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Abstract Progression from a primary tumor to distant me-
tastases requires extensive interactions between tumor cells
and their microenvironment. The primary tumor is not only
the source of metastatic cells but also can also modulate host
responses to these cells, leading to an enhancement or inhi-
bition of metastasis. Tumor-mediated stimulation of bone
marrow can result in pre-metastatic niche formation and
increased metastasis. However, a primary tumor can also
inhibit metastasis through concomitant tumor resistance—
inhibition of metastatic growth by existing tumor mass.
Here, we report that the presence of a BI6F10 primary tu-
mor significantly restricted numbers and sizes of experi-
mental lung metastases through reduction of circulating
platelets and reduced formation of metastatic tumor cell-
associated thrombi. Tumor-bearing mice displayed spleno-
megaly, correlated with primary tumor size and platelet
count. Reduction in platelet numbers in tumor-bearing ani-
mals was responsible for metastatic inhibition, as restora-
tion of platelet numbers using isolated platelets re-
established both tumor cell-associated thrombus formation
and experimental metastasis. Consumption of platelets due
to a B16F10 primary tumor is a form of concomitant tumor
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resistance and demonstrates the systemic impact of a grow-
ing tumor. Understanding the interplay between primary
tumors and metastases is essential, as clarification of con-
comitant tumor resistance mechanisms may allow inhibi-
tion of metastatic growth following tumor resection.

Key messages

*  Mice with a primary B16F10 tumor had reduced metasta-
sis vs. mice without a primary tumor.

e Tumor-bearing mice had splenomegaly and fewer plate-
lets and tumor-associated thrombi.

* Restoring platelets restored tumor-associated thrombi and
increased metastasis.

»  This work shows the impact that a primary tumor can have
on systemic metastasis.

* Understanding these interactions may lead to improved
ways to inhibit metastasis.

Keywords B16F10 melanoma - Metastasis - Coagulation -
Platelet - Concomitant tumor resistance

Introduction

The evolution of metastatic disease from a primary tumor
occurs though a series of essential steps—tumor cell invasion
and intravasation, arrest in a distant capillary bed, extravasa-
tion and growth initiation in the secondary organ, and
sustained growth with recruitment of a new vasculature [1].
Survival of metastatic cells during each of these steps depends
on complex interactions with and evasion of host responses to
both the primary tumor and metastatic cells [2, 3]. The poten-
tial for a primary tumor to inhibit development of distant me-
tastases has long been acknowledged, with clinical evidence
of massive metastatic outgrowth following removal of
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multiple primary tumor types [4, 5]. The mechanism behind
this process of “concomitant tumor resistance,” the ability of a
primary tumor to restrict the development of a second tumor,
has not been resolved [6—8]. Better understanding of concom-
itant tumor resistance might lead to novel approaches to in-
hibit metastasis through supplementation or depletion of fac-
tors to mimic the presence of a primary tumor, and thereby
continue secondary tumor growth restriction after primary tu-
mor resection.

Three hypotheses have been proposed to explain the pro-
tection from metastatic growth by a primary tumor [9]: con-
comitant immunity, whereby a primary tumor may prime the
host immune system and enhance clearance of metastatic
cells; production of inhibitory factors (anti-mitogenic or anti-
angiogenic) from the primary tumor which prevent growth of
the secondary tumors; and athrepsia, the depletion of required
systemic factors by the primary tumor thereby preventing met-
astatic establishment. Investigation of concomitant tumor re-
sistance led to the discovery of anti-angiogenic factors pro-
duced by a primary tumor that are capable of preventing an-
giogenesis in secondary tumors [10—13]. Concomitant immu-
nity has been found to occur only in highly immunogenic
tumor types, such as those arising following chemical insult,
and only while those tumors remained small (<500 mm®) [14],
unless animals were depleted of specific regulatory T cells
[15]. The concept of athrepsia as it applies to metastatic
growth has not been well investigated to date [7, 9].

It is well established that coagulation factors are essential to
successful metastasis formation [16], especially for B16 mu-
rine melanoma cell lines [17-19]. Our group and others have
shown that elimination of individual coagulation factors re-
stricts pulmonary metastasis formation [17, 20-23], in part by
allowing increased NK immune cell killing of tumor cells [19,
24, 25]. Stabilization of cell surface thrombi using the serine
protease inhibitor aprotinin increased metastasis formation
due to sustained interaction between thrombi and metastatic
B16F10 cells [17]. B16F10 cells express tissue factor (TF)
and are individually capable of activating the coagulation cas-
cade [26]. Thus, it was hypothesized that cells within a
B16F10 primary tumor may stimulate thrombus formation
and may deplete systemic coagulation factors such as plate-
lets. Platelets have long been hypothesized to support cancer
progression and have been linked to increasing formation of
metastases through increasing many important facets of me-
tastasis, including sustained cell arrest and survival in the vas-
culature, extravasation, and proliferation in secondary tissues
[19, 27-29]. Given that tumor cell-associated thrombi are es-
sential for successful metastatic progression, we hypothesized
that the presence of a BI6F10 primary tumor in a mouse
model would therefore restrict lung metastasis.

