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Intravascular origin of metastasis from the proliferation of
endothelium-attached tumor cells: a new model for metastasis
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Metastasis is a frequent complication of cancer, yet the process
through which circulating tumor cells form distant colonies is
poorly understood. We have been able to observe the steps in
early hematogenous metastasis by epifluorescence microscopy of
tumor cells expressing green fluorescent protein in subpleural mi-
crovessels in intact, perfused mouse and rat lungs. Metastatic
tumor cells attached to the endothelia of pulmonary pre-capillary
arterioles and capillaries. Extravasation of tumor cells was rare, and
it seemed that the transmigrated cells were cleared quickly by the
lung, leaving only the endothelium-attached cells as the seeds of
secondary tumors. Early colonies were entirely within the blood
vessels. Although most models of metastasis include an extravasa-
tion step early in the process', here we show that in the lung,
metastasis is initiated by attachment of tumor cells to the vascular
endothelium and that hematogenous metastasis originates from
the proliferation of attached intravascular tumor cells rather than
from extravasated ones. Intravascular metastasis formation
would make early colonies especially vulnerable to intravascular
drugs, and this possibility has potential for the prevention of
tumor cell attachment to the endothelium.

We used an established fluorescence microscopic technique to
view subpleural endothelia in situ in isolated, ventilated and per-
fused rat and mouse lungs, to observe the behavior of fluorescent
tumor cells in the pulmonary circulation® The subpleural vascula-
ture in these intact lungs appeared as a network of capillaries
arranged in a honeycomb pattern with pre- and post-capillary ves-
sels interposed (Fig. 1a). Vessels in three dimensions were visible at
magnifications up to x1,000, either using autofluorescence or by
specific labeling of the endothelium with Dil-conjugated, acety-
lated low-density lipoprotein (LDL; refs 2,3)(Fig. 1b).

We injected immunosuppressed (nu/nu) mice intravenously
with single-cell suspensions of stable transfectants expressing GFP,
derived from the 2.10.10 or HT1080 cell lines. The 2.10.10 cell line
is a highly metastatic cell line derived from rat embryo fibroblasts
transformed with ras” and myc oncogenes**. The HT1080 cell line
is a metastatic human cell line derived from a fibrosarcoma®. We
collected the lungs 4-6 hours after the injection of 2.10.10-GFP or
HT1080-GFP. Tumor cells were attached to the vascular walls, as
shown by intact organ microscopy. Most of the cells of either cell
line were attached to the endothelia of pre-capillary arterioles (Fig.
1c), although at early times about 35% of the attached cells were
also in the capillaries (Fig. 1d). The percentage of cells in the capil-
laries decreased with time (Table 1, top). This indicates that the
cells were not arrested by capillary trapping, as they were mainly in
the pre-capillary arterioles, which have diameters considerably
larger than the tumor cells. The cells at these early times did not ap-
pear in clumps, but were attached individually (Table 1, middle
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and Fig. 1b). Thus, these cells were firmly attached to the blood ves-
sels, as they survived lung clearing for blood removal. Furthermore,
they did not move with perfusion during real-time observation.

To verify that the cells were not trapped, we injected either the
2.10.10-GFP or the HT1080-GFP cells into the perfusate of isolated
rat lung preparations. Within 10 minutes, most of the cells in the
subpleural vessels were immobile and attached to the endothelia of
the pre-capillary arterioles (Fig. 1¢), although cells were also present
in the capillaries (Fig. 1f), similar to the distribution after injection
into live animals. In almost all cases, the diameter of the vessel was
greater than the diameter of the cells, again indicating that capil-
lary trapping was not the main mechanism leading to retention of
the cells in the lung. These experiments also demonstrate that the
attachment does not require platelets or other blood elements, as
they have been already ‘flushed out’ from the lung. However, it is
still possible that blood components that remain adherent to the
endothelial cells can be involved in this interaction.

