Selectin-mucin interactions as a probable molecular
explanation for the association of Trousseau syndrome
with mucinous adenocarcinomas
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Trousseau described spontaneous, recurrent superficial migratory thrombophlebitis associated with
occult cancers, and this was later correlated with disseminated microangiopathy (platelet-rich clots in
small blood vessels). Trousseau syndrome often occurs with mucinous adenocarcinomas, which
secrete abnormally glycosylated mucins and mucin fragments into the bloodstream. Since carcinoma
mucins can have binding sites for selectins, we hypothesized that selectin-mucin interactions might
trigger this syndrome. When highly purified, tissue-factor free carcinoma mucin preparations were
intravenously injected into mice, platelet-rich microthrombi were rapidly generated. This pathology
was markedly diminished in P- or L-selectin-deficient mice. Heparin (an antithrombin-potentiating
agent that can also block P- and L-selectin recognition of ligands) ameliorated this platelet aggrega-
tion, but had no additional effect in P- or L-selectin-deficient mice. Inhibition of endogenous throm-
bin by recombinant hirudin also did not block platelet aggregation. Mucins generated platelet aggre-
gation in vitro in hirudinized whole blood, but not in platelet-rich leukocyte-free plasma nor in whole
blood from L-selectin-deficient mice. Thus, Trousseau syndrome is likely triggered by interactions of
circulating carcinoma mucins with leukocyte L-selectin and platelet P-selectin without requiring
accompanying thrombin generation. These data may also explain why heparin ameliorates Trousseau
syndrome, while vitamin K antagonists that merely depress thrombin production do not.
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Introduction

In 1865, Armand Trousseau described recurrent super-
ficial migratory thrombophlebitis preceding the diag-
nosis of cancer (1), a syndrome to which he himself hap-
pened to eventually succumb (2). A classic review of 182
cases of this “paraneoplastic” phenomenon emphasized
the formation of venous and arterial platelet-rich
microthrombi with secondary microangiopathic
hemolytic anemia and a frequent association with
mucin-rich adenocarcinomas (3). The term Trousseau
syndrome is sometimes used more broadly to refer to
any form of excessive coagulation associated with cancer
(2,4-10). The underlying pathophysiology is thought to
be chronic subclinical disseminated intravascular coag-
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ulation caused by activated procoagulants. Some studies
implicated a factor X-activating cysteine protease
(11-13) or tissue factor (TF) (14, 15) produced by tumor
cells, and a few clinical cases were directly associated with
TF production (4, 16). Continuous treatment with
heparin (a well-known anticoagulant in clinical use) is
required to prevent recurrent episodes of thrombosis.
Oral anticoagulants (vitamin K antagonists) that also
decrease thrombin production are usually ineffective,
however (3, 17-21). Thus, activation of thrombin-medi-
ated fluid-phase coagulation via TF and/or the cysteine
protease may not be the primary process mediating the
classic form of Trousseau syndrome.

The frequent association of Trousseau syndrome with
mucin-producing adenocarcinomas also remains unex-
plained. Mucins are large glycoproteins with clustered
O-linked glycans (22-26). Carcinoma cells frequently
upregulate expression of a variety of mucin polypeptides
such as MUC1, MUC2, MUCSAC, MUC4, and MUC16
(22,23,25,27-32). These are often carriers of sialylated,
fucosylated, sulfated glycans and can act as pathological
ligands for the selectin family of adhesion molecules
(33). Such selectin-mucin interactions are implicated in
the hematogenous phase of tumor metastasis (34-36).

Mixtures of abnormal carcinoma mucins (and/or
their proteolytic fragments) can be shed by carcinoma
cells in significant amounts and can circulate in the
bloodstream of cancer patients (32, 37-41), often being
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used as prognostic markers (42, 43). Thus, it is reason-
able to hypothesize that circulating mucins are direct-
ly involved in the pathogenesis of Trousseau syndrome.
Indeed, some early studies suggested a procoagulant
role for mucins (44, 45). Contamination of mucin
preparations by bioactive lipids and/or by TF (D. Le
and S. Rapaport, unpublished observations), however,
has confounded any definitive conclusions.

L-, P-, and E-selectins comprise a family of carbohy-
drate-binding adhesion molecules expressed by leuko-
cytes, platelets, and vascular endothelium (reviewed in
refs. 46-49). L-selectin is constitutively expressed on neu-
trophils, monocytes, and naive lymphocytes. P-selectin
is stored in secretory granules of resting platelets and
endothelium and rapidly translocated to the cell surface
upon activation. E-selectin is newly synthesized in
endothelial cells via transcriptional activation initiated
by various proinflammatory agonists. While all three
selectins recognize structurally related ligands contain-
ing sialic acid and fucose residues, optimal ligand for-
mation for L- and P-selectin also requires specifically
located sulfate esters (46-48, 50-53).

