shedding into lymphat ics. Internal pressure in the tumor is
importan t not only for the number of cells shed into the lympha tics
but also for the size of emboli shedding into lymphatic cha nnels
arou nd the tumor. Tumor shedding was readily imaged using the
labeled cancer cells and the real-time imaging system. The reason
for increased IFP in tumors is not clear. It could be due to pressure

Figure 5. Effect of tumor pressure on
tum or-cell shedding in lymphatic vessels.
The footpad tu mor was stimulated by 25- or
250-g weight for 10 s each to inc rease
the internal pressure of the tu mor.
Stim ulations were conducted on the same
mouse with a minimum 5-min interval.
A cylindrical weight with a 10-mm diameter
(78. 5 mm 2 ) was used for the stimulation.
After stimulation, video rate imaging was
done of cancer cell traff icking in the
lymphatic vessel with the Olympus OV1 00
system at x 100 magnification for 1 min.
The numbers of cell fragments , single cells,
and emboli shed into the lymphatic vessel
were counted by reviewing the saved
movie files. The major axis of the
maximum-size shed embolus in each
experiment was also measured. A , no
weight stimulation onto the footpad. There
are only a few fragmented cells in the
lymph duct. 8, after a 10-s stimulation with
a 25-g weight on the footpad , single cells
as well as cell fragments are observed
trafficking in the lymph duct. C and 0 , after
a 10-s stimulation with the 250-g weight on
the footpad , more cell emboli, single cells,
and fragments were shed in the lymph
duct. Dual-color cell was useful to
distinguish the cell condition. 0 , a high
magnification image of the embolus is also
shown. Bar, 200 ~m (A-0).

www.aacrjournals.org

8227

Cancer Res 2007; 67: (17). September 1, 2007

Cancer Research

build-up due to insufficient lymphatic flu id drainage. This may lead
to increased tumor-cell shedd ing into the lymphatics that are
present in the tumor that can serve as a conduit for the tumo r cells
to metastasize to lymph nodes. Further imaging stud ies shoul d
increase our understanding of this phenom enon. Our imaging
technology, therefore, can image th e individual steps of lymphatic
metastasis in real time.
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