Here, we analyzed the effect of a B16F10 primary tumor on
metastasis formation. We found a significant inhibition of lung
metastasis formation following a secondary intravenous
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injection of B16F10-LacZ cells in primary tumor-bearing
mice. This decrease was due to reduced thrombus formation
at the metastatic site (lung) caused by a significant reduction in
circulating platelet numbers. Re-constitution of platelet counts
in tumor-bearing mice using isolated murine platelets restored
cell surface thrombi and led to equivalent metastasis forma-
tion in tumor-bearing and tumor-naive mice.

Material and methods
Cell culture

B16F10-LacZ [17] and B16F10 murine melanoma cells
(American Type Culture Collection, Manassas, VA, USA)
were maintained in «-minimal essential media (Invitrogen,
Burlington, Canada), supplemented with 10 % fetal bovine
serum (Sigma, Mississauga, Canada), and 1 mg/ml
hygromycin (Invitrogen, B16F10-LacZ only). For injection
into mice, cells were trypsinized from 70 to 80 % confluent
plates and suspended in cold, sterile Hanks Balanced Salt
Solution (HBSS, Invitrogen) to a final concentration of
5x10°/mL.

Experimental metastasis model

Female C57Bl/6 mice (67 weeks old, Charles River) were
lightly anesthetized with isoflurane and 100 ul of the B16F10
cell preparation (primary tumor group) or cell vehicle (HBSS,
tumor-naive group) was injected orthotopically into the der-
mis (i.d.) on the right hind flank. Tumor growth was evaluated
by measurement with calipers in two perpendicular dimen-
sions, and the tumor volume was estimated using the follow-
ing formula volume=0.52 (width)*(length), for approximat-
ing the volume (mm?®) of an ellipsoid. Primary tumors were
allowed to grow for 16 days, at which time B16F10-LacZ
cells were trypsinized from 70 to 80 % confluent plates and
suspended in cold, sterile HBSS. Unanesthetized tumor-
bearing and tumor-naive mice then received an intravenous
(i.v.) injection of 5% 10° cells in 100 ul HBSS via the lateral
tail vein. Animals were sacrificed 6 days following i.v. injec-
tion and lung tissue was isolated, stained for (3-galactosidase
activity and the number of lung surface metastases quantified
as previously described [17].

For platelet restoration studies, 100 pl of the platelet sus-
pension (see “Platelet isolation and preparation” section) or
vehicle was injected via the lateral tail vein 5 min prior to i.v.
B16F10-LacZ cell injection. Animals were sacrificed 6 days
following i.v. injection and lung tissue was isolated, stained
for (3-galactosidase activity, and the number of lung surface
metastases quantified.

All mice were 7-8 weeks of age at the time of injection and
were cared for in accordance to the Canadian Council on
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Animal Care, under a protocol approved by the University of
Western Ontario Council on Animal Care.

Quantification of lung metastases

To enable visualization of lung metastases, mice were eutha-
nized 6 days following i.v. cell injection and whole lungs
placed in phosphate buffer (0.1 M sodium phosphate mono-
basic, 0.1 M sodium phosphate dibasic, pH 7.3), on ice. Lungs
were stained with X-gal (Bioshop, Burlington, Canada) solu-
tion as described [17] to visualize LacZ-expressing cells. The
total number of surface-visible metastases was determined on
intact lung lobes using a stereomicroscope. Area of individual
lung metastases was determined using the Axiovert 200M
microscope and Axiocam HRC camera utilizing Axiovision
4.6 software. Linear length and width of each metastasis was
determined, and area of each was estimated by assuming an
approximately elliptical shape and using the formula:
7t X length x width/4.

Assessment of circulating platelet numbers

Sixteen days after hind flank injection of cell vehicle or
B16F10 cells, tumor-naive and B16F10 primary tumor-
bearing mice were anesthetized with isoflurane and blood
was drawn by cardiac puncture using a heparinized syringe
and collected into purple top (EDTA) 2-mL tubes (BD
Biosciences, Mississauga, Canada). The number of platelets
was determined on a Coulter LH 780 Hematology analyzer.
The normal platelet count seen in mice is 1000—1500 x 10°/pl,
but the number quantified on clinical hematology analyzers is
frequently underestimated due to the smaller size of murine
platelets [30]. To ensure that this did not skew our data, all
quantifications were performed on the same machine. For
platelet re-constitution studies, mice received an i.v. injection
of platelets 5 min prior to cardiac puncture and blood collec-
tion as above to determine the number of platelets present
when B16F10-LacZ cells would be delivered.

