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Focus on hematology

Fibrinogen is an important determinant of the metastatic potential
of circulating tumor cells

Joseph S. Palumbo, Keith W. Kombrinck, Angela F. Drew, Timothy S. Grimes, John H. Kiser, Jay L. Degen, and Thomas H. Bugge

Detailed studies of tumor cell-associated
procoagulants and fibrinolytic factors
have implied that local thrombin genera-
tion and fibrin deposition and dissolution
may be important in tumor growth and
dissemination. To directly determine whether
fibrin(ogen) or plasmin(ogen) are determi-
nants of the metastatic potential of circu-
lating tumor cells, this study examined
the impact of genetic deficits in each of
these key hemostatic factors on the hema-
togenous pulmonary metastasis of 2 es-
tablished murine tumors, Lewis lung car-
cinoma and the B16-BL6 melanoma. In
both tumor models, fibrinogen deficiency

strongly diminished, but did not prevent,
the development of lung metastasis. The
guantitative reduction in metastasis in
fibrinogen-deficient mice was not due to
any appreciable difference in tumor  stroma
formation or tumor growth. Rather, tumor
cell fate studies indicated an important
role for fibrin(ogen) in sustained adhe-
sion and survival of tumor cells within the
lung. The specific thrombin inhibitor, hiru-
din, further diminished the metastatic po-
tential of circulating tumor cells in fibrino-
gen-deficient mice, although the inhibitor
had no apparent effect on tumor cell
proliferation in vitro. The absence of plas-

minogen and plasmin-mediated fibrinoly-
sis had no significant impact on hemato-
genous metastasis. The authors concluded
that fibrin(ogen) is a critical determinant
of the metastatic potential of circulating
tumor cells. Furthermore, thrombin ap-
pears to facilitate tumor dissemination
through at least one fibrin(ogen)-indepen-
dent mechanism. These findings suggest
that therapeutic strategies focusing on
multiple distinct hemostatic factors might

be beneficial in the containment of tumor
metastasis. (Blood. 2000;96:3302-3309)
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Introduction
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A specific association between human cancer and the hemostatiplicated. Following their entrance into the circulation, tumér
system has been recognized for more than a century. Macslls must adhere in the microvasculature of a target organ prloEto
significant hemostatic abnormalities have been described in gmewth2*1t has been suggested that the formation of platelet- flbr&I
tients with cancer, including disseminated intravascular coagulaimor cell aggregates may be causally related to endoth@al
tion, hemorrhagic events, and migratory thrombophlebitis. Indeeatihesion and metastatic potenta}.?® Deposition of fibrin within 2
hemostatic complications are a common cause of death in patiemtdherent tumor cell-platelet aggregates can be detected as ea§y as
with cance3 Many tumor cells possess strong procoagularit minutes after tumor cell inoculation and persists for more thag9
activities that promote the local activation of the coagulatiohours?>27Furthermore, antibody or drug-induced thrombocytopg-
system?* Furthermore, tumor-mediated activation of the coaguladia or inhibition of tissue factor (TF), factor Xa, or thrombin ha§
tion cascade has been implicated in both the formation of tumbeen shown to substantially reduce experimental hematogerg)us
stroma and the promotion of hematogenous metastédidost metastasi§:.’28-32
solid tumors in humans and experimental animals contain consider-In this study, we used 2 transplantable murine tumor cell hn@s
able amounts of fibrinogen-related products, mostly cross-linkégwis lung carcinoma (LLC) and B16-BL6 melanoma, ar@l
fibrin, suggesting that fibrin(ogen) is important in tumor stromébrinogen-deficient transgenic mice to directly determine Whetﬁﬁar
formation349-13 Fibrin matrices promote the migration of afibrin(ogen) contributes to metastatic potential. We report théat
substantial number of distinct cell types, including both trangibrin(ogen) is an important determinant of metastatic potential, Eut
formed cells, endothelial cells, macrophages, and fibrobtdéés. thrombin facilitates tumor progression through at least one fibrirgo-
Fibrin matrices also promote neovascularization, supporting tgen-independent mechanism.
notion that fibrin may facilitate tumor stroma formation by
mechanisms that are analogous to wound réfa¥!’ Fibrin
degradation products (FDPs) have also been shown to dispiaterials and methods
powerful chemotactic, immune-modulatory, as well as angiogenic o
propertiest®-23 Taken together, substantial indirect evidence pointg@nsgenic mice
to an important role for fibrin(ogen) in tumor progression. The generation of fibrinogen- and plasminogen-deficient mice has been
Hematogenous metastasis represents a second aspect of tujsedribed previousBz-34All mice enrolled in these studies were inbred into
biology in which activation of the coagulation system has beehe C57BL/6J background (Jackson Laboratories, Bar Harbor, ME) for 6
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generations. These mice were shown to be uniformly histocompatible wihquots of the cell suspension in parallel with the organ and blood samples
the transplantable tumors by monitoring tumor growth following subcutané adjust for radioactive decay.

