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Abstract
Background—The flank is commonly used for primary xenografts in mice, but it is rare for
these tumors to metastasize. Tail vein injection creates a pattern of metastases, but is artificial. We
hypothesized that the liver is a convenient alternative xenograft site and that metastases would
gradually proceed spontaneously.

Materials and Methods—Using 15 NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID) mice, 10,000
A549 cells were xenografted into the liver while a second group of five mice were xenografted in
the flank with 100,000 A549 cells as a control. Mice were euthanized and grossly dissected at 7
wk. A third group of seven mice received liver xenografts with A549 and a mouse each week was
euthanized for 7 wk and evaluated. The liver, lung, and spleen were examined histologically.

Results—At 7 wk, 15/15 liver xenografted mice had gross primary tumor in the liver. Histologic
review confirmed multiple microscopic foci of metastatic disease in all mice (15/15) throughout
the lungs, mediastinal nodes, and spleen. The control group had primary tumor in the flank (4/5),
but none had histologic evidence of metastases. Serially euthanized liver xenografted mice
revealed evidence of a gradual spontaneous metastatic model system with the first histologic
findings of micrometastases appearing in the lungs by wk 5, which became wide spread by wk 7.
Splenic and mediastinal lymph node metastases developed in wk 6 and 7.

Conclusions—Liver xenografting of A549 cells into NOD/SCID mice is a reliable way of
developing widespread micrometastases. This model allows the study of a gradually developing
solid tumor with subsequent metastatic spread.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths not only in the United States but
also the world [1, 2]. There were approximately 159,000 deaths in 2007 caused by lung
cancer in the United States alone, exceeding the total deaths recorded for breast, prostate,
and colon cancer combined [2]. Despite significant advances in medical technology for early
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detection and pharmacologic therapies for other malignancies, there has been little impact on
survival among those diagnosed with lung cancer, especially those who present with
metastatic disease [3]. Preclinical mouse models have been recognized as an important way
of studying a variety of human malignancies [4–6].

Xenograft models of human non-small-cell lung cancer (NSCLC) cell lines, for example, are
usually injected in the subcutaneous tissue of the mouse, often in the flank. Although the
flank, as a primary xenograft site, is typically used for the convenience of tumor
measurement, rarely do even the most aggressive cell lines develop spontaneous metastases
from this site [7]. Tail vein injection has been used as a way of artificially creating a pattern
of metastases by spread of the injected cells through the systemic circulation [8]. While this
method is appropriate for studying hematologic malignancies, it does not accurately reflect
the spontaneous metastases that occur with solid tumors over time. If a human cancer cell
line possesses the ability to metastasize spontaneously from a primary tumor [9], knowledge
of the timing and extent of metastasis could be utilized as a target for pharmacologic
intervention.

In order to study the effect of various medical and surgical treatment strategies on metastasis
in a preclinical setting, we developed a mouse model of spontaneous metastases in NSCLC.
Using mice with an impaired immune system, NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID),
we were able to xenograft a human cancer cell line into the liver of these mice in order to
optimize the likelihood of spontaneous metastases compared with the typical lessvascular
subcutaneous tissue in the flank. Our hypothesis was that the rich vascular bed of the liver
would provide a readily available access for invasive cells to reach the systemic circulation
and subsequently metastasize. We speculated that the lungs would be the most likely
destination for metastases from the liver parenchyma since it is a direct venous route for
metastatic cells via the hepatic veins, the inferior vena cava, the heart and the pulmonary
artery before these cells become entrapped in the pulmonary capillary bed. This is in direct
contrast to cells xenografted in the flank where there is less access to the systemic
circulation. The result is that the flank xenograft model is unreliable for studying the impact
of therapy on metastatic disease. With our present model, we are able not only to reproduce
reliably wide-spread metastatic disease, but also can predict the timing and location of these
spontaneous metastatic deposits before they occur.

While complete surgical resection of any solid tumor before it has spread outside the area of
resection is the ultimate goal, this is not often possible for many individuals because of the
aggressive nature of many types of cancer. Despite technological advances in screening for
the detection of NSCLC at an earlier stage [10], there exists no clinically approved method
of detecting micrometastases. Many patients who are surgical candidates will undergo
surgical resection of their lung cancer and ultimately recur and die of the disease that was
left behind and beyond detection. The purpose of this study was to develop a reliable
spontaneous metastatic murine model with human NSCLC cells, and to characterize the
model as to the timing and location of the spontaneously occurring metastases.