Platelet isolation and preparation

For platelet re-constitution experiments, blood was obtained
from female C57Bl/6 retired breeders (30-35 g) under
isoflurane anesthetic via cardiac puncture using citrated
3-mL syringes. Blood was collected into 2-mL Eppendorf
tubes with citrate-dextrose solution (0.1 M trisodium citrate,
0.11 M dextrose, 71 mM citric acid monohydrate) at 1:9 cit-
rate-dextrose/blood ratio. Platelets were isolated using a dif-
ferential centrifugation protocol based on Musaji et al. [31].
Briefly, whole blood was centrifuged at 220g for 6 min at4 °C
and platelet-rich (PR) upper layer was collected. Cold, buff-
ered saline glucose citrate (BSGC 8.6 mM Na,HPQOy,, 1.6 mM
KH,PO,4, 0.12 M NaCl, 0.9 mM EDTA, 13.6 mM NaCitrate,

11.1 mM D-Glucose, pH 7.3) was added to each tube to
1.75 mL and inverted to mix. PR upper layer was collected
following another 220g spin for 6 min at 4 °C. This step was
repeated once more. PR suspensions were pooled and centri-
fuged at 1613g for 15 min at 4 °C to pellet platelets.
Supernatant was discarded and platelets were resuspended in
1 mL cold BSGC. To isolate platelets from other cellular com-
ponents, the platelet suspension was centrifuged at 220g for
6 min at 4 °C and PR suspension was transferred to a clean
Eppendorf tube. Platelets were pelleted at 1613g for 10 min at
4 °C and supernatant discarded. Platelets were then resuspend-
ed to appropriate volume in BSGC for immediate injection. To
confirm that platelets had not become activated during the
isolation procedure, a small aliquot was removed from the
final suspension to be tested. Only after the addition of throm-
bin did the platelets clump and the previously cloudy suspen-
sion become clear. Animals received a 100-ul i.v. injection
that contained platelets concentrated from 3 or 6 mL of whole
murine blood. Only those vials that showed no evidence of
coagulation were used for platelet isolation.

Analysis of coagulation using confocal microscopy

To enable analysis of coagulation in vivo, confocal microsco-
py was performed using a previously developed technique
[17]. B16F10-LacZ cells were labeled in vitro using 5-
chloromethylfluorescein diacetate, Cell Tracker Green
(CMFDA, Molecular Probes, Burlington, Ontario, Canada),
according to the manufacturer’s instructions. Ten minutes be-
fore cell injection, animals received intravenous injection of
0.12 mg AlexaFluor647-conjugated fibrinogen (Molecular
Probes) in 80 ul sodium bicarbonate, pH 8.3. Four hours fol-
lowing cell injection, animals were euthanized by an intraper-
itoneal injection of xylazine/ketamine (5.2 mg ketamine and
0.26 mg xylazine per 20 g body mass). The lung was cleared
of' blood by gravity perfusion of HBSS through the right ven-
tricle of the heart. “Flow through” perfusate left the body via a
puncture made in the left atrium. Lungs were perfused for
2 min, excised and frozen at —80 °C to allow for later analysis
by confocal microscopy. To visualize, lungs were thawed in
cold HBSS prior to transfer to 0.1 % paraphenylenediamine in
HBSS for 10 min. Lungs were assessed using a Zeiss LSM
410 confocal microscope and Carl Zeiss LSM 3.99 software.
The presence of tumor cells was determined using green fluo-
rescence and the focal plane containing the largest volume of
tumor cells was identified. At that same focal plane, the lung
then was scanned for red fluorescence to identify thrombi. The
green and red fluorescence were quantified in pixels by a
blinded observer using ImageJ [32], and the ratio of thrombus
to tumor cell area was determined. To ensure that visualized
red fluorescence was due to thrombus formation and not ac-
cumulation of fluorescent fibrinogen that was not cleared,
potentially due to vessel blockage by tumor cells, inert plastic
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microspheres (20 um, Polysciences, Pennsylvania) were
injected. Use of these microspheres in platelet-restoration ex-
periments allowed examination of lung tissue for non-specific
thrombus formation following platelet injection.

Histology

Spleens were collected and weighed; long bones were stripped
of muscle tissue prior to fixation of tissues in 10 % buffered
formalin. Bones were decalcified in Cal-Ex II (Fischer
Scientific, New Jersey) solution prior to H&E staining of
3-pm sections. Megakaryocyte quantification was carried
out by a trained observer under pathologist guidance.