We and others have shown that heparin can inhibit
P- and L-selectin recognition of ligands (54-59) and that
heparin blockade of tumor metastasis is at least partly
explained by selectin inhibition, rather than by its anti-
coagulant activity (35, 36, 60). Our assumption is that
these cell surface mucins mediate direct interactions
between the tumor cells and the selectin-bearing blood
cells. Considering all the above information, we hypoth-
esized that P-selectin interactions with circulating carci-
noma mucins might be involved in Trousseau syndrome.
Thus, traces of carcinoma-derived TF might weakly acti-
vate the coagulation cascade, generating thrombin,
which would then activate platelets, causing them to
express P-selectin. The carcinoma mucins could then act
as templates to aggregate activated platelets via P-selectin.
In testing this hypothesis using TF-free carcinoma
mucins intravenously injected into mice, we found that
platelet-rich microthrombus formation was dependent
not only on P-selectin but also on leukocyte-derived
L-selectin. Furthermore, it could occur independently of
thrombin generation. Similar findings were obtained
using in vitro studies of whole blood. We have shown, we
believe for the first time, that L-selectin and P-selectin are
involved in a linear reactive pathway triggered by mucins.
Our data can explain the classic microangiopathic pres-
entation of Trousseau syndrome associated with mucin-
producing carcinomas and the superiority of heparin
therapy over vitamin K antagonists in such cases.

Methods

Cells and mice. Human colonic adenocarcinoma LS180
cells (ATCC CL 187; American Type Culture Collection,
Manassas, Virginia, USA) were cultured in aMEM con-
taining 10% FBS. Immunodeficient RAG2-/~ mice
(129S6/SvEvTac-Rag2t™m!; Taconic Farms, German-
town, New York, USA) and wild-type (C57bl/6]),
P-selectin-deficient (P-sel/-) (B6;129S-Selp*rty7) and

L-selectin-deficient (L-sel/~) (B6;129S-Sell™!) mouse
strains were obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA) and crossbred to obtain
selectin deficiencies in uniform genetic backgrounds
(C57bl/6] for at least seven generations), including
P-sel/-/L-sel /- doubly deficient mice (35).

Purification of carcinoma mucin fragments. Xenograft
tumors (0.2-0.8 g wet weight, 1-1.5 cm diameter) were
produced by subcutaneous injection of 2 x 10° LS180
cells/site into RAG27/~ mice. Pooled tumors (15-30 g wet
weight) obtained at approximately 2.5 weeks were
homogenized in 50 ml water and centrifuged (10,000 g,
4°C, 10 minutes) to remove insoluble debris. Soluble
mucins in the supernatant were precipitated by adjust-
ment to pH 5.0 using 100 mM HCl added in drops, while
stirring for 30 minutes on ice. The protein pellet was res-
olubilized in 25 ml of sterile water containing 0.01%
azide, the solution adjusted to pH 7.0 with 100 mM
NaOH added in drops and subjected to two organic
extractions using methanol/chloroform (1:1 vol/vol) at
a final ratio of 1:1 vol/vol. The aqueous phase was adjust-
ed to 25 ml with 50 mM Tris, 100 mM NaCl, 100 mM
EDTA, 0.01% NaNj, and repeatedly treated with Tri-
tirachium album proteinase K (Sigma-Aldrich, St. Louis,
Missouri, USA) at 65°C (0.25 U/ml final each time, first
overnight, and then two treatments for 6 hours each).
The reaction mixture was boiled for 15 minutes to inac-
tivate residual enzyme and then dialyzed four times
(molecular weight cut-off, 12-14 kDa) against 80 vol of
water containing 0.01% azide. The mixture was adjusted
to 50 mM Tris HCl, 100 mM NaCl, 2 mM CaCl,, 2 mM
MgCl,, 0.01% azide, pH 7.4, and treated with Flavobac-
terium heparinum heparinase II (final, 0.075 U/ml; Sigma-
Aldrich) and Proteus vulgaris chondroitinase ABC (final,
0.015 U/ml; Sigma-Aldrich) for 6 hours at 37°C, and
boiled for 15 minutes. The mixture was then treated
twice with DNase (75 U/ml; Invitrogen Corp., San
Diego, California, USA) and RNase (0.01 mg/ml; Invit-
rogen Corp.) for 2 hours at 37°C, followed by one final
proteinase K digestion, as described above. The mixture
was then boiled for 15 minutes, dialyzed four times
against water as described above, and lyophilized. The
surviving large mucin fragments were then collected as
amore than 200-kDa void volume fraction by size exclu-
sion chromatography (Sephacryl HR-S-200, 1.5 cm x 95
cm; Pharmacia Biotech AB, Uppsala, Sweden) in isoton-
ic buffer (50 mM Tris, 100 mM NaCl, 0.01% NaNj, pH
7.4; flow rate 0.3 ml/min, room temperature [RT]). The
void volume fraction was dialyzed as described above,
lyophilized, weighed, and stored at -80°C.