ous injection of either LLC or B16-BL6 melanoma. The genotypes of the

mice were determined by multiplex polymerase chain reaction analysis@é&termination of the rate of growth of intradermally

DNA obtained from ear biopsies as described previotikly.Age- and transplanted LLC cells

sex-matched cohorts of fibrinogen-deficient (Fibplasminogen-deficient

(Plg-), and control (heterozygous) mice were used in all experiments. TResingle cell suspension of & 10° LLC cells/100pL serum-free media
study protocols were approved by the Children’s Hospital Resear®fS injected subcutaneously into the dorsal midscapular skin of anesthe-
Foundation Institutional Animal Care and Use Committee and were ffzed fibrinogen-deficient mice and controls. The mice were monitored

accordance with the guidelines of the National Institutes of Health. daily for the development of visible tumors. Once a tumor was clearly
visible, it was calipated daily and the volume estimated by the formula

V = (LW?m/6, where V= volume, L= longest diameter, and \# shortest
diameter® After 12 days, the mice were killed and the tumors removed
The LLC cells were a gift from Dr Michael S. O'Reilly (Boston, MA). and weighed.

Single cell suspensions of these tumor cells were prepared as described

previously?® The B16-BL6 melanoma cell line was kindly provided by DrDetermination of the effect of hirudin on the in vitro growth

Isaiah Fidler (Houston, TX). Both tumor cell lines were cultured in vitro byyf B16-BL6 melanoma cells

subconfluent passage in Dulbecco modified Eagle medium (DMEM) (Bio ) ) 9
Whittaker, Walkersville, MD) containing 10% fetal calf serum (FCS)The B16-BL6 cells (1x 10°) were plated onto replicate 60-mm dishes ig
penicillin, and streptomycin. Subconfluent tumor cells were washed wig§rum-containing media. After 24 hours the cells from 3 of the plates wgre
phosphate-buffered saline (PBS), detached by a brief exposure to a 0.26gpoved by trypsinization and viable cells counted by trypan blue exclus§3n
trypsin, 0.53 mmol/L EDTA solution (Life Technologies, Rockville, MD), 10 provide a baseline cell count per plate. Saline carrier or deshirudin
washed in serum-containing media, and then resuspended in cold ser(f@fione-Poulenc Rorer, Collegeville, PA) at a final concentration of either
free medium. The viability of the tumor cells was determined by trypan bi9 »@/mL or 100p.g/mL was added to each plate. Every other day medla
exclusion and was always more than 95%. The cells were kept in an ice b&ignges included the same concentrations of hirudin. At each time poirg, 3
until transplanted into mice. Mice were anesthetized by inhalation of 2@4ates from each group were trypsinized and the total cell number counged.
isoflurane (Ohmeda PPD, Liberty Corner, NJ), and g00of tumor cell

suspension was injected into the lateral tail vein using a 27-gauge needl&etermination of tumor metastasis in the presence of hirudin

o ) ) Cohorts of fibrinogen-deficient and control mice were anesthetized wgth
Quantitation of surface pulmonary metastatic foci isoflourane and injected subcutaneously with either saline or deshirudin@t a

Tumor-bearing mice were killed 17 to 21 days after tumor cell injectiorflS€ Of 10 mg/kg as previously descritfeTiventy minutes after injection &
ith either hirudin or saline, 20QL of a single cell suspension of B16-BL6§

The lungs were removed, rinsed in PBS, and placed in Bouin fixative for 4t @ . St 2
least 24 hours. The lungs were separated into individual lobes and fR§/anoma (3.5¢ 10° cells/mL) was injected into the lateral tail vein. The&

number of surface metastatic foci was counted with a stereomicroscope®5ymals were killed 21 days after injection and the pulmonary metast&ic
an investigator unaware of animal genotype. focCi quantitated as described earlier.