Statistical analysis

The Student’s unpaired ¢ test and one-way ANOVA with a
Tukey’s multiple comparisons post-test were used to compare
between animal groups. The Pearson’s rank correlation was
used to determine relationships between various variables. All
statistics were calculated using GraphPad Prism 4. A two-
sided P<0.05 was considered statistically significant.

Results

To evaluate the effect of a primary tumor on early steps in the
development of metastases, we quantified metastases using a
modified model of experimental metastasis. Animals first re-
ceived an intradermal (i.d.) injection of B16F10 cells (primary
tumor group) or cell vehicle (tumor-naive group). After
16 days, all animals received a secondary injection of
B16F10-LacZ cells via the lateral tail vein to target cells di-
rectly to the lung. Primary tumors were 533.5+33.2 mm® at
the time of secondary injection. We found that the presence of
a primary tumor significantly inhibited experimental lung me-
tastasis, as 6 days following secondary injection, there were
fewer X-gal positive lung surface metastases in primary
tumor-bearing mice as compared to tumor-naive animals
(Fig. 1a). Very few lung metastases were not positive for X-
gal (three metastases in all mice examined), and these tumors
were significantly larger than the other metastases visualized.
It was assumed that these rare metastases arose from seeding
by the primary tumor and were not included in subsequent
quantification. X-gal positive metastases that did form in the
primary tumor group were significantly smaller than those in
the tumor-naive group (Fig. 1b), indicating that the primary
tumor is not only impeding survival of arrested cells but also
the growth of cells that do persist.

Previous work in our and other laboratories [17, 20, 21] has
shown that efficient metastasis of B16F10 cells is dependent
on thrombus formation at the cell surface following arrest in
the lung microvasculature. Therefore, we evaluated the ability
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Fig. 1 The presence of an intradermal B16F10 primary tumor
significantly reduced lung metastasis from a secondary i.v. injection of
B16F10-LacZ cells. a Animals that received an i.d. injection of B16F10
cells had fewer lung metastases than did animals that received a sham i.d.
injection (n=10-12/group; ¢ test p <0.05). b Lung metastases that
developed in tumor-bearing mice were significantly smaller than those
in tumor-naive animals (» =4/group, randomly chosen from animals in a;
t test p <0.005). Columns, mean; bars, SE

of B16F10-LacZ cells to stimulate thrombus formation fol-
lowing arrest in the lung of tumor-bearing and tumor-naive
animals. Using a previously developed confocal microscopy
technique [17], we found that the presence of a primary tumor
significantly reduced the size of thrombi that formed 4 h after
secondary cell injection as compared to tumor-naive animals
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Fig. 2 The presence of an intra-dermal B16F10 primary tumor reduced P>

the association between thrombi and B16F10-LacZ cells in mouse lung
micro-vasculature (¢ test, p <0.05). BI6F10-LacZ tumor cells were
labeled in vitro with CMFDA to provide green fluorescence. Animals
received AlexaFluor647 conjugated fibrinogen prior to injection of
fluorescent B16F10-LacZ cells to allow incorporation of fluorescent
fibrin into thrombi. Representative confocal images taken from a
tumor-naive and b tumor-bearing animals. Scale 20 pm. ¢
Quantification of confocal microscopy images taken from tumor-naive
and tumor-bearing animals (rn =4/group). Images are expressed as a ratio
of red/green, or amount of thrombus to amount of tumor cell present.
Columns, mean; bars, SE

(pictured in Fig. 2a, b, quantified in Fig. 2c). As previously
reported, thrombus formation as detected by this approach
was associated with subsequent formation of metastatic foci
[17].

To determine the mechanism by which the presence of a
primary tumor inhibited thrombus formation around i.v.
injected cells, the number of circulating platelets was quanti-
fied in tumor-naive and tumor-bearing animals. Sixteen days
following primary injection, blood was pulled via cardiac
puncture for analysis. It was found that primary tumor-
bearing mice had significantly fewer circulating platelets than
tumor-naive animals had (Fig. 3a). Primary tumor-bearing
mice were also found to have significantly enlarged spleens
upon sacrifice at day 16 (Fig. 3b), and spleen size significantly
correlated positively with primary tumor weight (Fig. 3¢) and
negatively with platelet number (Fig. 3d). Tumor weight
showed a trend toward a negative correlation with the number
of circulating platelets (Fig. 3e), but this did not reach statis-
tical significance.