Because hematogenous metastasis is usually modeled in stages in
which the blood-borne cell either attaches to the endothelium or is
trapped in the capillary followed by extravasation into the tissue
parenchyma, we expected to find frequent extravasation’.
However, despite an intense search for extravasation, we found

Fig. 1 Localization of tumor cells in the subpleural pulmonary microves-
sels. a, Structure of the subpleural vasculature in the mouse lung. A, arteri-
ole; V, post-capillary venule; C, capillaries; ALV, alveolus. b, Fluorescence
overlay image of endothelium stained with Dil-acetylated LDL (red) and a
GFP-expressing tumor cell (green). ¢ and d, Endothelium-attached GFP-
expressing tumor cells in mouse lung pre-capillary arterioles (c) and in a
capillary (d), 4-6 h after intravenous injection. e and f, Endothelium-
attached GFP-expressing tumor cells in a pre-capillary arteriole (¢) and in a
capillary (f), 10 min after perfusate administration in isolated rat lung.
Scale bars represent 50 pm (a) and 32 pm (b-f, shown in b).
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Fig. 2 Fate of tumor cells in the pulmonary circulation. a and d, Green GFP fluorescence only; b,c,e-g,
Pseudocolor overlay of Dil-acetylated LDL (red) and GFP (green) fluorescence (yellow, co-localization;
black, alveolar space). a, Extravasation of a 2.10.10 cell (short arrow) into alveolar space and intravas-
cular tumor cell fragmentation (long arrow). b, 2.10.10 cell pseudopodium (arrow) penetrating the vas-
cular wall. The cell is yellow, due to overlay with the endothelium, and the pseudopodium is green as it
extends beyond the endothelium into the alveolar space. ¢, HT1080 cell growth in a pre-capillary arte-
riole. d, Intracapillary extension (arrows) of a growing colony (diffuse green background). e and
f, Colony formation by 2.10.10 cells in large pre-capillary arterioles. g, Capillary growth of 2.10.10 cells.
Scale bars represent 32 um (a,¢,d and e, shown in @) and 10 pm (b and g, shown in g).
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Previous observations of the fate of metasta-
tic cells within the blood stream are consistent
with our results, in that the introduction of ra-
dioactively tagged tumor cells into the circula-
tion led to rapid clearance from the blood with
most of the radioactivity being sequestered in
the lungs, consistent with attachment®’.
Previous electron microscopic examination of
tumor cell metastases is consistent with our ob-
servation of pseudopodia (‘invadopodia’)
extending beneath the endothelial cell base-
ment membrane'®". Although the ‘main-
stream’ view is that circulating metastatic cells
must extravasate before proliferating into
colonies, other models have been proposed in

which the colonies arise within the vascula-
ture"". There has been similar controversy
about whether the circulating tumor cells are
trapped in the capillaries because of size re-
strictions or adhere to the pulmonary en-
dothelium. Such controversies could have
arisen from extrapolation of two-dimensional
data (observations from thin sections) into a
three-dimensional concept (relationship of
whole cells to vessel lumen). The light and

tumor cell transmigration out of the vasculature only rarely (Table
1, middle). Before 24 hours, less than 2% of all cells found after in-
travenous injection were in the extravascular space (Fig. 2a). We
never found any extravasated 2.10.10 cells beyond 24 hours after
injection or HT1080 cells beyond 48 hours after injection.
Although extravasation was rare, penetration of the vascular wall
by pseudopodia occurred more often (Fig. 2b). The basement mem-
brane of the vessels seemed to be breached by pseudopodia from
tumor cells, and there were occasional intravascular green cell frag-
ments (Fig. 2a) in the interstitium or within alveoli, but intact cells
did not persist extravascularly for more than 48 hours. We con-
firmed the location of the endothelial cell margins by labeling with
Dil-acetylated LDL (ref. 3).

Given the absence of tumor cells in the parenchyma, we sought
to determine the location of cells that gave rise to metastatic nod-
ules. At 48 hours for 2.10.10 cells and

electron microscopy methods used in previous studies only allowed
localization of occasional tumor cells that happened to be present in
the sectional plane. Most tumor cells in a tissue easily escape
detection because of the inability to visualize whole cells and blood
vessels in three dimensions using these thin-section methods.
Determining the relationship between the tumor cells and vascular
margins also suffers considerably because of the same problem. The
difficulty is accentuated by the absence of pressure in the vascular
channels that causes them to collapse. Nonetheless, some reports
have demonstrated the presence of intravascular colonies with these
methods'>™. In contrast, the use of fluorescence microscopy in a
translucent intact organ (lung) allows the determination of position
of many GFP-labeled tumor cells with high three-dimensional accu-
racy. Combined with specific fluorescence labeling of endothelial
cells, this method allows precise, long-term visual monitoring of

at 72 hours for HT1080 cells, colonies Table 1 Fate of tumor cells in the pulmonary circulation after intravenous injection
of GFP-expressing cells could be iden-

