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SUMMARY The protease inhibitor, protease nexin-2 (PN-2), is the secreted form of the
amyloid B-protein precursor (APP) which contains the Kunitz protease inhibitor domain., PN-
2/APP is an abundant platelet a-granule protein which is secreted upon platelet activation. PN-
2/APP mRNA is present in cultured endothelial cells and the protein has been detected in plasma.
In the present studies we quantitated PN-2/APP in platelets, plasma and several different cell types
of the vasculature to identify the repository of the protein in the circulatory system. We report that
PN-2/APP is predominantly a platelet protein in the vascular compartment. Lysates of
unstimulated umbilical vein endothelial cells, granulocytes or monocytes contained little PN-2/APP
based on sensitive functional protease binding and immunoblotting assays. Quantitative
immunoblotting studies demonstrated that normal citrated-plasma contains < 60 pM PN-2/APP.
In contrast, platelets can contribute up to 30 nM PN-2/APP, indicating that they are the major
source Of the protein in blOOd. © 1991 Academic Press, Inc.

The amyloid B-protein and its parent molecule, the amyloid B-protein precursor (APP), are
constituents of senile plaques in brain and cerebrovascular deposits in individuals with Alzheimer's
disease (AD) and Down's syndrome (1-5). APP can be translated from at least three alternatively
spliced mRNA species to yield proteins of 695, 751 and 770 amino acids (6-8). The latter two
forms contain an additional domain that is homologous to Kunitz-type serine protease inhibitors (6-
8). The forms of mRNA encoding for APP-751 and 770 appear to be ubiquitous. On the other
hand, mRNA encoding for APP-695, the form which lacks the Kunitz protease inhibitor domain,
is found primarily in brain. The previously described protease inhibitor protease nexin-2 (PN-2)
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(9-11) is now known to be the secreted form of APP that contains the Kunitz protease inhibitor
domain (12,13).

Several findings have suggested that circulating forms of the amyloid B-protein exist and
may contribute to the pathology of certain disease states. First, these proteins are deposited in the
cerebrovasculature of individuals with AD (1-4), Down's syndrome (14) and hereditary cerebral
hemmorhage with amyloidosis of the Dutch-type (15). Second, amyloid B-protein deposits occur
at sites of vascular malformations (16). Lastly, deposition of the amyloid B-protein has been
reported in perivascular, nonneural tissues including skin, subcutaneous tissue and intestine in
individuals with AD (17). Recently, we and others showed that PN-2/APP is a platelet a-granule
protein which is secreted upon platelet activation (18-20). Other recent reports indicate that PN-
2/APP is the most potent known physiologic inhibitor of intrinsic blood coagulation factor XlIa
(19,21). Together, these two findings suggest that PN-2/APP may participate in regulating blood
coagulation at sites of vascular injury. Furthermore, other studies showed that APP is a potent cell
adhesion molecule (22) and possesses growth supportive activity (23,24), other possible functions
which may contribute to wound repair.

In addition to platelets, there may be other vascular sources of PN-2/APP in the circulatory
system. Endothelial cells constitutively express APP mRNA and these levels can be increased by
treatment with interleukin-I (25). APP immunoreactivity has also been detected in plasma (26).
The following studies were designed to determine the major intravascular source(s) of PN-2/APP.
Determining if PN-2/APP is present at significant levels in plasma, in addition to platelets, is
important in understanding the physiologic, as well as possible pathophysiologic, functions of this
protein. If appreciable quantities of PN-2/APP exist in plasma, it could interact with circulating
cells and blood vessel walls at any time. On the other hand, if PN-2/APP circulates predominantly
as an intracellular protein its delivery could be targeted, when needed, to specific sites of vascular
injury and vessel wall malformations. Using functional and immunochemical assays we
quantitated the amounts of PN-2/APP in plasma, platelets, granulocytes, monocytes and umbilical
vein endothelial cells to determine the repositories of this protein in the vasculature. The present
studies indicate that PN-2/APP circulates predominantly as a platelet protein.

METHODS

Plasma and cell lysate preparation. Platelet-poor plasma and platelets were prepared from
freshly collected citrated-blood from normal healthy donors as described (27). Plasma samples
were enriched for PN-2/APP by anion exchange chromatography (18). Human granulocytes were
prepared from whole blood anticoagulated with acid-citrate-dextrose by dextran sedimentation
followed by Ficoll-Hyaque centrifugation, as previously reported (28). Human monocytes were
prepared from leukocyte-rich fractions by Ficoll-Hypaque and double Percoll density gradients
according to published methods (29). Lysates of cultured human umbilical vein endothelial cells
(passage 8-10) were prepared as previously reported (30). Lysates of all cell types were prepared
with 1% Triton X-100 and the insoluble material was removed by centrifugation. Fractionated
plasma samples and platelet and cell lysates were stored at -70° C.

