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Abstract

In addition to its role in fibrinolysis, plasminogen (Plg) influences inflammatory cell migration,
and thereby plays a prominent role in cardiovascular pathology. The contribution of Plg to
inflammatory cell recruitment depends upon its tethering to the surface of responding cells. Plg
receptors (Plg-Rs) are heterogeneous and can be classified as tailless, lacking cytoplasmic tails, or
tailed, having cytoplasmic tails. In vivo observations implicate several tailless Plg-Rs in
inflammatory responses. Tailed Plg-Rs on leukocytes include several integrins, which have also
been implicated in Plg-dependent responses. Surface expression of both tailless and tailed Plg-Rs
can be modulated in number and/or function. A common mechanism involving intracellular
calcium mobilization and calcium channels regulates expression of both classes of Plg-Rs. Data
are emerging to indicate that targeting Plg and Plg-Rs may limit inflammation and cardiovascular
pathology.

Introduction

Inflammation underlies many of the pathological processes leading to cardiovascular
diseases. Efficient recruitment of leukocytes from one tissue to another, including from
blood, is heavily dependent on proteolysis. Among the various proteases, evidence for
involvement of plasmin in inflammation is particularly strong. Numerous studies conducted
in Plg-deficient mice have underscored the critical role of Plg in leukocyte recruitment and
inflammatory responses (reviewed in (Plow et al. 1999,Plow and Hoover-Plow 2004)).
Thus, in addition to its well-established role in fibrinolysis/thrombolysis, Plg is an important
mediator of inflammation and hence in cardiovascular diseases.

In this article, we briefly consider how Plg influences inflammatory cell migration. This then
leads into a discussion of Plg-R, which we categorize as ones without cytoplasmic tails
(tailless) and ones with cytoplasmic tails (tailed). We then postulate that a common
mechanism, changes in intracellular calcium, regulates both classes of Plg-Rs.
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Contributions of Plasminogen to Inflammatory Cell Recruitment

Plg, the zymogen form of the active serine protease, plasmin, circulates at high
concentrations in blood (1 uM). Plasmin may contribute to leukocyte migration at several
levels. First, plasmin orchestrates degradation of the extracellular matrix (ECM), which
serves as a barrier to cell passage. ECM substrates of plasmin include fibronectins,
thrombospondins, and laminins as well as fibrin (reviewed in Plow et al. 1995).
Additionally, plasmin can activate the matrix metalloproteinases (MMPs)(reviewed in
Lijnen, (2000) which degrade collagens. Further influences of Plg on inflammatory cell
recruitment stems from its processing of various chemokines/cytokines. Notable in this
regard is its processing of transforming growth factor-p, interleukin-1, basic fibroblast
growth factor, tumor necrosis factor-a and monocyte chemotactic protein-1 (reviewed in
Ploplis and Castellino, 2000). Plasmin(ogen) also can trigger intracellular signaling events.
Plg-mediated signaling occurs in macrophages (Syrovets and Simmet 2004) and neutrophils
(Pluskota et al. 2008), and these changes can also influence cell adhesion and migration.

Plasminogen Receptors

Efficient utilization of plasmin(ogen) by cells depends on its tethering to the responding cell.
Surface localization enhances Plg activation, increases the catalytic activity of plasmin, and
protects the enzyme from inactivation by protease inhibitors, a necessity in an inhibitor-rich
environment (reviewed in Plow et al., 1995). The binding of PIg to cell surfaces is mediated
by a diverse array of cell surface molecules, collectively Plg-Rs. Common to most Plg-Rs is
their ability to interact with the lysine binding sites within the kringle domains of
plasmin(ogen). Most of the identified Plg-Rs have a carboxy-terminal lysine, but others
harbor internal amino acids that mimic C-terminal lysines. This common recognition
mechanism results in similar affinity of Plg for most Plg-Rs (Kp ~1 uM) (Miles and Plow
1987) and renders these interactions vulnerable to inhibition by basic carboxypeptidases and
C-terminal lysine analogs, such as e-aminocaproic acid.