. . 4-6 h 24 h 48 h 72h
tified. Every colony was contained en-
tirely within the vascular channels Cell type Percent of cells in capillaries (total number of observed cells)

(Table 1, bottom and Fig. 2c-g). These HT1080-GFP 35+22(394) 20+£2.5(177) 9+3.5(136) (247)*
colonies are unlikely to be emboli, as 2.10.10-GFP 35+9(451) 12 +3(288) 207y (>300)*
at earlier times there were mainly sin- Percent extravasated (total number of observed cells)
gle cells and no clumps or clusters. HT1080-GFP 1.5(394) 1.1(0177) 0(136) 0(247)
Because all of the cells seen by intact 2-10.10-GFP 0.44 (451) 0(288) 0(207) 0 (>300)
organ microscopy were attached to Number of colonies with = 5 cells (number of cells/colony)
the endothelium and were within the HT1080-GFP 0 0 0 21 (5-15); 4 (>15)
vascular channels, cell division must 2.10.10-GFP 0 0 28 (5-15); 41 (>15) 3 (7-15); 15 (>15)

have been occurring within the pul-
monary vasculature. At later times, as
the colonies grew larger, the tumor
cells seemed to be growing as strings
into the capillaries from their primary
location within larger vessels (Fig. 2d).
Strings of cells were never present in
the capillaries at times earlier than
48 hours.
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Lungs isolated from mice injected intravenously were examined intact by fluorescence microscopy (times after injection, above
table); n = 3—4 mice at each time point for each cell line. Green-fluorescing cells were counted in the subpleural vasculature. Top,
Localization of attached tumor cells in the subpleural vessels. Capillaries were defined as vessels having a diameter of about 10
um; most cells were in pre-capillary arterioles. *As colonies formed and cells grew into capillaries, it was not possible to count the
number of cells growing into the capillaries. Middle, Localization of cells with respect to vascular margins, defined by the pres-
ence of continuous endothelial lining shown by autofluorescence or labeling with Dil-acetylated LDL. Multi-plane z-axis imaging
of a horizontally oriented vessel was used to determine if a tumor cell that seemed to be inside a vessel was actually above, inside
or below it. For vessels that appeared as in a cross-section, visualization covered the length of the cell along the z-axis. Bottom,
Early colony formation in subpleural vessels. Preparations were examined for clumps of cells; a colony was defined as a clump of
at least five cells in contact with each other. We attempted to count the number of cells in each clump, although sometimes the
cells were close together, making it difficult to distinguish each cell precisely.
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spatio-temporal relationships between tumor and endothelial cells.

The idea of an extravascular origin of metastasis is most strongly
supported by intravital observations in the liver, where frequent ex-
travasation of tumor cells has been shown with low-resolution, ana-
log video microscopy"'®. However, this may be related to the
sinusoidal nature of the vascular channels with interrupted en-
dothelial lining in the liver, which facilitates easy passage of cells
into the tissue parenchyma. Nonetheless, metastatic colonies in the
liver seem to arise within the blood vessels'®. Another theoretical ra-
tionale for the extravascular model is based on the premise that loss
of cell contact with substrate leads to accelerated death in circula-
tion and prevents intravascular growth''®. Although that may be
true for non-tumor cells, anchorage-independent growth of
tumorigenic cells in suspension and metastatic cells in vivo has been
shown'*®, Furthermore, our observation that colonies arose from
attached cells indicates that endothelial attachment not only deter-
mines the physical site of metastasis, but also provides the necessary
anchorage that facilitates cell proliferation.

Based on these observations, we now suggest a new model for
pulmonary metastasis in which endothelium-attached tumor cells
proliferate intravascularly and give rise to metastatic foci without
the requirement for extravasation. Although extravasation can
occur, the transmigrated cells in the interstitium or alveoli are
quickly cleared in the lung. Proliferation by metastatic colonies
seems to originate from intravascular cells, and at early stages,
micrometastases are contained entirely within the vasculature.
With time, the colonies would outgrow the vessels they were in and
destroy the vascular walls. This model identifies several targets for
potential therapeutic intervention, including attachment to the en-
dothelium and inhibition of proliferation within the blood vessels.

