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In cancer metastasis, only a small percentage of cells
released from a primary tumor successfully form dis-
tant lesions, but it is uncertain at which steps in the
process cells are lost. Our goal was to determine what
proportions of B16F1 melanoma cells injected intra-
portally to target mouse liver 1) survive and extrava-
sate, 2) form micrometastases (4 to 16 cells) by day 3,
3) develop into macroscopic tumors by day 13, and 4)
remain as solitary dormant cells. Using in vivo video-
microscopy, a novel cell accounting assay, and im-
munohistochemical markers for proliferation (Ki-67)
and apoptosis (TUNEL), we found that 1) 80% of in-
jected cells survived in the liver microcirculation and
extravasated by day 3, 2) only a small subset of ex-
travasated cells began to grow, with 1 in 40 forming
micrometastases by day 3, 3) only a small subset of
micrometastases continued to grow, with 1 in 100
progressing to form macroscopic tumors by day 13
(in fact, most micrometastases disappeared), and 4)
36% of injected cells remained by day 13 as solitary
cancer cells, most of which were dormant (prolifer-
ation, 2%; apoptosis, 3%; in contrast to cells within
macroscopic tumors: proliferation, 91%; apoptosis/
necrosis, 6%). Thus, in this model, metastatic ineffi-
ciency is principally determined by two distinct as-
pects of cell growth after extravasation: failure of
solitary cells to initiate growth and failure of early
micrometastases to continue growth into macro-
scopic tumors. (Am J Pathol 1998, 153:865-873)

The metastatic spread of cancer cells from a primary
tumor to distant sites in the body is responsible for most
cancer patient morbidity and mortality.'~® Fortunately, the
metastatic process is inefficient* in that very few of the
tumor cells released into the circulation develop into me-
tastases; experimental studies have shown that only

~0.01% of cancer cells injected into the circulation form
metastatic foci (See, eg, Ref. 5). It is uncertain at which
steps in the process cells are lost, but it has generally
been thought that most cancer cells are rapidly de-
stroyed in the circulation (eg, Ref. 5), either by the im-
mune system®” or hemodynamic forces.® In addition, the
ability of cells to extravasate into the surrounding tissue,
by degrading basement membrane and extracellular ma-
trix, has been considered another major rate-limiting step
in metastasis.*° However, we have demonstrated quan-
titatively that virtually all injected melanoma cells survive
in the microcirculation and successfully extravasate by
24 hours after injection in chick embryo chorioallantoic
membrane (CAM).'® Furthermore, in the same model we
have shown that extravasation is independent of meta-
static ability, for ras-transformed and control fibroblasts
extravasate equally well.'" Together, our studies imply
that the primary determinants of metastatic inefficiency
are the post-extravasation survival and growth of cells,'?
but whether this conclusion may be generalized to mam-
malian models remains uncertain.

Our goal in the present study was to investigate the
multistep nature of metastatic inefficiency in a mouse liver
model, by quantifying what proportions of B16F1 mela-
noma cells injected intraportally 1) survive and extrava-
sate, 2) divide and form micrometastases, 3) develop into
macroscopic tumors, and 4) remain as solitary dormant
cells. We used in vivo videomicroscopy'®' to observe
individual cells directly and quantify cell extravasation, a
novel cell accounting assay to quantify the survival of
injected cancer cells,'® and immunohistochemistry to as-
sess proliferation (Ki-67) and apoptosis (TUNEL). We
found that >80% of the injected cells survived and had
extravasated by day 3. However, few extravasated cells
began to grow, with only 1 in 40 forming micrometastases
(4 to 16 cells) by day 3. Furthermore, few micrometasta-
ses continued to grow, with only 1 in 100 progressing to
form macroscopic tumors by day 13; in fact, by then most
micrometastases had disappeared. Surprisingly, 36% of
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injected cells remained by day 13 as solitary cancer
cells, 95% of which were shown to be dormant; in con-
trast, within macroscopic tumors, only 3% of cells were
dormant. Thus, in this model, metastatic inefficiency is
principally determined by two distinct aspects of cell
growth after extravasation: the failure of solitary cells to
initiate growth and the failure of early micrometastases to
continue growth into macroscopic tumors.