MATERIALS AND METHODS
Cell Culture

The human adenocarcinoma cell line A549 was obtained from the American Type Culture
Collection, (ATCC) (Manassas, VA). These cells were grown in adherent monolayers in a
75 cm2 flask (BD Falcon, Franklin Lakes, NJ, USA) and maintained in ATCC-formulated
F-12K Medium mixed with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) at
37°C and atmospheric conditions of 5% CO2. This cell line was initiated in 1972 by Geared,
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et al. through explant culture of lung adenocarcinoma tissue, obtained from a 58-yr-old
Caucasian male [11].

The cells were harvested from the flasks using trypsin (Sigma-Aldrich, St. Louis, MO, USA)
after reaching near confluence. They were diluted with the growing media, counted and re-
suspended in Hanks balanced salt solution (HBSS) (Invitrogen) after removal of the trypsin
and growing media to a final concentration of 10,000 A549 cells/10 μL of HBSS.

Murine Xenografts
Care of all mice was under the supervision of the Director of Laboratory Animal Medicine
who oversees the veterinary medical care of animals at the Johns Hopkins University. The
mouse experiment protocol was approved by the Institutional Animal Care and Use
Committee whose responsibilities are federally mandated by the Animal Welfare Act
regulations and the Public Health Service Policy.

Group 1 consisted of 15 NOD/SCID mice anesthetized with tribromoethanol (Avertin, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in which we xenografted 10,000 A549
cells suspended in 10 μL of HBSS into the liver with a 32 gauge needle. The liver was
injected under direct vision by making a 1 cm subcostal incision just to the left of the
midline through which the left lobe of the liver was partially eviscerated (Fig. 1).

Confirmation of a successful xenograft was observed by witnessing a 1–2 s blanching of the
liver parenchyma at time of injection. A sterile cotton tipped swab was held at the site for
10–15 s immediately after extracting the needle from the liver for hemostasis. The liver was
then reduced back into the abdomen and the fascia and skin were both closed with 4-0
Vicryl absorbable suture (Ethicon Inc., Somerville, NJ, USA). Mice were monitored weekly
and were euthanized after 7 wk from the time of the liver xenograft because of labored
breathing and the development of moderate to severe ascites.

As a control, Group 2 was established which consisted of 5 NOD/SCID mice xenografted in
the subcutaneous tissue of the right flank with 100,000 A549 cells suspended in 100 μL of
HBSS. Tumors were measured weekly and mice in Group 2 were euthanized after tumors
reached 2 cm in any dimension, which occurred at 7 wk.

Immediately after euthanization of both groups of mice at 7 wk, the mice were perfused with
formalin, and grossly dissected. The liver, lung, mediastinal lymph nodes, and spleen were
processed, embedded in paraffin and sectioned every 10 μ throughout the entirety of all
organs and stained with hematoxylin and eosin(H&E)every tenth slide to evaluate for
histologic evidence of metastatic disease. A total of 1600 H&E slides (80/mouse) were
carefully reviewed (JH) and significant positive and negative findings were confirmed by an
animal pathologist (CB).

Group 3 consisted of 7 NOD/SCID mice that were also xenografted in the liver with 10,000
A549 cells, but this time, one mouse was euthanized each week for 7 wk and evaluated by
the same protocol as Group 1.

RESULTS
In Group 1 at 7 wk, all 15 liver xenografted mice had gross primary tumor in the liver as
well as grossly evident splenic (10/15) and mediastinal metastases (5/15). All 15 mice had
ascites and 5/15 had gross evidence of carcinomatosis at wk 7. There were no gross
pulmonary metastases observed (0/15). Histologic review, however, confirmed multiple
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microscopic foci of metastatic disease in all mice (15/15) throughout the lungs bilaterally,
the mediastinal lymph nodes and spleen.

The control, Group 2, had primary tumor development in 4/5 mice with the maximum size
of each tumor reaching or exceeding 2 cm at 7 wk. There was no evidence of any gross or
histologic metastases to the liver, lung, mediastinal lymph nodes, or spleen in any of the five
control mice. There was evidence of nodal metastases to the axilla on the ipsilateral side of
the tumor in 1/5 mice.