Tumor cell inoculation

%BU'SLIO!}EO

Histologic analysis
Results

Fixed tissue was processed into paraffin, sectioned, and stained wi
hematoxylin and eosin. Fibrin(ogen) immunostaining was performed USiﬁ@orinogen increases the metastatic potential

a rabbit antimouse polyclonal antiserum as described previdusly. of circulating tumor cells

0€£€£0002284/1806991/20€€/0

Labeling of cells with [ ?5I] iododeoxyuridine To directly test the hypothesis that fibrin(ogen) is a determinam'gof

To prepare labeled cells for tail vein injection, tumor cells were plated otne metastatic potentlal of F:|rculat|ng tumor c.ellls, the formaﬂongf
100-mm dishes at a density ofél€ells per dish, and grown for 24 hours in PUlmonary metastatic foci was compared in immunocompetgnt
DMEM containing 10% FCS. Then, iCi/ml 5-(23)iodo-2'-deoxyuridine  control and fibrinogen-deficient mice following the intravenous
(ICN Biomedicals, Costa Mesa, CA) was added to the medium and the cdection of LLC and B16-BL6 melanoma. These specific tumar
were incubated for an additional 24 hours. The cells were washed in PBiBies were selected for detailed study because both are hi%‘lly
detached with trypsin-EDTA, washed in serum-containing media, and suspendegtastatic and various inhibitors of the coagulation and fibrinolysc

in cold serum-free media at a concentration of 10 live cells/mL. systems have been reported previously to inhibit their metastatic
potentialé-3° Control experiments using mice carrying the fibrino

Determination of the fate of tumor cells after introduction gen knockout allele that had been inbred to C57BL/6J for 6

to the circulation generations indicated that both LLC and B16-BL6 melanoma

The fate of labeled tumor cells was determined essentially as descrif@fmed tumors when injected subcutaneouslyx(3C° cells/
previously®:37 Briefly, (:23)iododeoxyuridine-labeled tumor cells ¢ 166 mouse) with 100% penetrance €40 for LLC, n=20 for
cells/77 000 cpm) in 20Q.L serum-free medium were introduced into theB16-BL6). Therefore, no evidence of histoincompatibility or tumor
circulation by injection into the lateral tail vein as described above. At 1fejection was observed based on the rapid development of visible
minutes, 1 hour, 4 hours, and 24 hours the mice were anesthetizedtQwors after injection (100% of mice within 3 days with both LLC
isoflurane inhalation and approximately 4Q0 blood was collected from 5 g B16-BL6) and the steady growth of the tumors (representative
the inferior vena cava into 1QL 0.5 mol/L EDTA anticoagulant using a data, Figure 1). Both LLC and B16 melanoma cells were also
C

27-gauge needle. In addition, lungs, liver, and spleen were collected, rinsed able of establishing pulmonary metastatic foci in fibrinogen-

in PBS, and placed in 70% ethanol. The organs were washed extensive%?r? ient mice that litativel ble to th b d
70% ethanol for 4 days to liberate any free iod#féRadioisotope levels in eficient mice that were qualitatively comparablée {0 thoSe observe

blood, organs, and in cell suspensions were measured with a Cobra gariindiPrinogen-expressing mice in macroscopic and microscopic
counter (Packard, Canberra, Canada). Radioactivity in blood and org@f¥pearance (Figures 2 and 3). Thus, fibrinogen is not strictly
was expressed as a percentage of radioactivity of the input dose. The infgquired for hematogenous metastasis. However, fibrinogen defi-
dose was determined by measuring the radioactivity of threep200- ciency strongly diminished the metastatic capacity of both tumors.
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Figure 1. Fibrin(ogen) deficiency does not reduce the growth rate of subcutane-