Materials and Methods

Cell Culture and Fluorescent Labeling

B16F1 murine melanoma cells'® were maintained in tis-
sue culture (37°C, 5% CO, humidified atmosphere) in
Alpha minimal essential medium plus ribonucleosides
(a-plus MEM; Life Technologies, Burlington, Ontario,
Canada) supplemented with 10% fetal calf serum (FCS;
Hyclone, Logan, UT). Cells were routinely subcultured as
subconfluent monolayers every 3 days and were not kept
in culture for more than five passages.

Cells for injection were fluorescently labeled (yellow-
green) using Fluoresbrite carboxylated polystyrene nano-
spheres of 48 nm diameter (Polysciences, Warrington,
PA). Nanospheres were prepared in a sterile, monodis-
persed suspension diluted 1:50 in Opti-MEM serum-re-
duced medium (Life Technologies). Cells were labeled
by replacing the a-plus MEM with the nanosphere sus-
pension for 1 hour as described previously.™ All cells
spontaneously incorporated these virus-sized fluorescent
nanospheres into their cytoplasm and retained them.®
Cells were harvested by trypsinization and resuspended
in a-plus MEM/10% FCS to a final concentration of 1.5 X
10° cells/ml. Tests of the labeled cells showed that the
labeling procedure does not affect the plating efficiency
or growth of B16F1 cells in vitro or the metastatic behavior
in vivo. Before injection, it was determined by fluores-
cence microscopy that =95% of the cells excluded
ethidium bromide, indicating that membrane integrity
was maintained.'®'® Additionally, 10.2-um-diameter mi-
crospheres were added to the cell suspension (~5:1
cells:microspheres) to allow for monitoring of cell survival
as described in the cell accounting procedure given
below.

Experimental Metastasis Assay

Female C57BI/6 mice (Harlan Sprague-Dawley, India-
napolis, IN) aged 6 to 8 weeks, syngeneic to B16F1 cells,
were cared for in accordance with standards of the Ca-
nadian Council on Animal Care, under an approved pro-
tocol of the University of Western Ontario Council on
Animal Care. Mice were anesthetized using a ketamine/
xylazine mixture (1.6 mg of ketamine and 0.08 mg of
xylazine per 15 g of body mass) administered by intra-
peritoneal injection. A suspension of 3 X 10° fluores-
cently labeled B16F1 cells and 6 X 10* microspheres in
0.2 ml of a-plus MEM supplemented with 10% FCS was
injected into the superior mesenteric vein of each mouse
to target the liver as described.' Buprenorphrine anal-

gesic (0.02 to 0.04 mg/kg) was administered subcutane-
ously as mice awoke and also 18 hours after surgery.

At 13 days after injection, mice were sacrificed by CO,
asphyxiation. Livers were examined for visible surface
tumors (mass, tumor number, and tumor size) and then
fixed in 10% neutral buffered formalin (pH 7.6). Three of
the livers were randomly chosen and grossly sectioned
(~1 mm thick) using a scalpel to determine whether there
were any tumors present in the interior that were not
visible when examining the liver surface. The remaining
livers were examined using the cell accounting proce-
dure described below.

Intravital Videomicroscopy

The procedure for intravital videomicroscopy of mouse
liver has been described previously.'®"” Briefly, mice
were anesthetized with sodium pentobarbitol (60 mg/kg
intraperitoneally), after which the liver was exposed and
the mouse placed on a viewing platform on the stage of
an inverted epifluorescence microscope (Nikon Diaphot
TMD). A fiber optic light source provided oblique transil-
lumination, resulting in high-contrast views of the liver
microvasculature along with associated cells and tissues.
Images were obtained using a video camera, viewed on
a video monitor, and recorded on SVHS videotape. Body
temperature was monitored and maintained at 37°C, and
anesthesia was maintained with supplemental adminis-
tration of sodium pentobarbitol as required. At the end of
each experiment, the animal was killed by anesthetic
overdose, and the liver was removed and fixed in 10%
neutral buffered formalin.