Mucin characterization. SDS-PAGE was performed using
a 3% stacking and a 4% separating gel. Gels were stained
by the periodic acid Schiff (PAS) method (61). Amino
acid analysis was performed at the University of Califor-
nia, San Diego (UCSD) Core Facility by hydrolysis 6 M
HCI for 60 minutes at 160°C in sealed tubes, high-per-
formance sodium cation exchange chromatography
(Pickering Labs column) using a sodium citrate buffer
system, postcolumn ninhydrin derivatization, and detec-
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tion peaks at 500-570 nm, using norleucine as an inter-
nal standard. Monosaccharide analysis was performed
by high-performance anion exchange chromatography
with pulsed amperometric detection at the UCSD Gly-
cotechnology Core Facility (http://grtc.ucsd.edu/glyco-
core.html). Sialic acid content was determined by
reversed-phase HPLC analysis of 1,2-diamino-4,5-meth-
ylenedioxybenzene derivatives (62). Sulfate content was
determined by IC analysis after pyrolysis at the UCSD
Glycotechnology Core Facility. Selectin-binding activity
was determined by ELISA, as previously described (35).
Mucin preparations (500 ng/well) were coated onto
ELISA plates overnight at 4°C in ELISA coating buffer
(50 mM sodium carbonate/bicarbonate, pH 9.5). Solu-
ble recombinant murine P-, L- or E-selectin/human IgG
Fc chimera probes were precomplexed with goat anti-
human IgG Ab (BioRad Laboratories Inc., Hercules, Cal-
ifornia, USA) in ELISA buffer (20 mM HEPES, 125 mM
NaCl, 2 mM CaCl,, 2 mM MgCl,, 1% BSA, 0.1% NaNj,
pH 7.4) for 1 hour at room temperature while rocking,
and the mixture was exposed to the coated wells
overnight at 4°C. Following washing, binding was
detected with pnp-phosphate substrate.

Coagulation assays. Various concentrations of mucin
were added to citrated human plasma, which was then
recalcified to test for contaminating TF using a coagu-
lometer (Diagnostica Stago Inc., Parsippany, New Jersey,
USA) that detects fibrin formation. A standard curve of
added TF (Dade Innovin; Baxter Healthcare Corp., Deer-
field, Illinois, USA) established that the assay sensitivity
for a clotting response to TF was in the subnanogram
range. Platelet aggregometry assays (Chrono-Log Corp.,
Havertown, Pennsylvania, USA) were performed on hiru-
dinized platelet-rich plasma (PRP) using mucin and/or
ADP, arachidonic acid, epinephrine, and collagen
(Bio/Data Corp., Horsham, Pennsylvania, USA) (63).

Pyrogenicity assays. Mononuclear cells (MNCs) were iso-
lated from pooled citrated mouse blood by isopycnic cen-
trifugation through Ficoll-Paque research grade resolv-
ing medium (Pharmacia Biotech AB). MNCs (2 x 10°
MNC/ml RPMI; Gibco 11875-093) were cultured with
or without mucin (2-500 pug/m). After 20 hours of incu-
bation, the supernatant was assayed for secreted IL-6 by
sandwich ELISA using a BD PharMingen kit (San
Diego, California, USA). LPS (Sigma-Aldrich) was used
as a reference standard and demonstrated the sensitivi-
ty of the assay to be approximately 0.001 endotoxin
U/ml. Mucin was not positive in this assay and also did
not inhibit LPS activity. Note that 100 ug mucin and
2 x 106 MNCs/ml approximates relative concentrations
expected in the in vivo studies.

In vivo studies. Lyophilized purified mucin was dis-
solved in tissue culture-grade PBS (Invitrogen Corp.,
Grand Island, New York, USA) and injected (50-400
ug/100 ul) into the lateral tail vein of mice anesthetized
with isoflurane (VEDCO Inc., St. Joseph, Missouri,
USA). Heparin (Fujisawa Healthcare Inc., Deerfield,
Illinois, USA) at 100 United States Pharmacopeia units
per mouse (35) was injected 15 minutes before injec-

tion of the mucin. Hirudin (Refludan; Aventis Phar-
maceuticals Inc., Bridgewater, New Jersey, USA) at 50
ug/mouse was coinjected with the mucin. In some
experiments murine thrombin (Sigma-Aldrich) was
coinjected (0.001-0.05 U/mouse) with mucin.