ously transplanted LLC. A single cell suspension of 5 X 10° LLC cells was injected
subcutaneously into the dorsal, midscapular skin of Fib~ (n = 16) and control
(n = 19) mice. The individual tumor volumes were measured daily by calipation. The
data presented are mean values and SDs for each time point. No significant
difference was noted in tumor growth between Fib~ and control mice (P > .6, random
coefficient mixed model).
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Quantitative analyses in a series of independent experiments with
LLC and B16 melanoma demonstrated a consistent and significant
reduction in surface pulmonary metastases in fibrinogen-deficient
mice (Table 1).

Although the total number of metastatic foci was dependent on
animal genotype, there was no obvious difference in the size or
distribution of the metastatic foci that formed in control and
fibrinogen-deficient mice. A random sampling of LLC and B16-
BL6 foci from 4 mice of each genotype was measured and scored
from 1to 5 as follows: == < 0.5 mm; 2= 0.6-0.9 mm; 3= 1-1.4
mm; 4= 1.5-1.9 mm; 5= =2 mm. No significant difference
between genotypes was noted in the size distribution of individual
metastastic foci from LLC or B16-BL6 (Figure 2C). This suggests
that initial establishment of metastatic foci, and not tumor growth,
was impaired in fibrinogen-deficient mice.

To explore in greater detail whether the presence of fibrinogen
has any impact on tumor growth, we compared the growth of Ll§C
tumors following subcutaneous injection into control and fibrinogeg-
deficient mice. All mice developed palpable tumors within 3 dafg”s
of injection, regardless of genotype. Furthermore, the turolrmes,
as measured by calipatidh,ncreased in parallel over a 12-day
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b S Figure 2. Fibrinogen deficiency diminished the meta-
E 3| lom Seee d 3F - s static potential of circulating tumor cells but not the
2 g growth of metastatic foci. =~ Representative examples of
° n R=} E— 52 metastatic pulmonary foci produced 21 days after intrave-
g 2 - n E 2 nous injection of 1.7 X 10* B16-BL6 cells (A) and 1 X 10°
-‘g % E LLC cells (B) into the lateral tail vein. Lungs from fibrinogen-
; 8] deficient mice are pictured on the right and controls on the

1 1 [~ Seeee oo ) R A

5 “ b a left. (C) Scatter plot of the size distribution of metastatic
§ g foci with transplanted B16-BL6 (left) and LLC (right) in
©u w fibrinogen-deficient (Fib~) and control (Fib*) mice. See

text for definitions of arbitrary units used for size distribu-

4 (. .+ Ha—
Fib Fib Fib Fib tion. (P values were generated using the Student ttest.)
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Figure 3. Comparative microscopic analysis of meta-
static foci in fibrinogen-deficient and control mice. ;
Representative examples show lung metastases (+) of §
B16-BL6 melanoma (A and B) and LLC (C and D) in
control mice (A and C) and Fib- mice (B and D).
Fibrin(ogen) deposition (appearing as red reaction prod-
uct in panels A and B and brown staining in panels C and
D) is apparent in the lung tissue surrounding the meta-
static nodule of the control mice but not in the Fib~— mice.
The metastases from both genotypes were often pleural
based and associated with blood vessels (arrow). Note
the dark material in panels A and B is melanin produced
by the B16-BL6 cells.

dyse//:dpy wouy papeojumoq

study period (Figure 1)R > .6, random coefficient mixed model). deficient and control mice failed to reveal any obvious qualitatig
Therefore, fibrin(ogen) appears to have a significant impact differences in metastatic lesions other than the distinct absenc§ of
metastatic potential. However, it is not critical for tumor celperitumoral fibrin(ogen) in the Fib mice (representative dataa
proliferation and has no major impact on overall tumor expansioRigure 3). The metastatic foci in mice of both genotypes grew:%ls
discreet nodules composed primarily of tumor cells with Iitt@
Plasmin-mediated fibrinolysis does not have a critical impact associated stromal tissue. However, examination at higher maggifi-
on the metastasis of circulating tumor cells cation revealed the presence of capillaries in foci from bath
gl?notypes. The nodules from both genotypes were often plegral