Mice that had been injected with cancer cells, as de-
scribed above for the experimental metastasis assay,
were observed at either of two time points: immediately
(15 to 90 minutes) after injection or 3 days later. The
injected B16F1 cells were assessed as being wholly in-
travascular, in the process of extravasating, or extravas-
cular. Individual cells were positively identified by their
fluorescence and/or melanin content. Intravital videomi-
croscopy was also used for cell accounting ' (see below)
in the superficial regions of the liver, as it is possible to
optically slice to a depth of ~50 um below the surface.
The numbers of multicellular foci (4 to 16 cells) present at
day 3 were also quantified. Although other workers have
previously visualized such early micrometastases from
lacZ-transfected gastric carcinoma cells using B-galacto-
sidase-stained liver sections,'® in the present study we
were able to quantify early micrometastases in vivo, visi-
ble due to their melanin content, using intravital videomi-
Croscopy.

Cell Accounting in Tissues

To determine the proportions of the injected cancer cells
that extravasate and survive in the tissue, form microme-
tastases, or develop into tumors, it is necessary to ex-
press the number observed in a tissue sample relative to
the number of cells originally entering that volume. We
recently developed a cell accounting technique for this



purpose, based on the standard method for measuring
distribution of blood flow,"® and used it with in vivo video-
microscopy to determine the 24-hour survival of mela-
noma cells in chick embryo CAM."° Inert microspheres
(nonfluorescent) that remain trapped by size restriction
within the microcirculation are injected together with the
cancer cells, providing a reference standard for monitor-
ing cell survival at various times later. In mouse liver,
cancer cells injected intraportally become arrested by
size restriction in periportal sinusoids,'® which have a
diameter of 5.9 + 0.87 wm (mean *+ SD).?° Therefore, to
ensure trapping of all of the reference microspheres in
sinusoids, the microspheres should be not less than ~8.5
wm in diameter. (This size represents 3 SDs above sinu-
soidal mean diameter, and therefore only 1 in 1000 ves-
sels would be expected to allow a microsphere to pass
through.) We were able to obtain 10.2-um polystyrene
microspheres with a very narrow range of diameters
(0.1 wm SD; Bangs Laboratories, Fishers, IN), and us-
ing in vivo videomicroscopy we verified, by direct obser-
vation, that all microspheres entering the liver microcir-
culation after intraportal injection immediately became
trapped in sinusoids. No microspheres were ever ob-
served passing through the sinusoids to the hepatic ve-
nous outflow.

To confirm that the microspheres remained trapped in
the liver on a long-term basis, livers from four mice at
each of three different time points (90 minutes and 3 and
13 days after injection) were examined to determine
whether the number of microspheres per unit volume of
tissue stayed constant over time. Formalin-fixed livers
were cut to 30-um-thick sections using a Vibratome Se-
ries 1000 sectioning system (Technical Products Interna-
tional, St. Louis, MO). Sections were mounted on a num-
ber 1 coverglass and viewed using the microscope
described above. One section from each lobe of the liver
was analyzed to count the number of microspheres. The
10.2-um nonfluorescent microspheres were readily seen
due to their high refractive index as well as their distinc-
tive spherical shape. The area, and consequently the
volume, of each section was determined, allowing a mi-
crosphere density to be calculated.

For cell accounting experiments, microspheres were
included in the melanoma cell suspension to be injected
into the mouse, at a concentration of 3 X 10° micro-
spheres/ml (~5:1 cells:microspheres). We estimate that
after the injection (0.2 ml per mouse) less than 1% of all
periportal sinusoids are blocked by a microsphere; no
general disruption of blood flow occurs, as downstream
sinusoids are supplied by collateral flow. To determine
the exact ratio of cells:microspheres in the syringe before
injection, a drop of the suspension was placed on a
coverglass and the numbers of cells and microspheres
observed in eight fields of view (20X objective) were
recorded. Cells remained uniformly dispersed and cell
clumping was not observed. Only those cells that main-
tained membrane integrity, tested by exclusion of
ethidium bromide'® (=95%) were used in calculating the
cell:microsphere ratio. To quantify the percentage of in-
jected melanoma cells surviving in the liver, the cell:
microsphere ratio in the organ at 90 minutes and 3 and 13
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days after injection was compared with the ratio in the
syringe before injection.’® The percentage cell survival
was calculated as the (cell:microsphere ratio in liver after
injection)/(cell:microsphere ratio in syringe before injec-
tion) X 100.