Histological analysis of spleens from tumor-bearing and
tumor-naive animals was performed to further assess the in-
terplay between the primary tumor and the spleen. Normal
spleen histology was observed in tumor-naive animals
(Fig. 4a, b), but it was found that the spleens isolated from
tumor-bearing animals with enlarged spleens showed exten-
sive extramedullary hematopoiesis, with tri-lineage precursors
throughout the red pulp, distorting the splenic architecture and
decreasing white pulp presence (Fig. 4c, d). In particular, there
was an abundance of megakaryocytes and their precursors
(Fig. 4d vs. b). The observed splenomegaly (Fig. 3b) was thus
at least in part due to marked extramedullary hematopoiesis
and may have been secondary to platelet consumption in
tumor-bearing animals.

To further investigate the effect of the primary tumor on
platelet manufacture, long bones of primary tumor-bearing
and tumor-naive animals were removed and the number of
megakaryocytes was quantified in histologic slides. Contrary
to the spleen histology, there was no effect of the primary
tumor on the number of megakaryocytes in the long bones
(data not shown), indicating that the tumor-stimulated platelet
manufacture is in the spleen alone, as is common during mu-
rine stress [33].
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To determine if reduction in platelet number was func-
tionally responsible for the decrease in lung metastasis,
we strove to re-establish a normal platelet count in
tumor-bearing mice. To this end, we isolated platelets
from donor mice and injected them into tumor-bearing
animals 16 days following primary tumor introduction.
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Fig. 3 Interaction between a BI6F10 primary tumor and platelet
turnover. a Quantification of circulating platelets in tumor-naive and
tumor-bearing animals. Animals with a BI6F10 primary tumor had
significantly fewer platelets 16 days following i.d. injection (n=15-16/
group, ¢ test p<0.05). b Tumor-bearing mice were found to have
significantly enlarged spleens as compared to tumor-naive animals

We concentrated platelets from 3 or 6 mL of blood prior
to injection and found that platelets isolated from 6 mL of
mouse blood was required to fully restore the number of
circulating platelets in tumor-bearing animals (Fig. 5a).
We next wanted to determine if this platelet injection
allowed functional thrombus formation in response to sec-
ondary cell injection. Intravenous injection of
AlexaFluor647-conjugated fibrinogen prior to injection
of unlabeled platelets or vehicle and CMFDA-labeled tu-
mor cells allowed visualization of all thrombi formed in
response to B16F10-LacZ tumor cells. Using confocal
microscopy, we evaluated thrombus formation in tumor-
naive and tumor-bearing mice following platelet vehicle
injection and tumor-bearing mice after platelet injection.
Injection of platelets isolated from 6 mL of blood was
capable of restoring thrombus formation in primary
tumor-bearing mice to levels equivalent to tumor-naive
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(n=17-56/group, ¢ test p<0.005). Additionally, spleen weight
correlated with both ¢ tumor size (n=56, Pearson’s p<0.05, r=0.31)
and d platelet count (n=12, Pearson’s p <0.05, r=-0.68). e Correlation
between tumor size and platelet count did not reach significance (n=12,
Pearson’s p=0.29, r=-0.33)

animals (Fig. 5b—e). To confirm that visualized thrombi
were specific to tumor cell interaction and did not arise
from injection of isolated platelets, a subset of tumor-
naive animals received i.v. injection of fluorescent fibrin-
ogen prior to injection of isolated platelets. These animals
did not receive B16F10-LacZ cells; rather, they received
an i.v. injection of 20-pum inert fluorescent microspheres.
Arrest of these spheres did not result in thrombus forma-
tion or spontaneous fluorescent fibrinogen accumulation
(Fig. 5f). This indicates that the thrombi observed follow-
ing tumor cell injection are due to interaction between
B16F10-LacZ cells and circulating coagulation factors.
Given that injection of platelets restored functional coagu-
lation at the metastatic cell surface, we quantified lung metas-
tasis formation in mice following platelet injection. Sixteen
days after mice received a primary tumor or sham injection,
animals received an i.v. injection of platelets or vehicle 5 min
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Fig. 4 Histological analysis of
splenic tissue isolated from
tumor-naive (a, b) and tumor-
bearing (¢, d) animals. Normal
splenic structure is seen in tumor-
naive animals, with distinct red
(R) and white pulp ().
Hypercellularity is seen in the red
pulp of spleens isolated from
tumor-bearing animals, with
reduction of white pulp. Higher
power magnification shows
normal red pulp in tumor-naive
spleen (b), vs. marked tri-lineage
extramedullary hematopoiesis,
with a particular abundance of
megakaryocytic precursors
(arrows) in tumor-bearing
animals (d)

prior to i.v. injection of B16F10-LacZ cells. Six days follow-
ing secondary cell injection, the number of lung surface me-
tastases was quantified.