©
. ) S . . 'based, but also showed evidence of extension into underlythg
follows that the primary physiologic fibrinolytic enzyme, plasmin - S
o e ulmonary parenchyma. These data demonstrate that fibrinogen is
might influence metastasis in the same assay system. To determiin . . st
. . . - o notrequired for tumor stroma formation. However, a more detaiked
the importance of plasmin-mediated fibrinolysis in hematogenoulsjan,[itaﬂve analvsis of tumors at several stages of develo > nt
metastasis, LLC and B16-BL6 melanoma cells were injected in y Y P

A . - S will be required to determine if fibrinogen deficiency has moge

the tail veins of plasminogen-deficient and control mice separate - . - =

. . . .~ subtle effects on the formation, stability, or composition of the

series of experiments. Contrary to expectations, plasminogen

- . . umor stroma.
deficiency had no appreciable impact on the number of surface
pulmonary metastases observed, regardless of the tumor model

used (Table 2). Fibrinogen deficiency does not affect initial arrest but impairs
the sustained adherence of tumor cells in the lungs

T

Because fibrin(ogen) is a determinant of metastatic potential,

onb Aq Jpd z0££0002

Histologic analysis of pulmonary metastatic foci in control
and fibrinogen-deficient mice

St

To study the immediate fate of circulating tumor cells in fibrinogep-
deficient mice, we used an assay originally described by Fidler and
Tumor-associated fibrin deposition has been proposed to dwleague¥ in which tumor cells were labeled in vitro withg
essential for tumor stroma formation and angiogenesis. A detailé@)iododeoxyuridine before introduction into the circulationg
microscopic analysis of lung tissue from tumor-bearing fibrinogehis method of labeling permits the direct determination of the

Table 1. Effect of fibrinogen deficiency on pulmonary metastasis of circulating tumor cells

Number of Pulmonary metastatic foci P
Tumor cell line Mouse genotype cells injected median (range) (Mann-Whitney U 2-tailed)
Lewis lung carcinoma
Experiment 1 Control (n = 16) 1 X 10° 13 (2-24) < .007
Fib~ (n = 16) 0.5 (0-6)
Experiment 2 Control (n = 15) 1 X 10° 22 (0-142) <.029
Fib~ (n = 10) 5 (0-16)
Experiment 3 Control (n = 16) 2 X 10° 46 (5-110) < .004
Fib~ (n = 10) 11 (0-37)
B16-BL6 melanoma
Experiment 1 Control (n = 17) 1.7 x 104 36 (3-163) <.01
Fib~ (n = 18) 9 (2-66)
Experiment 2 Control (n = 20) 1.7 x 104 9 (0-30) < .009

Fib~ (n = 14) 3(0-13)
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Table 2. Effect of plasminogen deficiency on pulmonary metastasis of circulating tumor cells

Number of Pulmonary metastatic foci P
Tumor cell line Mouse genotype cells injected median (range) (Mann-Whitney U 2-tailed)
Lewis lung carcinoma
Experiment 1 Control (n = 12) 2 % 10° 19 (2-42) > .18; NS
Plg~ (n = 12) 23 (11-46)
Experiment 2 Control (n = 9) 2 % 10° 34 (0-63) > .65; NS
Plg™ (n = 10) 36 (17-52)
B16-BL6 melanoma
Experiment 1 Control (n = 30) 1.7 x 104 39 (2-106) > .32; NS
Plg™ (n = 16) 47 (16-255)
Experiment 2 Control (n = 13) 1.7 x 104 53 (17-101) > .50; NS
Plg™ (n = 14) 61 (11-172)

NS indicates not significant.

distribution and fate of circulating tumor cells, because the labelligtween the fibrinogen-deficient and control mice in any of theto.3
stable in living tumor cells, but rapidly cleared from dead tumoorgans. However, 4 hours after injection there was a significgnt
cells and excreted from the bo#fy.Labeled tumor cells were reduction in the apparent number of tumor cells in the lungs of the
injected into the tail vein of fibrinogen-deficient and control micefibrinogen-deficient mice relative to fibrinogen-expressing aﬁi-
Blood, lungs, livers, and spleens were collected from the mice fromals. At 24 hours after injection, a 4-fold difference in the number