Methods

Intact organ microscopy. We used an established intact organ microscopy
technique to observe and image fluorescently labeled tumor cells and capillary
endothelial cells in situ in isolated, ventilated, blood-free rat and mouse lungs in
real time using an epifluorescence microscope’. For lung isolation, the animal
was anesthetized, a tracheostomy was done and artificial ventilation was started
through a cannula. The abdomen was opened and the animal was exsan-
guinated by transection of major abdominal vessels. A cannula was inserted into
the main pulmonary artery through a puncture in the right ventricle and an-
other was inserted into the left atrium. The lung was cleared of blood by gravity
perfusion through the pulmonary artery with an artificial medium (Kreb—Ringer
bicarbonate buffer with 5% dextran and 10 mM glucose, pH 7.4). The ‘flow-
through’ perfusate left the lung through the left atrial cannula. Once the lung
became visibly cleared of blood, the heart-lung preparation was dissected en
bloc and placed in a specially designed Plexiglas chamber with ports for the tra-
cheal, pulmonary and left atrial cannulae. The cardiovascular ports were con-
nected to a peristaltic pump that recirculated perfusate through the pulmonary
vascular bed. The lung rested on a coverslip window at the bottom of the
chamber with the posterior surface of the lung touching the coverslip. The lung
was ventilated throughout the experiment with 5%CO, in air except during
imaging. The preparation was physiologically stable for up to 8 h. The integrity
of the preparation was continuously monitored by online measurements of in-
tratracheal and pulmonary artery perfusion pressures. The subpleural vascula-
ture of the lungs was directly visualized in these conditions using high-power
magnification by epifluorescence microscopy (Nikon Diaphot TMD; Nikon,
Mellville, New York) with autofluorescence of lung tissue or an appropriate en-
dothelial cell label. The focal range of a 60x objective allowed clear visualization
of up to 30 pm in depth, covering the full thickness of the subpleural vessels.
Endothelial cells in the subpleural vasculature were positively identified by label-
ing with Dil-acetylated LDL (Molecular Probes, Eugene, Oregon) added to the
perfusate, at a concentration of 100 ug per g lung wet weight. Perfusion with a
peristaltic pump at 10 ml/min for rat lung and 2 ml/min for mouse lung re-
sulted in homogenous recruitment of more than 99% of capillaries in the de-
pendent regions of the lung, which were viewed with our system. Studies with
fluorescently labeled red blood cells confirmed the uniformity of perfusate flow
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throughout the subpleural vascular network. The diameter of the capillaries was
variable with perfusion pressure and averaged about 10 um at our regular per-
fusion rates. To observe and image fluorescently labeled tumor cells and capil-
lary endothelial cells in situ, we used the following two methods: we isolated the
lungs from 4- to 6-week-old female nude mice that had been injected into the
tail vein with 2 x 10° HT1080-GFP or 2.10.10-GFP cells, or we administered 1.5
x 107 cells into the perfusate of isolated Sprague-Dawley rat lungs. The sub-
pleural vessel autofluorescence and GFP-expressing cells were visualized with an
HQ41001 FITC Filter (excitation, 480 + 20 nm; dichroic, 505 nm long pass;
emission, 535 £ 20 nm); endothelial labeling with Di-I acetylated LDL was visu-
alized with an HQ412002b TRITC Filter (excitation, 545 + 15 nm; dichroic, 565
nm long pass; emission, 610 nm + 37.5) (Chroma Technology, Brattleboro,
Vermont). Images were acquired with a Hamamatsu ORCA-100 12-bit digital
camera and MetaMorph Imaging software (Universal Imaging, West Chester,
Pennsylvania).

Cell culture. 2.10.10 or HT1080 cells were transfected with an expression vec-
tor for GFP (pEGFP-1; Clontech, Palo Alto, California). Using flow cytometry,
the brightest fluorescent cells above the 95™ percentile were sorted and
cloned. Cells are maintained by selection with 200 pg/ml geneticin (Life
Technologies).
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