Histology. Lung morphology was preserved in eutha-
nized mice by intratracheal perfusion of a 1:1 vol/vol mix-
ture of PBS and histological embedding medium (Tissue-
Tek OCT compound; Sakura Finetek, Torrance,
California, USA) prior to opening the thoracic cavity. Ace-
tone-fixed cryosections (5 um) were blocked in 10% rab-
bit serum, incubated with sheep anti-human fibrin(ogen)
(BIODESIGN International Inc., Saco, Maine, USA)
(PBS, 1% BSA, 0.1% NaN3, 4°C, overnight), FITC-conju-
gated rabbit anti-sheep IgG heavy & light (H&L) chains,
purified rat anti-mouse CD41 (BD PharMingen),
AffiniPure Cy3-conjugated donkey anti-rat IgG (H&L)
(Jackson ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA), and mounted with Vectashield
mounting medium containing DAPI (Vector Laborato-
ries Inc., Burlingame, California, USA). Per tissue section,
20 random fields at 200x magnification were digitally
captured and subjected to histographic quantification of
immunofluorescently labeled (CD41-Cy3) platelet-posi-
tive pixels using Adobe Photoshop (64).

Whole-blood assays. Whole blood was collected directly
by cardiac puncture in tubes containing Refludan (50
ug/ml, final). Fifty microliters of blood was stirred
(approximately 1,000 rpm, 37°C) in siliconized cuvettes
with magnetic stir bars (Crono-Log Corp.). Five micro-
liters of diluted test compounds were added to the stir-
ring blood and allowed to mix for 5 minutes. Reacted
blood (2 ul) was then diluted into 20 wl HEPES-buffered
saline containing biotin-conjugated rat anti-mouse
P-selectin (CD62P) (5 ug/ml final), FITC-conjugated rat
anti-mouse CD41 (BD PharMingen) (5 ug/ml final),
and streptavidin-R-phycoerythrin (Jackson ImmunoRe-
search Laboratories Inc.) (5 ug/ml final). Labeling steps
were performed sequentially by static incubation (15
minutes, RT). Unfixed, diluted, labeled blood was
immediately analyzed by flow cytometry and results
analyzed with CellQuest software (Becton Dickinson
Immunocytometry Systems, San Jose, California, USA).
Platelets were gated by FITC fluorescence and the per-
centage of P-selectin-positive (CD62P-PE) cells deter-
mined. Baseline P-selectin expression obtained with
PBS-treated controls was subtracted as background.
Data was considered significant when baseline was less
than 10% of CD41-FITC-gated platelets.

Statistical analysis. Data are expressed as mean plus or
minus standard error of the mean. Comparisons used
the Student’s ¢ test.

Results

Purification of large-carcinoma mucin fragments. Early
reports (44, 45) and some medical textbooks suggest
that carcinoma mucins can initiate coagulation by direct
activation of factor X. Contamination by TF and/or
other bioactive molecules, however, likely confounded
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such studies (D. Le and S. Rapaport, unpublished obser-
vations). This is not surprising, since intact mucins are
large complex molecules that can associate noncova-
lently with many tissue-derived lipids and proteins.
Proteolytic fragments of mucins are often released into
the blood by tumor cells, and the heavily glycosylated
domains of mucins are resistant to proteases because of
shielding by the clustered O-glycans (22-24, 65). Taking
advantage of the protease resistance, we developed a novel
method for the purification of large mucin fragments
from xenografted tumors, defined as greater than 200-
kDa domains sufficiently glycosylated as to be protected
from the action of a broad-spectrum protease. The
rationale for the overall approach was to eliminate all
contaminating lipids and polypeptides, including proco-
agulant molecules such as phospholipids, platelet-acti-
vating factor, and TF. Also, the final product would be a

Table 1
Chemical composition of purified carcinoma mucin preparations from LS180 xenograft tumors

Amino acid (mol/100 mol amino acid) Monosaccharide
Asx 2.4+£0.3 Sia
Thr 321+1.5 GalNAc
Ser 12.2+0.9 GlcNAc
Glx 43+0.3 Man
Pro 17.8 1.1 Fuc
Gly 52+0.6 Gal
Ala 6.6+0.8 Glc
Val 41+0.4 Xyl
lle 3.3+£0.1 GalA
Leu 2.2+0.6 GlcA
Tyr 1.0£0.6 IdoA
Phe 1.1+£0.3 Rib
His 3.2+0.9 dRib
Lys 2.6+0.5 Heptose
Arg 1.8+0.8 KDO

Figure 1

Purified mucin preparations are large and retain calcium-dependent
binding sites for all three selectins. (a) A 4% SDS-PAGE gel with detec-
tion of carbohydrates by PAS reagent. (b) ELISA in which immobilized
mucin preparations are probed with recombinant soluble murine
selectins. Values represent mean + SEM; n = 5 individual mucin prepa-
rations. P, P-selectin; L, L-selectin; E, E-selectin.

mixture of proteolytic fragments of various mucin
polypeptides, similar to that secreted by naturally occur-
ring cancers. As described in Methods, the complete pro-
cedure involved extensive lipid extraction and broad-spec-
trum protease digestions followed by other enzyme
treatments to remove large polyanionic molecules such
as glycosaminoglycans and nucleic acids and eventual gel
filtration to collect the surviving large mucin fragments.