15 minutes to 24 hours after the introduction of the radiolabelexf tumor cells was apparent between genotypes (Figure 4).
cells, and the distribution of tumor cells in the blood and organs of
the 2 groups of mice was determined (Figure 4). As describgfl;ombin promotes the metastatic potential of circulating

previously?” the labeled tumor cells were rapidly cleared from thg,mor cells by at least one fibrinogen-independent mechanism
circulation, with less than 25% of the initial inoculum remaining in

‘suoneolgndysey/:dny

circulation 15 minutes after injection. The majority of the tumoil he specific thrombin inhibitor, hirudin, inhibits the metastasis pf
cells (approximately two-thirds) were arrested in the lungs (Figugdrculating tumor cell$. To determine whether the inhibition o

4), whereas a minor fraction of the cells was associated with theetastasis achieved with thrombin inhibition was related pnmar@y
liver and spleen (10% anek 1%, respectively.) There were noto the thrombin substrate, fibrinogen, we injected 2 groups aof

quantitative differences in the initial arrest of labeled tumor celf#prinogen-deficient mice and controls with either saline or 0

025h

Percent of Cells (Median)

2 g R ¥& 22

Percent of Cells (Median)

Fib- Fib*

Fib-  Fib*

24 h
20
18
16
14
12
10
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Figure 4. Fibrinogen deficiency does not prevent the initial arrest of circulating

tumor cells in lung tissue but diminishes sustained adherence or survival. LLC
cells labeled with 5-(*2)iodo-2'-deoxyuridine were injected into the lateral tail vein of
fibrin(ogen)-deficient (white bars) and control mice (hatched bars). The mice were
killed at the specified time points and the amount of radioisotope in the lungs was
measured. The data presented are median values and are expressed as percent of
injected dose (1 X 105 cells/77 000 cpm); n = number of mice. The P values were
determined by the Mann-Whitney U test, 2 tailed.

mg/kg hirudin 20 minutes prior to intravenous injection ok7.0*
B16-BL6 melanoma cells.

Consistent with earlier reportdhirudin diminished the number
of pulmonary metastatic foci by more than 20-fold in fibrinogeig
expressing mice relative to saline-treated contrdbs<(.0001
Mann-Whitney U test) (Figure 5). Interestingly, a significang
diminution in pulmonary metastasis was also observed with h|ru§|n
in fibrinogen-deficient mice (Figure 5). The median number Bf
pulmonary foci was 2.5 for the saline-treated Filice and 0O for
the hirudin-treated Fib mice (P < .01 Mann WhitneyU Test).
This experiment was repeated with similar results (data not shovﬁén).

To confirm that hirudin has no direct inhibitory effect o#
cultured B16 melanoma, % 10° B16-BL6 cells were plated ontoS
60-mm plates and cultured in the presence of either saline carrief or
hirudin at a final concentration of either 3@/mL or 100p.g/mL. i
No difference in the rate of cell growth or the morphology of the
cells was observed, regardless of the presence or absence of hirudin
(data not shown).
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Discussion