Many Plg-Rs do not contain a signal sequence, transmembrane domain and/or a cytoplasmic
tail. Falling into this category of tailless Plg-Rs on leukocytes are a-enolase; annexin 2,
amphoterin, TIP49a, histone H2B and Plg-Rk (see Table 1). Tailed Plg-Rs contain
transmembrane and cytoplasmic tails and include several integrin adhesion receptors. Of
these, aVB3, a5p1 and aMp2 are present on leukocytes (Table 1). It should be noted that the
terminology of peripheral versus integral membrane proteins could be applied to Plg-Rs
with tailless corresponding to peripheral and tailed to integral membrane proteins. This
designation would change only the classification of Plg-Rk, which is postulated to contain
a single intracellular loop with its C-terminal and N-terminal positioned on the exterior of
the cell. A hypothetical subcategory of tailless Plg-Rs also may arise from the association of
Plg binding proteins released from other cells as a consequence of lysis or secretion and then
bind to the surface of leukocytes. Indeed, many other Plg binding proteins, such as
cytokeratin 8 (Hembrough et al 1995), might function as Plg-Rs through such a mechanism.
Both tailless and tailed Plg-Rs promote Plg activation and pericellular proteolysis, but may
display these functions in different biological settings. Regulation of both classes of Plg-Rs
by inflammatory stimuli is particularly important in controlling leukocyte responses. Our
subsequent discussion focuses on the modulation of Plg-Rs on monocytoid cells and
neutrophils (PMN) as two cell types pivotal in inflammatory responses associated with
cardiovascular diseases.

Tailless Plasminogen Receptors

a-Enolase, first identified as a PIg-R on monocytoid cells (Miles et al. 1991), bears a C-
terminal lysine, and is now known to function as a Plg-R on many other eukaryotic
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(Nakajima et al. 1994,Seweryn et al. 2009,Lopez-Alemany et al. 2003), including
transformed cells (Lopez-Alemany et al. 1994) as well as prokaryotic cells (Pancholi and
Fischetti 1998). a-Enolase has been directly implicated in macrophage recruitment in LPS-
induced lung inflammation in mice and its expression correlates with accumulation of
inflammatory cells in the lungs of pneumonia patients (Wygrecka et al. 2009). Annexin 2
(36 kDa), first identified as a Plg-R on endothelial cells, also binds Plg activators (reviewed
in Kim and Hajjar, 2002). Annexin 2 is also expressed on monocytoid cells, and its
expression is enhanced on acute promyelocytic leukemia cells (Falcone et al. 2001).
Annexin 2 does not contain a C-terminal lysine, but may be cleaved to become a Plg-R.
However, other studies suggest that annexin 2 only binds Plg when associated with its 11-
kDa binding partner, p11, which has lysine as its natural C-terminus (MacLeod et al. 2003).

Histone H2B is present on the surface of leukocytes (Holers and Kotzin 1985), where it
functions as a tailless PIg-R (Herren et al. 2006,Das et al. 2007). H2B harbors a C-terminal
lysine, as do several other histones (H1, H2A and H2B), which are also likely to function as
Plg-Rs if they reach the cell-surface. Several of these histones are detected extracellularly
(Brix et al. 1998), some associated with extracellular DNA nets (Brinkmann et al. 2004),
and have been implicated in inflammatory responses (Xu et al. 2009). The most recently
discovered member among tailless Plg-Rs is PIg-RKT. In contrast to the other tailless Plg-R,
Plg-RkT does bear a transmembrane domain, actually two, which are connected by a short
cytoplasmic loop. Both its N-terminus and its C-terminus, a lysine, are extracellular
(Andronicos et al. 2009).

Blocking studies with antibodies to a-enolase, annexin 2, p11 and H2B indicate that these
tailless Plg-Rs account for the preponderance of the Plg binding capacity of monocytoid
cells of either murine or human origin (Das et al. 2007) although the effects of antibodies to
other Plg-Rs have not been directly compared. Anti-H2B alone blocked ~50% of the Plg
binding and Plg activation (Das et al. 2007). Intravenous administration of the anti-H2B Fab
fragments inhibited 70% of the Plg-dependent macrophage recruitment in thioglycollate-
induced peritoneal inflammation. In this model, Fab fragments of anti-enolase produced
modest inhibition in contrast to the marked involvement of a-enolase in lung inflammation
induced by LPS (Wygrecka et al. 2009). Also, Plg-Rg cell surface expression was reported
to increase upon M-CSF stimulation (Andronicos et al. 2009). Thus, different Plg-Rs may be
utilized for inflammatory cell recruitment in a tissue-specific and/or stimulus specific
manner.