To determine cell survival throughout the liver, at the
three time points after injection, formalin-fixed livers were
cut to 30-um-thick sections and examined as described
above; a minimum of four sections per liver, transecting
the whole organ at different positions, were examined.
The numbers of B16F1 cells and 10.2-um microspheres,
along with micrometastases present at days 3 and 13,
were recorded. Individual melanoma cells were positively
identified by their fluorescence and/or melanin content;
micrometastases observed at days 3 and 13 always dis-
played melanin. It should be noted that it is the ratio of
cells/microspheres that matters, not the actual numbers
of cells or microspheres. The actual numbers counted will
depend on the total areas of the sections of liver ob-
tained, and there is typically a certain amount of variabil-
ity in the distribution within the liver of any cell suspension
injected intraportally. However, in our cell accounting
procedure, this variability is controlled for by the co-
injection of the microspheres with the cells. Confirmation
of the technique using thick sections was accomplished
by performing cell accounting in vivo using videomicros-
copy immediately after injection and at day 3. This al-
lowed for a comparison of cell survival values determined
from intact livers in vivo versus those from liver sections.
Whenever multicellular foci were observed, either as mi-
crometastases or macroscopic tumors, it was assumed
that they originated from a single cell, as metastases
have been shown to be clonal in origin.?’~23 Thus, the
percent cell survival data obtained for days 3 and 13
represent minimal values.

Immunohistochemistry

Livers from three mice that had been injected with B16F1
cells 2 weeks previously (as described above) were fixed
in 10% NB formalin for 24 hours and embedded in par-
affin according to standard histological procedures. Se-
rial sections (4 uwm) were cut from two blocks from each
liver and stained as follows: section 1 with Harris’ hema-
toxylin and eosin (H&E), section 2 using the TUNEL assay
(TdT-mediated dUTP nick-end-labeling) to assess apo-
ptosis, section 3 with S100 (polyclonal antibody; Dako
Z311) to identify melanoma cells, and section 4 with Ki-67
(monoclonal antibody; Novocastra NCL-Ki67-MM1) to as-
sess proliferation. First, the sections stained with S100
were examined to identify melanoma cells. These cells
were then assessed in the adjacent serial sections for
markers of apoptosis and proliferation. Eight such sets of
serial sections were examined from each tissue block,
the six blocks yielding a total of 48 sections for each
stain. The percentages of melanoma cells staining posi-
tive for TUNEL or Ki-67 were determined for 1) solitary
cells within the tissue and 2) cells within tumors.
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TUNEL Assay (after Gavrieli et al*?)

Deparaffinized sections were pretreated with protein-
ase K (20 pg/ml) for 15 minutes, endogenous peroxidase
was inactivated using 3% hydrogen peroxide in methanol
for 3 minutes, TdT (0.3 U/ul) and biotinylated dUTP were
added, and the sections were incubated at 37°C for 60
minutes. Extra avidin peroxidase was applied for 30 min-
utes at 37°C. The sections were stained using an AEC
(3-amino-9-ethylcarbazole) kit (Sigma), including a posi-
tive control that had been treated with DNAse |.

Ki-67 Staining*®

Deparaffinized sections were pretreated two times in a
microwave oven for antigen retrieval (3 minutes on high
power and 7 minutes on low power in 10 mmol/L citrate
buffer), 3% hydrogen peroxide was used to block endog-
enous peroxidase activity, nonspecific binding was
blocked by incubating slides with normal goat serum,
Ki-67 antibody was applied (1/150 dilution) overnight at
room temperature, and positive staining was detected by
incubating with a biotinylated secondary antibody fol-
lowed by streptavidin-biotin peroxidase complex, ac-
cording to the manufacturer’s protocol (LSAB2 kit, Dako).
Slides were counterstained with Mayer’'s hematoxylin.
Positive and negative controls were also included.

S100 Staining ?°

The same protocol was followed as for Ki-67, except
that the Envision kit (Dako), employing peroxidase-la-
beled polymer conjugated to anti-mouse and anti-rabbit
immunoglobulins, replaced biotinylated secondary anti-
body and streptavidin peroxidase reagents. A 1/400 di-
lution of the primary antibody was applied for 2 hours.

Statistical Analysis

Statistical analysis was performed using SigmaStat for
Windows v1.0 (Jandel Scientific, San Rafael, CA). All
analyses were based on the number of mice. Differences
between means were determined using the t-test when
groups passed both a normality test and an equal vari-
ance test. When this was not the case, the Mann-Whitney
rank sum test was used. A one-way analysis of variance
was used to test whether the number of microspheres per
unit volume of liver tissue changed with time. A level of
P < 0.05 was regarded as statistically significant.