A critical role for hemostatic factors in malignancy has been
suspected for decades and is a concept that is supported by a
substantial body of correlative and indirect evidence. The recent
generation of viable mouse lines with selected deficits in key
hemostatic factors has provided an opportunity to directly test this
long-standing hypothesis. The studies of fibrinogen-deficient mice
presented here directly demonstrate that fibrin(ogen) plays an
important role in cancer pathophysiology and is a determinant of
metastatic potential. Fibrin(ogen) appears to facilitate metastasis
by enhancing the sustained adherence and survival of individual
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| A B B deficits in integrinfs,*® protease-activated receptors (PARSY
>80 [ 0 glycoprotein (GP)1B% and Gxq,>°! should help illuminate the
s | g interplay between platelets and fibrinogen in tumor dissemination.
£ 6o ¥ i 60— The hypothesis that soluble fibrinogen and platelets contribute
g . 5 significantly to the exit of tumor cells from the vasculature is
5 50 é sol— consistent with recent findings that fibrinogen- and platelet-
E . = ) mediated adhesion may be important in stable leukocyte adhesion
& A and transendothelial cell migratigh.
e 401 : E 01 . Fibrin polymer formation might also be key to tumor dissemina-
@ ®  P<0.0001 i) P <001 tion by several distinct mechanisms. In the context of circulating
o 0. Mmoo 30 tumor cells, local deposition of an insoluble fibrin matrix could
= = stabilize the adhesion of tumor cells or tumor cell-associated
5 20— E 0l emboli to the vessel wall, particularly in a high-shear stress
'g . g environment. In addition, just as fibrin provides an important
E ol Z, ol . provisional matrix supporting the growth and organization of cells
within wound fields, local fibrin deposition might support initiap
° l tumor cell proliferation and migration. Finally, fibrin matrice§
sds . :
S B O Tirudin could support the for_matlon qf the stroma tissue (eg, tunor
) vasculature) that provides nutrient and gas exchange for rapfily
Fib+ Fib- growing malignant cells. Indeed, the general similarities betweoyn
Figure 5. Thrombin promotes the metastasis of circulating tumor cells by at stromal tissues formed within wound fields and tumor tissue h@e

least one fibrinogen-independent mechanism. Fibrinogen-sufficient mice (A) and been well documented. and in both contexts fibrin or FDPs @as
fibrinogen-deficient mice (B) were pretreated with 10 mg/kg hirudin or saline 20 !

. . - el
minutes before injection of 7 X 10* B16-BL6 melanoma cells into the lateral tail vein. been proposed to direct neovascularizafi#f'®*’"However, con §
The mice were killed 21 days later and the surface pulmonary metastases quanti-  Sistent with the established capacity of fibrinogen-deficient micesto
tated. The data presented are the number of surface pulmonary metastases generate and remodel their vasculatures in physiologic Come"ms7
observed in individual mice. The horizontal bars represent the median value for each : . . 5
group. The median value for the hirudin-treated Fib~ mice was 0 (B). The P values InC|Ud|ng embryonlc development and wound reﬁéﬁ% there %
were determined by the Mann-Whitney Utest, 2 tailed. appears to be no obvious defect in either the formation of tungor