Tumor-naive mice that received the platelet vehicle (Naive
Vehicle) were found to have fewer metastases as compared to
un-injected, tumor-naive mice (Naive; Fig. 6), potentially due
to the presence of the anti-coagulant EDTA in the platelet
vehicle. Importantly, tumor-bearing mice that received plate-
lets 5 min prior to i.v. injection of B16F10-LacZ cells
(Primary + 6 mL Platelets) showed more lung metastases than
did tumor-naive animals that received platelet vehicle (Naive
Vehicle) and showed equivalent metastasis to un-injected tu-
mor-naive mice (Naive). These results demonstrate that re-
establishment of platelet number was capable of restoring lung
metastasis of BI6F10-LacZ cells and was able to counteract
the effect of the presence of a B16F10 primary tumor (Fig. 6).

Discussion

In this study, we established that the presence of a B16F10
primary tumor was capable of significantly inhibiting the
number and size of lung metastases arising from secondarily
injected B16F10-LacZ cells. This inhibition of metastasis was
found to be due to primary tumor-induced coagulopathy, as
indicated by the reduced circulating platelet number, resulting
in insufficient thrombus formation in the lung following met-
astatic cell injection. Restoration of circulating platelet num-
ber, through injection of platelets isolated from donor mice,
re-established thrombus formation in primary tumor bearing
mice and allowed equivalent metastasis formation in both pri-
mary tumor-bearing and tumor-naive animals.

The negative impact of a B16F10 primary tumor on sec-
ondary metastasis was somewhat surprising given that the
B16 cell line has been found to stimulate pre-metastatic niche
formation in the lung, liver, testis, spleen, and kidney [34].
Recruitment of bone marrow-derived cells (BMDCs) to facil-
itate formation of a pre-metastatic niche is thought to aid me-
tastasis formation, as VEGFR1+ cells present in the niche
increase adhesion and arrest of metastatic tumor cells.
Additionally, in vitro analysis in that study found that B16
cells were increasingly mobile in response to VEGFR 1+ cells.
It is possible that B16F10 cells do not stimulate formation of
the pre-metastatic niche as seen with the B16 cells used by
Kaplan et al. [34] or that the reduction in platelet number in
primary tumor-bearing animals is able to inhibit metastasis
formation in spite of pre-metastatic niche presence.
Development of concomitant tumor resistance has been found
to occur via immunogenic (small tumors, immunogenic types)
and non-immunogenic mechanisms (large tumors, anti-angio-
genic, or anti-mitotic mechanisms) [10, 35, 36], but the poten-
tial for a primary tumor to both inhibit and promote metastasis
through concomitant tumor resistance and pre-metastatic
niche formation requires further investigation. Importantly,
in this study, animals received the second injection of tumor
cells when the primary tumor was relatively small
(~530 mm?) such that the previously identified anti-
angiogenic and anti-mitotic mechanisms of concomitant tu-
mor resistance found to occur after primary tumors reached
1000 mm? [14] should not yet be involved. Additionally, im-
munogenic control is not thought to be responsible for the
suppression of BI6F10 metastases seen here, as B16 cells
were derived from a spontaneously formed tumor and are
poorly immunogenic [15]. Direct analysis of tumor immunity
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Fig. 5 Injection of isolated murine platelets re-established circulating P>
platelet number and restores thrombotic tumor emboli. a Platelets
isolated from donor mice were injected into tumor-bearing mice and the
number of circulating platelets was determined. Injection of platelets
concentrated from 6 mL of whole blood was required to acquire platelet
numbers that were not significantly different from tumor-naive animals
(n=18-19/group, ANOVA, Tukey’s post-test). Functional thrombus
formation was determined using confocal microscopy. B16F10-LacZ
tumor cells were labeled in vitro with CMFDA to provide green
fluorescence. Animals received AlexaFluor647-conjugated fibrinogen
prior to injection of fluorescent B16F10-LacZ cells, to allow
incorporation of fluorescent fibrin into thrombi. b Quantification of
confocal microscopy images taken from tumor-naive and tumor-bearing
animals following platelet vehicle injection and tumor-bearing animals
following platelet injection (n=4/group). Injection of platelets
concentrated from 6 mL of whole blood restored functional thrombus
formation in response to B16F10-LacZ cell injection (ANOVA, Tukey’s
post-test, n.s. from tumor-naive group, p <0.05 from tumor vehicle
group). Columns, mean; bars, SE. Representative confocal images
taken from ¢ tumor-naive, d tumor-bearing, and e tumor-bearing
animals following platelet injection. f Control animals that received
platelets and fluorescent fibrinogen were given an injection of inert
fluorescent microspheres to test for non-specific thrombus formation.
No accumulation of fibrinogen was seen. Scale bar 20 um

in a B16 model found that it was induction of CD4+ CD25+
regulatory T cells that prevented the development of concom-
itant tumor immunity in C57Bl/6 mice [15].