Results

To investigate the multistep nature of metastatic ineffi-
ciency in the mouse liver model, we quantified cell arrest
and extravasation using intravital videomicroscopy, de-
termined survival of cells and micrometastases by means
of a cell accounting assay using reference microspheres,
and assessed dormancy of cells by immunohistochem-
istry.

Figure 1. Intravital videomicroscopic views of B16F1 melanoma cells in
mouse liver. a: Intravascular melanoma cell (*) arrested due to size restriction
within a sinusoid (S), shown 45 minutes after injection. Blood flow is blocked
(=) in the region immediately downstream from the cell; sinusoids further
downstream are being supplied by collateral flow. b: Micrometastasis (M) at
the liver surface 3 days after cell injection, displaying melanin. A microsphere
(=), slightly below the plane of focus, is also visible. Scale bars, 20 um.

Cell Arrest and Extravasation

The fate of melanoma cells immediately after intraportal
injection and 3 days later was studied by direct observa-
tion in vivo using videomicroscopy. All cells became ar-
rested by size restriction in liver sinusoids of acinar zone
1, near the ends of terminal portal venules. A total of 280
cells were observed in vivo during 15 to 90 minutes after
injection (n = 5 mice), at which time only 1 cell had begun
the process of extravasation; all other observed cells
were wholly intravascular (Figure 1a). A total of 185 cells
were observed in vivo at 3 days after injection (n = 5
mice), of which only 1 cell remained completely intravas-
cular, 3 were in the process of extravasation, and all other
cells were entirely extravascular. The above numbers
were expressed as the percentage of observed cells and
multiplied by percent cell survival (see below) to convert
the results into percentage of injected cells. Thus, at 90
minutes, 87.3% of the injected B16F1 cells remained
completely within the microvasculature, whereas by 3
days, the vast majority of injected cells (82.1%) had
extravasated into the surrounding tissue.



Survival of Solitary Cells after Successful
Extravasation

We were able to express counts of cells, micrometasta-
ses, and tumors relative to the absolute number of cancer
cells injected, rather than the number observed at any
given time in the tissue, by including reference micro-
spheres with the tumor cell suspension injected into the
circulation. This cell accounting assay depends on all of
the injected microspheres remaining trapped in the liver
over the entire course of the study, and to verify this,
additional analyses were performed. We determined the
numbers of microspheres per cubic millimeter of tissue at
90 minutes (32.7 = 19.5 (SD)), 3 days (58.6 = 12.5), and
13 days (37.6 = 14.5) after injection, from examination of
30-um-thick sections of livers from four mice at each time
point. These results show that there was no overall loss of
microspheres during the experimental period (P = 0.10;
analysis of variance).

The liver was sampled through its whole thickness by
counting cells and microspheres in thick sections to as-
sess cell survival. The total percentages of injected
B16F1 cells surviving at 90 minutes, 3 days, and 13 days
were 87.4%, 83.4%, and 36.2%, respectively. (The per-
centage cell survival values obtained by intravital video-
microscopy at 90 minutes and 3 days did not differ sig-
nificantly from the above values obtained from tissue
sections; P = 0.31.) The 12.6% loss during the first 90
minutes was significant (P < 0.01), but the additional 4%
loss over the next 3 days was not (P = 0.21), suggesting
that any early cancer cell loss occurred soon after injec-
tion. By day 13, cell survival was significantly lower than
at the other two time points (P < 0.01), showing that
additional loss had occurred after extravasation. Despite
this loss, more than one-third of injected cells still re-
mained in the liver at day 13.

At 90 minutes after injection, all surviving cells were
found within periportal sinusoids as solitary cells. At both
days 3 and 13, most of the injected cells remaining were
found in the extravascular tissue as solitary cells, and
very few had formed micrometastases or macroscopic
tumors (see below). The percentages of injected cells
present as solitary cells at the three time points are shown
in Figure 2; 87.4% remained at 90 minutes (n = 5 mice;
the sections used for analysis contained a total of 6271
solitary cells and 1403 reference microspheres), 81.4%
remained at day 3 (n = 5 mice; 5570 solitary cells, 1299
microspheres), and 36.1% remained at day 13 (n = 5
mice; 1445 solitary cells, 836 microspheres). Thus, al-
most 2 weeks after injection, more than one-third of the
cells still survived within the liver as solitary extravasated
cells.