stroma or tumor growth rate in fibrinogen-deficient mice. AIthou@

tumor cell emboli in the vasculature of target organs. Howevegubtle differences in tumor stroma in fibrinogen-deficient mige
fibrin(ogen) does not appear to play a critical role in the growth dfave notbeen excluded, the mechanism(s) linking fibrin(ogeith
established metastases. Tumor cell-associated thrombin gengtgtastatic potential does not appear to be related to tumor growth.
tion, and the local conversion of fibrinogen to fibrin, may be Fibrin degradation products have been reported to have anglo—
mechanistically related to metastasis (see below), but it appedgfiic, chemoattractant, and anti-inflammatory activitiésand
that thrombin promotes tumor cell metastasis through at least dhese proteolytic derivatives of fibrin might also be of b|0|09@
fibrinogen-independent mechanism. Interestingly, despite the pg@levance to tumor progression. Although the data presented Kere
erful effect of fibrin(ogen) on metastasis, plasmin-mediated fibring0 not exclude a role for FDPs in metastatic disease, based onz;the
lysis does not appear to be a critical determinant of the metastadfgssence of any significant impact of plasminogen deficiency 8’”
potential of circulating tumor cells. hematogenous metastasis, it is clear that FDPs generatedg by
Although these studies firmly establish that fibrinogen iglasmin-mediated fibrinolysis are not critical for the developm&nt
important in tumor dissemination in vivo, 2 important and stilPf pulmonary metastasis.
unresolved questions are: (1) How does fibrin(ogen) sustain tumor If fibrin formation is a determinant of metastatic potential, th@
cell adhesion/survival? and (2) What is the relative biologitf follows that the conversion of prothrombin to thrombin is also;a
importance of soluble fibrinogen, insoluble fibrin polymer, angritical factor in tumor dissemination. The failure of prothrombm*
FDPs in tumor progression? Conceivably, all 3 of these fibrinogeleficient mice to survive beyond the neonatal péfipdecludes a
derivatives could influence tumor dissemination and could do so@rect genetic test of this concept, but substantial indirect ewdegce
ways that are not mutually exclusive. Soluble fibrinogen has magypports this view. Notably, the metastatic potential of transplanted
functional properties that might promote metastatic potentighymors in experimental animals is greatly diminished by specific
including the ability to support cell-cell adhesion through integrifnhibitors of coagulation system components, including the specific
(€9,041bB3,2° ayB3, 40 atsP,4 amB2*?) and nonintegrin (eg, ICAM4B)  thrombin inhibitor, hirudirf3! In addition, gene-transfer studies
receptors, and the ability to interact with other soluble factors atigive shown that the presence of tissue factor on the surface of
matrix components, including factor XlIl and fibronectitf> tumor cells markedly increases the number of pulmonary metasta-
Soluble fibrinogen is a dimeric molecule that could support thges observed following intravenous inoculation into nide.
stable adherence of tumor cells in the lung by acting as cantrast, the expression of mutant forms of tissue factor that do not
“molecular bridge” between specific receptors on tumor cells arstipport factor Vlla binding or activity does not increase metastatic
vascular endothelium or adherent platelets and leukocytes. Tmiential, implying that coagulation system activation, and ulti-
concept that platelets and platelet-tumor cell microemboli contrimately thrombin formation, promote metastatic phenotype. How-
ute to tumor dissemination is particularly attractive based aver, it should be noted that the cytoplasmic domain of TF has also
microscopy data showing the colocalization of platelets arfzeen shown to be important to tumor cell metastatic potehtial,
adherent tumor cells in vascular béd8? Furthermore, a variety of suggesting a more complex relationship between TF and tumor
antiplatelet agents appear to reduce tumor cell metastatic potdissemination than solely thrombin generation.
tial.28:29 Detailed studies of tumor progression in mice with single Several targets of thrombin-mediated proteolysis other than
and combined deficits in fibrinogen and platelet function, includiniiorinogen might be related to tumor progression, including factor
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protein C, and thrombin-activated fibrinolysishemostatic factor, fibrinogen, is a critical determinant of tumor cell

inhibitor (TAFI). However, the thrombin substrates that are perhapsetastatic potential. Fibrinogen and thrombin may work coopera-
the most likely determinants of tumor metastatic potential are thigely in facilitating metastatic disease, but these studies have
G-protein—coupled signal molecules, PAR-1, -3, and -4. Becausigown that thrombin contributes to metastatic potential by at least

mice with genetic deficits in several PARs have now beewmne mechanism that is independent of fibrinogen. These data

described/#8 the role and interplay of thrombin, PARs, andsuggest that therapeutic interventions directed at multiple distinct

fibrinogen in tumor biology can be explored in detail.

hemostatic factors might be effective in clinically limiting tumor
The impact of fibrinogen deficiency on spontaneous tumaell dissemination. Finally, a more detailed understanding of the

metastasis has not yet been established. Conceivably, the absemeehanism(s) by which hemostatic factors influence metastatic

of fibrin matrices within primary tumor tissue might promote thgotential might suggest advantageous therapeutic targets for ad-

escape of tumor cells by removing at least one physical barrier tatct cancer treatment.
must be negotiated to enter the circulation. On the other hand, the
absence of fibrin might impede primary tumor cell dissemination

by destabilizing the tumor stroma or removing a suitable matrix fgkcknowledgments
tumor cell migration. Indeed, fibrin might be simultaneously an
asset and a liability to tumor cells with the net effect on metastafithe authors would like to thank Dr David Witte for his expeg
potential determined by local matrix composition at the site assistance in interpreting the histologic data. We would also Ilkeéto
tumor growth and the functional properties of individual tumothan Alicia Emley for her help with the photographs, Alan Ag

cells related to the binding and infiltration of fibrin matrices.
In summary, these studies directly demonstrate that the kBgth A. Myers for critically reviewing the manuscript.
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