It is well established that platelets play an integral role in
metastatic establishment [37—39]. Following arrest in the vas-
culature, some tumor cell types have been shown to stimulate
thrombus formation at their cell surface [17, 19, 21]. The
interaction between tumor cells and thrombi provides valuable
adhesion contacts [40], growth and survival factors, and pro-
tection from host immune surveillance [19, 38]. In pre-clinical
studies, treatment of animals with an anti-coagulant such as
heparin [17] or hirudin [20] prior to metastatic cell injection
results in significant reduction in pulmonary metastasis [41].
Previous work in our laboratory also found that inhibition of
serine-protease activity in vivo stabilized tumor cell-
associated thrombi and increased B16F10 metastasis forma-
tion [17]. Activated platelets were found to increase invasive-
ness of human ovarian cancer cells [28], and tumor cells that
are able to stimulate clot formation are more likely to be
retained in the pulmonary vasculature, as they are more likely
to form stable adhesive contacts and spread along the inside of
the pulmonary vasculature [18]. It also has been reported that
transgenic animals expressing a mutant form of
thrombomodulin with decreased thrombin-binding affinity
(thereby allowing increased local thrombin activity) were
found to have increased experimental and spontaneous metas-
tasis of TF-expressing tumor cells. This increase was found to
be due to a significant increase in tumor cell survival in the
lung [42]. Induction of thrombocytopenia through injection of
bacterial lipopolysaccharide or neuraminidase significantly
decreases lung metastasis of both strongly and weakly immu-
nogenic tumor types [43]. Interestingly, injection of platelets
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Fig. 6 Reconstitution of platelet number in tumor-bearing animals re-
established lung metastasis formation. Tumor-naive animals received an
i.v. injection of platelet vehicle and tumor-bearing animals received an i.v.
injection of platelet vehicle or isolated platelets prior to i.v. B16F10-LacZ
cell injection (n=12/group). Platelet vehicle injection into tumor-naive
animals reduced metastasis number as compared to control (un-injected
naive and primary data are historical controls from Fig. 1a) (ANOVA,

into thrombocytopenic animals prior to i.v cell injection did
not restore metastasis number, potentially due to insufficient
platelet injection, as evidence for platelet number rescue was
not presented [43]. The direct role of platelets in establishment
of metastases has been investigated in B16 and fibrosarcoma
models with conflicting results. The positive correlation be-
tween platelet aggregation and metastatic ability found in the
BI16F10 cell line did not hold when individual B16F10 clones
were generated and tested [44]. Similar clonal investigation with
the PAK 17 fibrosarcoma cell line showed that highly metastatic
clones require platelet interaction for successful metastasis [45].
This disparity could be due to differences in analysis of platelet
aggregating ability [45] but could indicate that the most aggres-
sive BI6F10 clones are capable of metastasis regardless of
platelet interaction, due to other malignant characteristics. For
example, those clones that exhibit high metastatic ability with-
out extensive platelet aggregation activity may form more ex-
tensive tumor cell-tumor cell associations allowing for similar
protection from immune surveillance for the central cells as is
provided by thrombus formation [24]. Alternatively, these cells
may indirectly stimulate platelet aggregation in vivo, which
would not be readily detectable in vitro. In general, these two
studies identified that high platelet aggregating ability is not
sufficient for metastasis of non-metastatic cells [44] and indicate
that tumor cell-thrombus association is an important determi-
nant in metastatic potential [45].

500 * p < 0.05, from Naive —_—
#p < 0.05, from Primary Vehicle

Tukey’s post-test, p <0.05). Vehicle injection into tumor-bearing mice did
not further reduce metastasis from that seen previously in tumor-bearing
animals (p>0.05). Platelet injection into tumor-bearing mice showed an
increase in lung metastasis as compared to vehicle-injected tumor-bearing
animals (p <0.05) and restored lung metastasis number to that seen in
tumor-naive animals (p > 0.05). Columns, mean; bars, SE

Interestingly, the splenomegaly identified in tumor-bearing
animals was associated with tri-lineage extramedullary hema-
topoiesis, with a preponderance of megakaryocytic precur-
sors. A similar increase in hematopoiesis was not found in
the bone marrow of tumor-bearing mice, which is in accor-
dance with normal murine physiologic response. During
stress, the majority of (reactive) hematopoiesis is performed
in the murine spleen [33]. Despite the increase in platelet
manufacture in the spleen, the number of circulating platelets
was significantly decreased in tumor-bearing mice, indicating
that the spleen was unable to replenish the platelets being lost.