Limited Survival of Early Micrometastases

By day 3, some cells had developed into micrometasta-
ses, all consisting of 4 to 16 cells (see example, Figure
1b). Although the vast majority of injected cells success-
fully extravasated (82.1%), only 2.04% began to replicate
(Figure 3; n = 5 mice, 126 micrometastases). At day 13,
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Figure 2. Survival of solitary melanoma cells in mouse liver after intraportal
injection, assessed in thick tissue sections by a novel cell accounting tech-
nique. The loss of cells during the first 90 minutes was significant (P < 0.01),
but the additional loss over the next 3 days was not (P = 0.21). By day 13,
cell survival was significantly lower than at the other two time points (P <
0.01) but still amounted to more than one-third of the cells originally injected.
Error bars represent SD.

when 36.1% of injected cells were still present in the
tissue as solitary cells, only 0.07% of injected cells were
present as micrometastases (Figure 3; n = 5 mice, 3
micrometastases). Thus, between days 3 and 13 the
number of early micrometastases decreased by a factor
of 29. In contrast, during this same interval, the number of
solitary cells fell by only a factor of 2.3 (Figure 2). These
ratios indicate that the rate of loss of micrometastases
was more than an order of magnitude greater than that for
solitary cells.

The metastasis assay showed that only 0.018% =
0.017% (SD) of the injected cells had formed macro-
scopic tumors on the liver surface by day 13 (Figure 3;
n = 8 mice; numbers of tumors per liver were 4, 4, 5, 49,
65, 69, 72, and 151). To address whether in our model
tumors also develop in the interior of the liver, three of the
livers (randomly chosen) were grossly sectioned to ~1
mm thick using a scalpel. Forty of these sections (two
sides per section) examined under a dissecting micro-
scope showed only 1 tumor in the interior of the liver (not
visible by examining the liver surface) versus 76 at the
surface. This confirms that counting the number of B16F1
tumors on the liver surface gives an accurate picture of
the number present in the whole organ.

Dormancy of Solitary Cancer Cells after
Extravasation

To determine whether the cancer cells remaining in liver
tissue as solitary cells 2 weeks after injection were dor-
mant, we used immunohistochemistry to stain serial tis-
sue sections with (in order): H&E, TUNEL to assess ap-
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Figure 3. Survival of injected melanoma cells as multicellular foci in liver,
assessed in thick sections by the cell accounting technique. Only 2% of
injected cells had formed micrometastases (4 to 16 cells) by day 3, and most
of these had disappeared by day 13. Only 1 in 100 of the micrometastases,
representing 0.02% of injected cells, had continued to grow into macroscopic
tumors by day 13 (which virtually all form at the liver surface). Error bars
represent SD.

optosis, S100 to identify melanoma cells, and Ki-67 to
assess proliferation. When a melanoma cell was identi-
fied by S100, the adjacent serial sections were examined
to determine whether this cell was undergoing apoptosis
or proliferation. The micrographs in Figure 4 show exam-
ples of solitary cells (and tumors) stained with S100,
TUNEL, and Ki-67. A total of 174 solitary cancer cells
were found, and of these, only 5 (3%) stained with TUNEL
and 3 (2%) with Ki-67 (Figure 5). Thus, 166 of these
solitary cells (95%) showed no evidence of either apo-
ptosis or proliferation, indicating that they were dormant.
The sections also showed six small tumors, ranging in
size from 0.45 X 0.15 mm to 2.8 X 1.4 mm (consisting of
~200 to 2000 cells in a section). The proportion of cells
within these tumors that stained with TUNEL was 6 =
2.7% (mean = SD) and for Ki-67 was 90.7 + 6.8% (Figure
5). Thus, only 3.3% of cancer cells within tumors were
dormant, ie, displayed no evidence of either apoptosis or
proliferation. This low level of dormancy for cells within
tumors stands in marked contrast to the very high level of
dormancy (95%) that was found for solitary cells.