Analysis of such material by gel electrophoresis fol-
lowed by carbohydrate detection with the PAS stain
revealed a high-molecular-weight band of more than
200 kDa that entered into the 4% SDS gel (Figure 1a).
As shown in Table 1, the chemical composition of these
purified carcinoma mucin preparations was as expect-
ed for mucins. The preparations were typically approx-
imately 30% amino acid and approximately 60% carbo-
hydrate by weight. Amino acid analysis revealed
enrichment in serine, threonine, and proline, all char-
acteristic of mucins. Monosaccharide compositional
analysis also showed a profile characteristic of O-linked
glycans, with a dominance of N-acetylgalactosamine
and the near absence of mannose. Sialic acids consti-
tuted approximately 15% of the total weight of carbo-
hydrate, and sulfate contributed approximately 1.5% of
the total weight. This analysis also showed the absence
of potential contaminants such as extracellular matrix
glycosaminoglycans (glucuronic acid and iduronic acid
absent), nucleic acids (ribose and deoxyribose absent),
and LPS (KDO and heptose absent).

(mol/mol GalNAc) (ug/100 ug mucin)
2.24+0.26 13.01+0.99
1.00 +0.00 5.51+0.60
1.57 £0.19 7.86 +0.32
0.21+0.10 0.83+0.35
1.02+0.13 4.51+£0.22
1.96 +0.21 9.15+0.17
0.17 £0.07 0.63 +0.39

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Several batches of purified mucin were analyzed for chemical composition. Values represent the mean = SEM of eight individual preparations. N.D., not detect-
ed; Sia, sialic acid; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; Man, mannose; Fuc, fucose; Gal, galactose; Glc, glucose; Xyl, xylose; GalA,
galacturonic acid; GlcA, glucuronic acid; IdoA, iduronic acid; Rib, ribose; dRib, deoxyribose; KDO, 2-keto,3-deoxyoctulosonic acid.
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The mucin preparations are recognized by selectins in a cal-
cium-dependent manner. Intact mucins isolated from
LS180 adenocarcinoma xenografts are known to be rec-
ognized by all three selectins in a calcium-dependent
manner (33). To determine if the mucin preparations
from tumors retained functional binding sites for
selectins, we performed ELISAs that quantified the
binding of recombinant soluble mouse selectin Ig-Fc
chimeras to the mucin preparations on a stationary phase.
As shown in Figure 1b, the mucins do retain calcium-
dependent binding sites for all three selectins. In addi-
tion, we found that the ICs values of mucin prepara-
tions (concentration giving 50% inhibition) of P-selectin
binding to a stationary phase of Sialyl-Lewis X were con-
sistent from batch to batch (data not shown). Thus, the
novel method of purification described herein repro-
ducibly yields high-molecular-weight mucin prepara-
tions that are recognized by all three selectins in a calci-
um-dependent manner.

The mucin preparations do not activate fluid-phase coagu-
lation pathways. The mucin preparations failed to initi-
ate clotting in a modified prothrombin assay using
normal human plasma, indicating the absence of con-

Figure 2

Time-course of platelet-rich microthrombi in wild-type mouse lungs
following a single injection of mucin. (a) Typical representations of
in vivo platelet-rich microthrombi in lung sections observed using

fluorescently labeled Ab against the platelet marker, CD41.

(b)

Quantitative histologic determination, quantitating average number
of CD41-positive pixels per 200x view field (mean value of 20 ran-
dom fields). Each bar represents the mean + SEM. *P < 0.001 com-

pared with PBS-injected mice, n=7; **P <0.05,n=5.

taminating TF (data not shown; assay sensitivity was
in the subnanogram range). The mucin preparations
also did not affect the activated partial thromboplas-
tin and dilute Russel’s viper venom tests on normal
plasma, ruling out any trace lipids that might influ-
ence coagulation (data not shown). Thus, the mucin
preparations are free of TF and are not anti- or proco-
agulant in standard in vitro assays.

The mucin preparations are not pyrogenic. Although ster-
ile procedures were followed throughout, contamina-
tion could have arisen from the enzyme preparations
used or from unexpected sources. As expected for large
polyanionic molecules, these mucin fragments gave a
weak false-positive assay in the standard Limulus lysate
assay for endotoxin. Individual batches of mucin were
therefore screened for pyrogenic activity using a more
sensitive and specific mouse MNC-based assay in
which samples or controls are added to the culture
medium, with detection of secreted IL-6 20 hours later
by sandwich ELISA (66). From negative results in these
studies (data not shown), we concluded that mucin
preparations are not pyrogenic.