Cells of the monocytoid lineage change their Plg binding capacity in during a variety of
physiological responses, including adhesion (Kim et al. 1996, Herren et al. 2001), apoptosis
(O'Mullane and Baker 1999), differentiation (Brownstein et al. 2004, Das et al. 2007, 2009),
and agonist stimulation (Herren et al. 2003, Peterson et al. 2003, Wygrecka et al. 2009). In
cases where delineated, up-regulation in Plg binding has been accompanied by increases in
expression of tailless Plg-Rs: surface expression of H2B, a-enolase, annexin 2 and p11
increased by FACS, Western blots and immunofluorescence when moncytoid cells were
differentiated toward macrophages.

Integrins as Tailed plasminogen receptors on leukocytes

Integrins are among the most highly expressed tailed Plg-Rs on leukocytes. The most
prominent integrins on leukocytes are the B, integrin subfamily. Of these, aMB2 (Mac-1,
CD11b/18), aXp2, (p150, 95, CD11c/18), and probably aDB2 (CD11d/18) are Plg-Rs as are
a5B1 and aVB3. Although none of the B2 integrins contain a C-terminal lysine, they interact
with the LBS within Plg kringle domains. Several studies demonstrated that aMp2 forms a
tight complex with uPAR, which enhances integrin-dependent leukocyte
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responses(Chapman and Wei 2001). In addition to uPAR, aMp2 also interacts directly with
UuPA. Assembly of Plg, uPA, and uPAR on integrin aMp2 regulates plasmin activity on
PMN surface and this tetramolecular complex plays a crucial role in fibrin degradation by
PMNs as well as in mediating adhesion and migration of these cells (Pluskota et al. 2003,
2004). As a tailed Plg-R, aMp2 is capable of directly transmitting “outside-in” signals upon
ligand engagement; engagement of aMp2 by Plg triggers activation of ERK1/2 and Akt
(Pluskota et al. 2008). While studies demonstrating the assembly and signaling
consequences of Plg binding to aMp2 have been observed primarily with PMN, it is likely
that these mechanisms extend to other aMp2-bearing cells and to X2 and aDf2 integrins.
Although Plg is abundant in most microenvironments, including blood, these Plg-Rs are not
continuously ligated. Plg does not bind unless the integrin is in activated state. Several
studies have demonstrated that aVB3, like aMp2, recognizes plasmin, uPAR and the kringle
domain of uPA, and these interactions influence the adhesive and migratory responses of
cells.(Tarui et al. 2006). Of note, not only a«Mp2 but also aVVB3 enhances u-PA dependent
Plg activation although their role in Plg-dependent cell migration has not been assessed in
vivo.

Ca2+ Mobilization and Channels Provide a Common Pathway for
Regulation of Plasminogen Receptors

During monocyte-to-macrophage differentiation, the 3-4-fold up-regulation of the tailless
Plg-Rs is independent of new protein synthesis and is unaffected by inhibitors of non-
classical protein secretion pathways (ABC-1 transporters, Na/K ATPases, endolysozomyl
recycling). However, chelation of intracellular Ca2+ suppresses differentiation-induced Plg-
R expression. Of the various Ca2+ channels, only inhibitors of the L-type Ca2+ channels
(LTCC) prevented Plg-R expression; two different classes of LTCC inhibitors, amlodipine
and verapamil prevented up-regulation of PIg-Rs. We detected the Cav1.2 subunit, the pore-
forming subunit of the LTCC, in mouse and human macrophages at the transcript and
protein levels (Das et al. 2009). Cav1.2 expression increased with differentiation towards
macrophages, and knockdown of Cav1.2 with siRNA also blunted Plg-R and Plg binding to
the cells. Typically LTCC are voltage gated (VGC). However, expression of LTCC in non-
excitatory cells has been reported, where they appear to be gated by agonists, stimulus
opened channels (SOC) rather than voltage (Grafton et al. 2003,Stokes et al. 2004).