Discussion

Traditional approaches to study hematogenous metasta-
sis do not enable one to directly observe the metastatic
process in vivo, and conclusions often have been based
on reasonable inferences instead of primary observa-

tions. In the present study we used in vivo videomicros-
copy in a mouse liver metastasis model, together with a
cell accounting technique and immunohistochemistry, to
investigate the multistep nature of metastatic inefficiency.
The liver is an organ of great clinical importance, as many
cancers, especially those of the splanchnic organs (eg,
colorectal, pancreatic, and ovarian cancer), metastasize
to the liver. This study is the first to quantify the propor-
tions of injected cells remaining at progressive stages of
the metastatic process: cell arrest in the microcirculation,
extravasation, and growth into early micrometastases
and macroscopic tumors.

Our overall findings are summarized as a flow chart in
Figure 6, showing the multistep nature of metastatic inef-
ficiency. The majority (>80%) of injected cells survived
the initial phase within the circulation and had success-
fully extravasated by day 3. Very few of these extrava-
sated cells divided and formed colonies; only 1 in 40 had
formed micrometastases (4 to 16 cells) by day 3. Further-
more, few of the micrometastases continued to grow; only
1 in 100 micrometastases progressed to form macro-
scopic tumors by day 13, whereas most micrometastases
had disappeared. More than one-third of the extrava-
sated cells were still present in the tissue at day 13, as
solitary cancer cells, most of which were dormant. As
shown in Figure 5, only 5% of solitary cells were under-
going either proliferation or apoptosis, in contrast to a
value of 97% for cells within macroscopic tumors. Loss of
injected cells occurred in two phases: a rapid loss of just
over 10% within the microvasculature by 90 minutes fol-
lowed by a slow loss of 50% within the extravascular
tissue by 2 weeks (the 4% loss between 90 minutes and
3 days was not statistically significant).

Cancer cell destruction in the microcirculation and an
inability to extravasate have been considered rate-limit-
ing steps in metastasis and major contributors to meta-
static inefficiency.*®27-2° In studies using nuclear label-
ing of cells with a radioactive thymidine analogue, rapid
destruction of most injected cells has been inferred from
residual radioactivity in organs (see, eg, Refs. 5 and 30).
However, by direct videomicroscopic observation of in-
dividual cancer cells in vivo, we have observed such
massive destruction of injected cells only when they were
labeled with a nuclear stain but not when a cytoplasmic
label was used."®'® In the present study, individual cells
labeled with cytoplasmic fluorescent nanospheres were
observed both in vivo and in tissue sections, and cell loss
within the microcirculation was limited to just over 10%.
Furthermore, by 3 days, over 80% of injected cells had
successfully extravasated into the tissues. These results
are consistent with our previous findings in chick embryo
CAM."" Thus, our studies indicate that, in both chick
CAM and mouse liver, early cell destruction in the micro-
circulation and an inability of cells to extravasate are not
major contributors to metastatic inefficiency.

Contrary to what has been generally thought, only a
small percentage of the cancer cells that succeeded in
extravasating went on to form tumors. Only 1 in 40 ex-
travasated cells had formed micrometastases by day 3,
and the rest remained in liver tissue as solitary cells. This
indicates that a major contributor to metastatic ineffi-



Multistep Nature of Metastatic Inefficiency 871
AJP September 1998, Vol. 153, No. 3

Figure 4. Immunohistochemical staining of liver sections to assess apoptosis or proliferation of melanoma cells at 2 weeks after injection. a—d: Serial sections
showing macroscopic tumor (T) and normal tissue (N). Bar, 100 um. a: Hematoxylin and eosin. b: TUNEL assay shows that very few cells within the tumor were
undergoing apoptosis. (The DNAse-positive controls, not shown, exhibited staining of virtually all cell nuclei.) ¢: $100 Ab identifies melanoma cells, which in this
field of view were present only within the tumor. d: Ki-67 Ab shows that most cells within the tumor were proliferating. e: Examples of solitary melanoma cells
(=) in normal tissue adjacent to a tumor (T), identified by S100 staining. These solitary cells did not stain with TUNEL or Ki-67 (data not shown), indicating that
they were dormant. Bar, 50 um. f and g: Examples of solitary melanoma cells (—) undergoing apoptosis. Serial sections; bar, 50 um. Two cells identified by S100
(f) also stained positively with TUNEL (@), indicating apoptosis.
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Figure 5. Percentages of melanoma cells undergoing apoptosis (TUNEL
stain) or proliferation (Ki-67 stain) for solitary cells versus cells in tumors, at
2 weeks after injection. Data obtained by quantification from serial sections
(see Figure 4) show dramatic differences in proliferation for solitary cells
versus cells in tumors but very low levels of apoptosis in both instances.
These results indicate that 95% of solitary cells were dormant versus only 3%
in tumors.