The serially euthanized mice of Group 3 revealed histologic evidence of a gradual
spontaneous metastatic model system. Histologically evident primary tumor was apparent by
wk 1 (Fig. 2) with gross primary tumor development in the liver by wk 2. Gross and
histologic progression of primary tumor size was seen in wk 3 and 4 (Fig. 3) with no
apparent evidence of microscopic distal metastases (Fig. 4). By wk 5, the first histologic
findings of micrometastases appeared in the lungs (Fig. 5), which progressed further in wk 6
and became widespread in all the pulmonary parenchyma by wk 7 (Fig. 6). Ascites did not
develop until wk 6. Splenic and mediastinal lymph node involvement were observed
histologically in both wk 6 and 7 mice. None of the mice in Group 3 developed
carcinomatosis.

DISCUSSION
Liver xenografting of the human lung adenocarcinoma cell line A549 into NOD/SCID mice
is a reliable way of developing widespread micrometastases to the lungs, mediastinal lymph
nodes, and spleen over a period of 7 wk. As seen with cancer cell lines, which are injected
into the spleen that subsequently metastasize to the liver through the portal vein due to
anatomical proximity [12], our rationale for injecting lung cancer cell lines into the liver was
that the probable target organ of metastases from the liver would be the lungs. This was
based on mouse anatomy since the lungs are the first major organs reached after the cells
enter the systemic circulation, and the pulmonary capillary bed would be a likely soil for
such metastatic cells. Patterns of metastasis have also been established for various
malignancies by molecular targets, which influence cancer cell tropism for specific organs
[13, 14]. Our A549 cells, being derived from explanted lung carcinomatous tissue, could
have a molecular predilection for the pulmonary parenchyma.

This model is clinically relevant since, unlike tail vein injection, it allows the study of the
biology and treatment of a gradually developing primary tumor with subsequent metastatic
spread. This model also opens the opportunity for resection of the primary tumor from the
liver as a surgically relevant preclinical model. Post-resection, the model could then even be
used to study the efficacy of subsequent, adjuvant treatment of micrometastases using in-
vivo chemotherapy.

While this mouse model has proven to be reliable for the development of spontaneous
metastases using the human adenocarcinoma cell line A549 in NOD/SCID mice, it may not
work with some less aggressive cell lines that lack metastatic potential or in other mice with
a normal immune system. Since the mice used in this model have a compromised immune
system, it does not allow the study of interaction of the host immune system to the tumor,
making this model of little benefit for studying some kinds of immunotherapy.

Although carcinomatosis was present in 5/15 mice at 7 wk, there was no carcinomatosis
seen in any of the mice in Group 3, which were serially euthanized each week, suggesting
that the carcinomatosis seen in the 5/15 mice of the first group was not a result of tumor
spillage, but progression of disease from the overwhelming tumor burden by wk 7. Finally,
A549 is known to grow in aggregate sizes ranging from 100 to 400μ, but since the actual
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size of a single A549 cell is 10–15 μ, it is possible that some cells could have been missed in
the screening process, since H&E slides were screened every 100 μ. Further confirmation of
the timeline of metastases could be ascertained by more frequent screening of H&E slides at
a greater cost of both time and capital than expended for this experiment.

This model is simple to perform and can be, in theory, applied to the human or murine
cancer cell line of any solid tumor that has the potential to develop spontaneous metastases
in NOD/SCID mice. By choosing the liver as our primary xenograft site, we allow the
injected cancer cells the best opportunity to form a primary tumor with later widespread,
spontaneous metastases.
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FIG. 1.
Technique for liver xenograft using a 32 gauge needle to inject 10,000 A549 cells/10 μL of
HBSS.
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FIG. 2.
Microscopic appearance (×350) of the primary A549 liver tumor on H&E slide, 1 wk from
the time of injection with 10,000 cells.
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FIG. 3.
Microscopic appearance (×50) of the primary A549 liver tumor on H&E slide, 3 wk from
the time of injection with 10,000 cells.
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FIG. 4.
Microscopic appearance (×600) of normal lungs (as seen in wk 1 through 4 and in all control
mice) on H&E slide, 4 wk from the time of liver injection with 10,000 A549 cells.
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FIG. 5.
Microscopic appearance (×600) showing first appearance of lung micrometastases on H&E
slide, 5 wk from the time of liver injection with 10,000 A549 cells.
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FIG. 6.
Microscopic appearance (×00) showing development of widespread lung micrometastases
(seen in the wk #7 mouse and 15/15 Group 1 mice) on H&E slide, 7 wk from the time of
liver injection with 10,000 A549 cells.
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