PN-2/APP-protease complex formation. Aliquots of the platelet and cell lysates were
incubated with 30 nM 125I-epidermal growth factor binding protein (1.4 x 106 cpm/pmole) for 15
min at room temperature. An equal volume of nonreducing Laemmli SDS sample buffer was
added to the samples to terminate the reaction. Without prior boiling, the samples were then
analyzed on 10% nonreducing SDS-polyacrylamide minigels according to the method of Laemmli
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(31). Completed gels were then stained, destained, dried and autoradiograms were prepared.

1251-1abeled protease:PN-2/APP complexes were identified as a 120 kDa band on the
autoradiograms (11,18).

Immunoblot analysis. Aliquots of platelets, other cell lysates and fractionated plasma samples
were electrophoresed on 10% SDS-polyacrylamide mini gels as described above and the proteins
were electroblotted onto polyvinylidene difluoride membranes. Unoccupied sites on the
membranes were blocked overnight with a solution of phosphate-buffered saline containing 0.25%
gelatin. The membranes were then incubated with mAbP2-1 monoclonal hybridoma culture
supernatant (18,21). The bound mouse monoclonal antibody was detected with a solution of
biotinylated-sheep anti-mouse IgG (1:200) followed by a solution of biotinylated-streptavidin
horseradish peroxidase conjugate (1:400). The immunoblots were then developed with a solution
of 4-chloronapthol as described (21). .

Quantitative immunoblotting was performed as described above except that the bound
mouse monoclonal antibody mAbP2-1 was detected with a 0.5 nM solution of 125]-labeled affinity
purified goat anti-mouse IgG; (4.5 x 106 cpm/pmole). Autoradiograms were prepared from the
immunoblots and the PN-2/APP bands were quantitated by a scanning laser densitometer. The
scan values obtained from the fractionated plasma samples and platelet and cell lysates were
compared to scans obtained from autoradiograms of standard curve immunoblots of known
quantities of purified PN-2.

RESULTS

Previous studies suggested that platelets contain substantial amounts of PN-2/APP
(18-20). However, since umbilical vein endothelial cells were shown to constitutively express
APP mRNA (25), the major source of PN-2/APP in the vasculature is not known. Therefore, we
prepared lysates of platelets, umbilical vein endothelial cells, granulocytes and monocytes, to
determine the repositories of PN-2/APP in blood. Aliquots of each of these cell lysates were
screened for PN-2/APP protein using the functional protease inhibition assay of SDS-stable 1251-
epidermal growth factor binding protein:PN-2/APP complex formation (11,18). The
autoradiogram in Fig. 1 qualitatively shows that platelet lysates (lane 4) contain proportionately
greater amounts of PN-2/APP than lysates of endothelial cells (lane 1), granulocytes (lane 2) or
monocytes (lane 3). The findings from the PN-2/APP functional assay were supported by
immunoblot analysis using the anti-PN-2 monoclonal antibody mAbP2-1. The immunoblot in Fig.
2 shows that the monoclonal antibody mAbP2-1 detected significant quantities of PN-2/APP in a
platelet lysate (lane 4). In contrast, little, if any, PN-2/APP was detected in the lysates of
endothelial cells (lane 1), granulocytes (lane 2) or monocytes (lane 3). Together, these findings
from our qualitative functional and immunochemical assays indicate that platelet lysates contain
proportionately greater quantities of PN-2/APP than other cell types in the vasculature.

In order to confirm that platelets are the major source of PN-2/APP in the circulatory
system, we determined the concentration of PN-2/APP in normal citrated-plasma, platelets, and the
other cell types, by quantitative immunoblotting using monoclonal antibody mAbP2-1 and a 125]-
labeled secondary antibody. Fig. 3 shows the standard curve that was generated from laser
densitometric scanning of an immunoblot of known quantities of purified PN-2. Table 1
summarizes the results obtained from the quantitative immunoblotting studies. Human platelets (1
x 108 platelets) contain 1.1 + 0.3 pg of PN-2/APP (n = 5). Assuming a normal level of 3 x 108
platelets per ml of blood, upon activation and release, platelets could contribute up to 30 nM PN-
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Fig. 1. 1251-1abeled epidermal growth factor binding protein-PN-2/APP complex formation

in cell and platelet lysates. Cell and platelet lysates were prepared as described in "Methods” and

cell sates were adjusted to final concentrations of 3.5-5 x 107 cells/ml. The platelet lysate was 1

/ml. Twenty five j1l aliquots of each lysate were incubated with 30 nM 125]-Iabeled epidermal
growth factor binding protein and subjected to SDS-PAGE and autoradiography as described in
"Methods." Lane 1, human umbilical vein endothelial cell lysate; lane 2, human granulocyte lysate;
lane 3, human monocyte lysate; and lane 4, human platelet lysate.