The mucin preparations do not activate platelets in vitro.
We have shown that carcinoma mucin preparations
alone do not directly activate platelets in vitro (33, 34).
In the presence of subthreshold levels of thrombin,
however, mucins did enhance platelet aggregation in
vitro. This effect of mucin was calcium dependent and
could be blocked by P-selectin-blocking Ab’s and also
did not occur if platelets from P-selectin”- mice were
used (34). These findings were obtained using washed
platelets suspended in isotonic buffer. To study
platelets under somewhat more physiological condi-
tions we used stirred PRP anticoagulated with hirudin
(Refludan), a leech-derived irreversible and instanta-
neous thrombin inhibitor that is currently in clinical
use. Under these conditions, the mucin preparations
again had no effect on platelet aggregation in the
absence of thrombin. Moreover, they did not enhance
aggregation in response to subthreshold levels of other
platelet agonists, such as ADP, epinephrine, and colla-
gen (data not shown). Thus, the carcinoma mucin
preparations do not activate platelets directly in the
absence of active thrombin.

Intravenous injection of mucin preparations into mice gener-
ates platelet-rich microthrombi. In contrast to the lack of
bioactivity in all the above in vitro assays, the mucin
preparations rapidly generated platelet-rich intravascu-
lar microthrombi (detected with anti-CD41, a platelet
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marker) when they were injected intravenously into mice.
These microthrombi were found in several tissues includ-
ing liver sinusoids, renal glomeruli, choroid plexus of
brain, and lung. Since the small blood vessels of the lung
were the most consistent sites of platelet aggregation, we
quantified the extent of platelet accumulation in lung
sections by taking digitized photographs and determin-
ing the average number of CD41-positive pixels per view
field (Figure 2). The platelet-rich microthrombi were
observed within 5 minutes after a single injection of the
mucin preparation, and nearly half were resolved after 1
hour. Some microthrombi persisted, however, and did
not fully resolve until after 48 hours. The microthrombi
could be seen with as little as 50 ug of mucin injected per
mouse (data not shown), which equates with a plasma
concentration of approximately 50 ug/ml (assuming a
mouse plasma volume of approximately 1 ml). Notably,
some cancer patients can have circulating mucin con-
centrations as high as approximately 100 ug/ml (as deter-

Figure 3

Selectin deficiency attenuates platelet-rich microthrombus formation
following mucin injection. (a) Typical representations of platelet-rich
microthrombi in lung sections observed as in Figure 2, at 5 minutes after
injection. (b) Quantitative determination of CD41 in lung sections as
in Figure 2. Values shown represent the mean + SEM. *P < 0.001 com-
pared with mucin-injected wild-type mice, n=7; **P < 0.05, n = 7. White
bars, PBS-injected mice; black bars, mucin-injected mice.

mined by the CA 19-9 immunoassay that detects sialyl
Lewis A epitopes carried on mucins) (67, 68).

In vivo effects of mucin are dependent on P-selectin and
L-selectin. To determine if selectins play a role in the in
vivo response to injected mucins, we repeated mucin
injections in wild-type versus selectin-deficient mice.
As shown in Figure 3, nearly all the alveolar capillaries
in wild-type mice were occupied by small platelet
aggregates. Large aggregates also occupied some
medium-sized veins. In contrast, mucin injection into
P- or L-selectin-deficient mice yielded scant small
aggregations that were barely above background lev-
els. Mice with a combined deficiency of both selectins
did not show additional suppression beyond that seen
with either single selectin deficiency. Thus, the mucin
effect must operate via a linear pathway involving both
P-and L-selectin. We did not explore the role of E-selectin
in this system because it is not normally present on
endothelium, but must be transcriptionally activated
by specific stimuli (69).

In addition to its anticoagulant action, heparin is also
known to block P- and L-selectin interactions (57).
Indeed, recent work suggests that most or all of the
anti-inflammatory effects of heparin can be explained
by selectin blockade (59). In keeping with this, we
found that heparin injection 15 minutes before mucin
injection significantly reduced the platelet-rich micro-
thrombi in wild-type mice (Figure 4a). This protective
role of heparin in wild-type mice, however, could also
be due to its antithrombin/anticoagulant activity.
Thus, we next investigated the role of thrombin,
attempting to disentangle the fluid-phase coagulation
component from the selectin component.

Initial aggregation of platelets is independent of thrombin
activity. Our original hypothesis (based on in vitro data)
was that tumor-derived TF might generate low levels of
thrombin, which would then generate a circulating pop-
ulation of platelets with exposed P-selectin. Mucins
would then aggregate those platelets by cross-linking
P-selectin, perhaps starting a positive feedback loop and
recruiting additional platelets to the aggregates. To
examine this possibility, subthreshold levels of throm-
bin were coinjected with mucin. The effects of thrombin,
however, were simply additive rather than synergistic
(Figure 4b). Surprisingly, platelet aggregation remained
unchanged, even when we inhibited in vivo thrombin
activity by coinjecting hirudin along with mucin (see Fig-
ure 4a). To verify that hirudin was actually working in
vivo we studied the platelet-rich microthrombi in more
detail, specifically focusing on fibrin (an indicator of
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Figure 4