ciency was failure of extravasated cells in the target
organ to initiate growth. However, initiation of growth
cannot fully account for metastatic inefficiency, as only 1
in 100 of the micrometastases that formed by day 3
actually went on to form macroscopic tumors. Thus, an-
other major contributor to metastatic inefficiency was the
failure of micrometastases to continue growth into mac-
roscopic tumors.

What, then, is the fate of solitary cells and microme-
tastases that do not go on to form tumors? Our results

Time Solitary  Micrometastases Tumors| Total
(p.i.) cells (4-16 cells) Loss (%)
0 100% —{ Inject 3x10° B16F1 celis || ©
90 min 87.4 12.6
.
3d 81.4: .. 2.04‘ 16.6
~’.~".~.;'. ~~~.
a v - ; “
13d 36.1 0.07 0.02 63.8

Figure 6. Flow chart summarizing survival data shows the multistep nature of
metastatic inefficiency: percentages of injected cells remaining as solitary
cells, or forming micrometastases or macroscopic tumors, at different times
after injection (p.i.). (At 90 minutes, >85% of injected cells were intravascu-
lar, whereas by 3 days, >80% had completed extravasation.) Note the slow
loss of solitary cells with time. Dotted arrows indicate possible origins of
micrometastases and macroscopic tumors. Two distinct steps after extrava-
sation were principal determinants of metastatic inefficiency: failure of soli-
tary cells to initiate growth and failure of micrometastases to continue growth
into macroscopic tumors.

show that, although a slow loss of cells occurred with
time, by day 13 over one-third of injected cells re-
mained in the liver as solitary extravasated cells, of
which only 5% were undergoing either proliferation or
apoptosis. Thus, we conclude that 95% of these soli-
tary cancer cells were dormant. It is conceivable that
this large pool of dormant cells had the potential to be
activated at some later time, which would be consistent
with clinical evidence that human malignancies can
recur years after apparently successful treatment of a
primary tumor.®"*2 In contrast to the relatively high
survival of solitary cancer cells in tissue at day 13, our
results show a very low survival for early micrometas-
tases. Only 3.5% of the micrometastases present at
day 3 still remained by day 13, and 1% had developed
into macroscopic tumors, whereas the remainder had
disappeared. This means that the loss of micrometas-
tases occurred at a 10-fold greater rate than the loss of
solitary cells, suggesting that cancer cells that begin to
divide in vivo are much more vulnerable to destruction
than solitary cells in an inactive state.

Tumor dormancy is a well established concept, refer-
ring to the failure of some small tumors (=1 to 2 mm
diameter) to increase further in size because of an ab-
sence of angiogenesis.®® Recent evidence shows that
such dormancy can arise from balanced proliferation and
apoptosis within the tumor.®* Our finding that 95% of the
large pool of solitary cancer cells in the liver at 2 weeks
were neither proliferating nor undergoing apoptosis rep-
resents an additional concept of dormancy, applied to
single tumor cells. If these cells have the potential to be
activated at a later time and commence growth, they
would be analogous to time bombs hidden within the
tissue. If this situation also applies clinically, then it will be
important to learn how to control these potentially activat-
able cells. Because these cells have a low proliferative
index, they would be unaffected by therapies directed
against dividing cells. Growth of tumor cells immediately
after extravasation or after a period of cellular dormancy
is regulated by a combination of factors inherent to indi-
vidual cells and the microenvironment in which they are
located (eg, growth factors, hormones, extracellular ma-
trix35-37). Whether the continued growth of early micro-
metastases is regulated similarly is not yet clear, but it is
known that growth of larger metastases (>1 to 2 mm)
depends on angiogenesis®® as well as immune regula-
tion.3® Our results point to the initiation and maintenance
of growth of micrometastases, as well as activation of
dormant solitary cells, as key targets against which ther-
apeutic strategies should be directed.
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