The LTCC also have been implicated in the regulation of Plg-Rs in vivo. Amlodipine or
verapamil, administered by implanted minipumps, reduced thioglycollogate induced
macrophage emigration into the peritoneal cavity by up to 80% at doses that did not effect
blood pressure. Macrophages did exit the blood but arrested at the peritoneal membrane, a
pattern that was also observed in Plg—/— mice. In addition, the peritoneal tissue in Plg—/—
and drug-treated mice became engorged in collagen, an apparent consequence of the absence
of Plg-dependent MMP-9 activation (Gong et al. 2008). In the drug-treated mice, the
arrested macrophages showed reduced surface expression of H2B, annexin 2 and p11, and
showed little surface expression of Plg (Das et al. 2009).

On circulating leukocytes, integrins change their surface expression and functional status,
and these alterations are influenced by intracellular Ca2+ and Ca2+ channels. B2 integrins
are present in subcellular storage vesicles as well as in the plasma membrane. During
leukocyte activation, the integrins can rapidly translocate from the storage pools to the cell
surface, and “inside-out” signaling events leading to activation of their ligand binding
function. A broad range of agonists, including inflammatory mediators, induce Ca2+ influx
in leukocytes, and antagonists of calcium channels decrease integrin expression and
function. For example, ADP/ATP induces Ca2+ influx from external stores in monocytes,
which results in enhanced ligand binding to integrin aMB2. These events are blocked by
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LTCC antagonists (Altieri et al., 1990). N-propargyl-nitrendipine, a specific blocker of
SOC, inhibits aMp2 cell-surface expression and aMp2-dependent chemotaxis of PMN. SOC
blockade in vivo attenuates trauma, hemorrhagic shock-induced PMN priming and lung
injury without evidence of hemodynamic side effects in rats (Lee et al. 2005). Mibefradil, an
antagonist of T-type Ca2+ channels also reduces surface expression of B2 integrins and L-
selectin leading to impaired adhesion of human leukocytes (Nebe et al. 2002). Parallel
studies have yet to be conducted to compare the relative effects of these Ca2+ blockers on
the expression and function of tailed and tailless Plg-Rs, but a dual role of Ca2+
mobilization on both classes of Plg-Rs can be anticipated.

Concluding Remarks

In addition to its role as the primary fibrinolytic enzyme, plasmin facilitates cell migration
through tissues, including recruitment of inflammatory cells. This function is particularly
pertinent to cardiovascular diseases and depends on the binding and activation of Plg to Plg-
Rs on the surface of responding cells. Multiple Plg-Rs have been identified, and here we
propose a structure-based classification as tailed or tailless Plg-Rs based on the presence or
absence of a cytoplasmic domain. Both classes of Plg-Rs have been implicated in the
functional responses of leukocytes. Evidence is emerging to suggest that specific classes of
Plg-Rs or individual Plg-R contribute to leukocyte responses. Nevertheless, a common
mechanism for regulation of PIg-R expression, Ca2+ mobilization and Ca2+ channels, may
be operative. These observations can be synthesized to suggest new anti-inflammatory
strategies in which Plg-Rs can be generally targeted with Ca2+ channel blockers, even at
doses that do not have hemodynamic effects, or can be individually targeted with
antagonists of specific Plg-Rs to prevent tissue-specific or stimulus-specific inflammatory
responses.
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Figure 1.

Role of Ca2+ and Ca2+ channels in regulation of Plg-Rs. Stimulation of leukocytes,
including stimuli that induce differentiation of monocytes into macrophages mobilize Ca2+
entry into cells, either through existing channels or by triggering synthesis of Ca2+ channels,
particularly of the L-type Ca2+ channel variety. The pathways involved lead to enhanced
expression of both tailed and tailless Plg-Rs at cell surface. Plg binding and activation on
leukocytes facilitates leukocyte migration during an inflammatory response. Inhibitors of
Ca2+ channels can inhibit the upregulation of Plg-Rs and suppress inflammation.
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Table 1

Leukocyte Plasminogen Receptors

Tailless Plg-Rs | C-terminal lysine
a-enolase present

Annexin 2 absent (cleaved to be functional PIg-R)
pll present
Amphoterin absent

TIP4%a present

Histone 2B present

Plg-Rtk present

Tailed Plg-Rs

allbp3 absent

avp3 absent

adpl absent

a5p1 absent

aMpB2 absent

gp330 absent
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