Relative importance of fluid-phase coagulation versus selectins in mucin-induced microthrombus formation. (a and b) Quantitative deter-
mination of CD41 in lung sections as in Figure 2, at 5 minutes after injection. (a) Ability of heparin or hirudin to block the effects of mucin
in wild-type mice. *P < 0.05 compared with mucin alone, n=5; **P < 0.0017 compared with PBS-injected mice, n = 5. (b) Effects of coinjecting
subthreshold levels of thrombin with mucin. (c) Three-color immunofluorescence microscopic analysis of platelet-rich microthrombi in wild-
type mice injected with mucin (with or without hirudin) to demonstrate fibrin, an indicator of thrombin activity. Bright green indicates
deposited fibrin; pale green indicates autofluorescence of luminal surface of longitudinally sectioned venule; red indicates platelets; and blue
indicates nuclei. Examples of occluding microthrombi and diffuse platelet aggregates are shown.

tion in P-sel”/-, L-sel”/~, or P-sel/-/L-sel-/- mice (data

thrombin activity) and on platelets and leukocytes (Fig-
not shown). Taken together, these data indicate that

ure 4c). While hirudin at the same dose did prevent fib-

rin deposition within and around all microthrombi, the
aggregation of platelets was unaffected. The morpholo-
gy of the platelet aggregates in the presence of hirudin
did look a little different, presumably because the fibrin
strands were not available to consolidate the aggregates.

Because mucin did cause some low-grade platelet
aggregation in selectin-deficient mice (see Figure 3),
we next studied the effects of heparin and hirudin in
these mice. Hirudin, with or without added heparin,
did not affect the residual low-grade platelet aggrega-

thrombin is not a proximal component in the path-
way of mucin-induced platelet aggregation in this in
vivo model. Rather, fibrin deposition (an index of
thrombin activity) appears to be a secondary process.

Mucins activate platelets via leukocyte L-selectin in whole blood.
Because mucins do not activate platelets in buffer (34) or
in PRP (data not shown), and the in vivo effects of mucin
appeared to be thrombin independent and L-selectin
dependent, we hypothesized that leukocytes were
involved in activating platelets. To test this in vitro, stirred

Table 2
Microangiopathic characteristics in mice bearing mucinous tumors

Normal Tumor-bearing Pvalue
rbc count (108/ul) 10.9+£0.3 8.4+0.6 0.01
Hemoglobin (g/dl) 14.0£0.3 11.2+£0.6 0.01
Polychromatophilic macrocytes/1,000 rbc’s 5.8+0.1 24+4 0.06
Schistocytes (fragmented rbc’s)/1,000 rbc’s 0.5+0.2 2.2+0.5 0.002
Serum lactate dehydrogenase (1U/I) 701 £ 816 2,829 + 816 0.007
Total bilirubin (mg/dl) 0.25+0.057 0.39+0.036 0.04
Platelet aggregates (pixels/field)* 917.5+£175 3,163.4 + 727 0.005

Mice carrying xenografts of LS180 human cells were screened for clinical signs of microangiopathy and compared with non-tumor-bearing littermates. Values
represent the mean + SEM of values obtained in multiple cohorts of wild-type (n = 5-15) and tumor-bearing (n = 12-38) mice. Statistical significance is shown
using the Student’s t test. *Platelet aggregation was determined by histologic evaluation of lung sections as in Figure 2. Some amount of background aggre-
gation is observed in wild-type mice due to the autopsy procedure.
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In vitro demonstration of the essential role of leukocyte L-selectin
in mediating platelet activation. Flow-cytometric quantification of
platelet activation based on P-selectin expression in stirred, hirudin-
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mouse whole blood, anticoagulated with hirudin to
inhibit thrombin was incubated at 37°C with various test
compounds for 5 minutes, followed by flow-cytometric
detection and quantification of activated platelets by test-
ing expression of P-selectin (Figure 5). A low but signifi-
cant degree of P-selectin expression was observed, con-
sistent with leukocyte-mediated platelet activation rather
than direct stimulation of platelets (70). While the mucin
preparations did activate platelets in wild-type whole
blood, they were inactive in whole blood from L-sel”/~
mice. Furthermore, heparin completely blocked the effect
of mucin in wild-type blood. Since hirudin is already used
in a saturating amount, heparin is likely acting through
its role as an inhibitor of P- and/or L-selectin interactions,
rather than as a thrombin inhibitor. The final concen-
tration of mucin used in this in vitro system was about
the same as that anticipated in the in vivo experiments.
From these results we conclude that mucins require
leukocyte L-selectin in order to activate platelets, causing
them to express P-selectin (see discussion below).