2/APP in blood. Even higher concentrations could be achieved in the immediate microenvironment
of the activated platelet surface. In contrast, normal citrated-plasma contains 6.7 * 2.6 ng of PN-
2/APP/ml (n = 5). This concentration of < 60 pM of free PN-2/APP in plasma and is consistent
with the levels described in a recent preliminary report (32). In the lysates of the endothelial cells,
granulocytes or monocytes very little, if any, PN-2/APP was detected by the quantitative
immunoblotting assay indicating that the levels of protein associated with these cells is < 10 pM.
These results indicate that platelets are the major intravascular source of PN-2/APP.
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Fig. 2. Immunoblot of PN-2/APP in cell and platelet lysates. Cell and platelet lysates were
prepared as described in "Methods" and the cell lysates were adjusted to final concentrations of
3.5-5 x 107 cells/ml. The platelet lysate was 1 x108/ml. Twenty five pl aliquots of each lysate

were subjected to SDS-PAGE and immunoblotted using the monoclonal antibody mAbP2-1 as
described in "Methods.” Lane 1, human umbilical vein endothelial cell lysate; lane 2, human
granulocyte lysate; lane 3, human monocyte lysate; and lane 4, human platelet lysate.

Fig. 3. Quantitative immunoblot standard curve. Known quantities of purified PN-2/APP
were subjected to SDS-PAGE and immunoblot analysis was conducted with monoclonal antibody
mAbP2-1 and 1251-1abeled goat anti-mouse IgG. An autoradiogram was prepared and quantitated
by a scanning laser densitometer.
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TABLE 1. Quantitation of vascular PN-2/APP

Source _Immunobl antitation Vascular Concentration % Contribution

Platelets 1.1 £ 0.3 pg/108 platelets >30 nM >99

Plasma 6.7 £ 2.1 ng/ml plasma <60 pM <0.5

Endothelial cells <20 ng/107 cells <10 pM <0.1

Granulocytes <10 ng/107 cells <10 pM <0.1

Monocytes <20 ng/107 cells <10 pM <0.1
DISCUSSION

Although a previous study described the immunochemical identification of secreted forms
of APP (equivalent to PN-2) in plasma (26) and APP mRNA has been shown to be present in
cultured endothelial cells (25), no specific comparative information has been available to determine
the major intravascular source of PN-2/APP. The finding that the majority of intravascular PN-
2/APP is contained within platelets indicates that this protein is a platelet-specific protein. The
quantity of platelet PN-2/APP (1.1 pg/108 platelets) suggests that it is a major platelet component
comprising 0.5% of total platelet protein. The present finding that platelets are the major
circulating repository of PN-2/APP also provides important insights about its potential physiologic
interactions. Since PN-2/APP is primarily contained in platelet ot-granules and is secreted upon
platelet activation along with other granule constituents (18-20), platelets can provide effective
targeting and release of large amounts of PN-2/APP at specific injury sites in the vasculature. At
these sites, PN-2/APP may participate in one or more of the numerous events in wound repair.
For example, PN-2/APP has been reported to possess growth supportive activity (23,24) and is a
potent cell adhesion molecule (22), two properties which occur during the repair process. More
striking are the protease inhibitory properties of PN-2/APP. PN-2/APP is the most potent inhibitor
known of intrinsic blood coagulation factor Xla (19,21). Since factor XIa binds to the surface of
activated platelets to convert factor IX to IXa (33,34), platelet PN-2/APP may play an important
role in regulating factor XIa activity near and at the surface of activated platelets. Since PN-2/APP
is present in platelets at high concentrations (Table 1), regulation of intrinsic blood coagulation by
this inhibitor may be targeted uniquely to the microenvironment of the generating thrombus. In
contrast, other plasma-born protease inhibitors of factor Xla such as o) protease inhibitor and
antithrombin IIT (35) may function in plasma.

Several studies have suggested the possibility that deposits of the amyloid B-protein in
senile plaques, cerebrovascular deposits and in peripheral nonneural tissues might partly originate
from the circulation (1,2,16,17). PN-2/APP has also been identified in some of these deposits
(12,36). The present results suggest that some of these deposits might originate from platelets. It
is noteworthy that recent studies showed that PN-2/APP secreted from transfected cells contains
only the first fifteen amino acids of the amyloid B-protein at its carboxy terminus (37). It has yet to

19



Vol. 175, No. 1, 1991 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

be determined if PN-2 from normal or Alzheimer's disease platelets contains the entire amyloid B-

protein domain and thus could be a potential source of the amyloidogenic fragment.
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