Several possibilities exist for the cause of the platelet con-
sumption and resulting thrombocytopenia in this case.
B16F10 murine melanoma cells express TF on their cell sur-
face [26, 46]; therefore, the cells within the tumor may activate
circulating platelets resulting in thrombus formation at the
primary tumor site. B16F10 primary tumors tend be hemor-
rhagic, with a necrotic core that is void of much secondary
structure, and can lead to extensive bleeding with even minor
trauma (unpublished observation). In addition, and perhaps
most importantly, the presence of a BI6F10 primary tumor
may stimulate disseminated intravascular coagulation (DIC).
DIC in cancer is characterized by activation of the coagulation
cascade in the defective tumor vasculature or by pro-coagulant
activity on tumor cells, or their membrane components, and is
the most common cause of thrombocytopenia in cancer
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patients [38, 47]. Local fibrinogen and platelet consumption
then lead to systemic deficiencies and increased clotting time,
and indeed, similar systemic coagulopathy may be present in
primary tumor-bearing animals. Although human patients
may be somewhat less susceptible to tumor-associated throm-
bocytopenia (thrombocytosis is the most common blood ab-
normality in cancer patients [38, 39]), mice are known to
compensate poorly for blood or platelet loss and easily devel-
op anemia or thrombocytopenia following a minor insult [33].
Interestingly, B16F10 cells have been found to generate large
numbers of microvesicles (MVs) in vitro; isolation and injec-
tion of these MVs prior to i.v. injection of B16F10 cells has
been linked to increased metastasis [48]. Given the cell sur-
face expression of TF on B16F10 cells [26], it would be an-
ticipated that these MVs would also contain TF, which could
confer procoagulant activity (depending on how it was
displayed and the presence of other factors within the MV).
Therefore, it is possible that injection of MV 2 h prior to
injection of BI6F10 cells [48] could result in an increase in
tumor cell-associated thrombus formation, leading to an in-
crease in metastasis. In the presence of an ongoing release of
TF-containing MV from a B16F10 primary tumor, it would be
anticipated that rather than a pro-metastatic effect of the MV,
there would be sustained activation of the coagulation cascade
leading to platelet exhaustion and/or depletion, as was seen
here. Therefore, the release of MV from the B16F10 primary
tumor may be partially responsible for the significant reduc-
tion in platelet numbers.

The integral role of coagulation in metastasis formation is
further indicated by the effect of anti-coagulant therapy in
cancer patients. Preliminary clinical trials have shown a sig-
nificant increase in overall survival of patients randomized to
receive low molecular weight heparin (LMWH) versus place-
bo [49]. Interestingly, long-term exposure to LMWH in pa-
tients with cancer-related thrombosis only increased survival
of those patients who did not have metastatic disease at the
time of study enrollment [49]. Additionally, large cohort anal-
ysis of overall probability of death in those patients diagnosed
with cancer as compared to those diagnosed with cancer and
thromboembolism found that approximately 20 % of patients
with cancer alone and 90 % of patients with a combined di-
agnosis succumbed to their disease within 6 months. It has
been indicated that these deaths could be attributed to three
possible scenarios: (1) fatal recurrent pulmonary thromboem-
bolism; (2) identification of a coagulation disorder may sim-
ply be a surrogate marker for more aggressive malignancy; (3)
systemic aberrations in the coagulation pathway may result in
a more permissive tumor cell-host interaction giving rise to
extensive tumor growth resulting in the early death of the
patient [49]. Further, review of clinical data to evaluate anti-
tumoral effects by LMWH suggests that LMWHs may im-
prove patient survival through both prevention of venous
thromboembolism and specific antitumoral effects, but these
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findings are mixed and further investigation on more homog-
enous patient populations is required to identify those groups
who would benefit from targeted LMWH therapy [50, 51].
For example, as a note of caution, a recent report on the
FRAGMATIC trial in lung cancer patients concluded that
LMWH did not improve overall survival in this cohort of
patients [52]. Given these data, further analysis of modulation
of the systemic coagulation pathway in cancer patients as a
means to prevent metastasis establishment and premature
death is warranted.

The development of metastases occurs in the midst of a
complex interaction between a primary tumor and the host—
the full extent of which remains unknown. There is the poten-
tial for a primary tumor to promote metastatic progression
through stimulation of pre-metastatic niche formation, as well
as to restrict metastasis through concomitant tumor resistance.
In this study, we identified a form of concomitant tumor resis-
tance known as athrepsia, which was in this case due to pri-
mary tumor-induced thrombocytopenia and the resulting re-
duction in tumor-thrombus formation, with inhibition of me-
tastasis. Full understanding of the interplay between a primary
tumor, the host and forming metastases will be essential to the
development of strategies to inhibit metastatic progression,
either before or after the surgical resection of the primary
tumor.
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