Mice bearing mucin-producing tumors show evidence for
Trousseau syndrome. Some of the mice carrying
xenografts from which mucin was extracted for the cur-
rent studies did show clinical signs of microangiopath-
ic hemolytic anemia (Table 2). They were anemic, had
moderate amounts of circulating damaged red blood
cells (schistocytes), and had high numbers of young red
cells (polychromatophilic macrocytes, consistent with
hemolysis and compensatory enhanced erythropoiesis.
Serum chemistry revealed increased LDH and bilirubin,
consistent with a hemolytic process. Histologic analysis
of lungs revealed mild to severe disseminated platelet-
rich microthrombi in some of the mice. Many further
studies will, of course, be needed to prove that the cor-
roborative findings in these animals are indeed related
to circulating tumor mucins and to extend these obser-
vations to humans with cancer.

Discussion

We have shown that carcinoma mucins alone can acti-
vate platelets and generate the classic microangio-
pathic form of Trousseau syndrome in intact mice.
This provides a rational explanation for the previous-
ly mysterious association of Trousseau syndrome with
mucin-producing carcinomas. Our original hypothe-
sis that TF was required for mucin to act as a template
and aggregate activated platelets through P-selectin
was not substantiated, and we were surprised to find
that L-selectin was also essential. L-selectin signaling
normally activates leukocytes, presumably because the
cell must attain new properties in order to extravasate
effectively at sites of endogenous L-selectin ligands.
Thus, mucins may initially ligate L-selectin, generat-
ing various signals that eventually result in systemic
activation of platelets, aggregation, and embolization.
Subsequent propagation of these lesions could then
arise through P-selectin-based interactions, as well as
secondary activation of coagulation.

Although L-selectin is an adhesion molecule, it also
has signaling functions that cause cellular activation
(71-80). Thus, we propose a model for L-selectin-medi-
ated activation of platelets that relies on a leukocyte-
platelet cross-talk mechanism rather than on the fluid
phase coagulation system (Figure 6). This P- and L-se-
lectin-dependent mechanism leads to the activation and
aggregation of platelets via a pathway that is thrombin
independent. L-selectin signaling by the mucin activates
leukocytes, which then activate platelets through an as
yet unknown mediator. Given that the effects are seen
within 5 minutes both in vitro and in vivo, the latter
must be a rapidly generated molecule.

Our results also emphasize a critical role for P-selectin,
which could be required for platelet aggregation brought
about by mucin cross-linking of P-selectin-expressing

Soluble
carcinoma
mucin

Resting

O platelet
?

Leukocyte

signal transduction > # Activated

platelet

P-sel

Figure 6

Proposed model for L- and P-selectin-mediated mucin-induced acti-
vation and aggregation of platelets. Yellow circle labeled with L indi-
cates L-selectin ligands on mucins. Blue boxes labeled with P indicate
P-selectin ligands, including carcinoma mucins and PSGL-1 expressed

on leukocytes. L-sel, L-selectin; P-sel, P-selectin.
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platelets (Figure 6). Alternatively (or in addition), P-se-
lectin interaction with its endogenous ligand, leukocyte
P-selectin glycoprotein ligand-1 (PSGL-1), might
induce cross-signaling in leukocytes (Figure 6). PSGL-1
signaling activates integrins (CD11b/CD18) on neu-
trophils (81, 82), transcellular metabolism of arachi-
donic acid (83), and thromboxane A, generation (84).
PSGL-1 signaling also upregulates TF generation by
monocytes (85-88). Finally, a role for P-selectin in inter-
acting with sulfatide glycolipid ligands expressed on
platelets and red blood cells was recently reported (89).
Thus, the initial activation and aggregation of platelets
caused by mucins by L- and P-selectin could, in turn,
generate secondary responses, namely, activation of
coagulation and recruitment of additional platelets as
well as other leukocytes and red blood cells, generating
the more complete lesions.

Our data indicate that activation of coagulation is
not a proximal component in carcinoma mucin-gener-
ated platelet-rich microthrombi. Rather, the phenom-
enon is primarily mediated through P- and L-selectins.
These findings are in agreement with the clinical obser-
vation that while heparin (which is known to also
inhibit P- and L-selectin interactions) is the drug of
choice for managing patients with Trousseau syn-
drome, other therapeutic strategies that attenuate the
fluid-phase coagulation cascade are often ineffective
(2-10). Of course, we do not claim that mucins alone
are responsible for all forms of Trousseau syndrome,
according to the broader definition. Indeed, it is likely
that tcumor-derived TF as well as other procoagulants
are involved in the broad spectrum of hypercoagulable
states seen in cancer patients. It is also possible that
such additional factors could directly associate with
the large negatively charged mucins or mucin frag-
ments, thereby potentiating their multiple effects.
Additional studies are also required to determine
whether specific mucin polyptides are the carriers of
the critical selectin ligands. The possibility of using
methods of selectin inhibition other than heparin for
human cases associated with mucin-producing carci-
nomas should also be explored.
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