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The COVID-19 pandemic has once again brought to the forefront the existence of a tight link between the
coagulation/fibrinolytic system and the immunologic processes. Tissue-type plasminogen activator (tPA) is a
serine protease with a key role in fibrinolysis by converting plasminogen into plasmin that can finally degrade
fibrin clots. tPA is released in the blood by endothelial cells and hepatocytes but is also produced by various types
of immune cells including T cells and monocytes. Beyond its role on hemostasis, tPA is also a potent modulator of
inflammation and is involved in the regulation of several inflammatory diseases. Here, after a brief description of
tPA structure, we review its new functions in adaptive immunity focusing on T cells and antigen presenting cells.

We intend to synthesize the recent knowledge on proteolysis- and receptor-mediated effects of tPA on immune
response in physiological and pathological context.

1. Introduction

Host defense against pathogens requires the activation and recruit-
ment of specialized immune cells. Firstly, innate immune response is
quickly triggered in the tissues by the direct recognition of a broad range
of conserved microbial molecules named “pathogen-associated molec-
ular patterns” (PAMPs) that are recognized by specific pattern-
recognition receptors (PRR) mainly expressed by innate cells. The toll-
like receptor (TLR) family represents the prototype of PRR and is able
to recognize various bacterial, fungal or viral products. Recognition of
microbial structure by TLR triggers the expression of pro-inflammatory
cytokines and chemokines that drive the recruitment of innate cells
(neutrophils and macrophages) involved in the immediate clearance of
pathogens by phagocytosis. As antigen-presenting cells (APCs), macro-
phages and dendritic cells (DCs) that express a high level of cos-
timulatory molecules participate in the activation of the adaptive
immunity by interacting with lymphocytes. The two types of lympho-
cytes of the adaptive immunity are T and B cells, both of which
harboring a distinct antigen-specific receptor: T cell receptor (TCR) and
B cell receptor (BCR), respectively. In the secondary lymphoid organs,

APCs process and present antigens associated with major histocompat-
ibility complex (MHC) molecules on their surfaces to CD4 ™ helper T (Th)
cells or CD8™ cytotoxic T lymphocytes (CTLs). The immune homeostasis
is tightly regulated by cell-cell interactions and cytokine signals. Thl
cells secrete mainly IFN-y and play important roles in the protection
against intracellular pathogens, while Th2 cells secrete IL-4 and are
involved in the response against helminths. T follicular helper cells (Tfh)
cells express IL-21 and play a major role in T cell-dependent B cell re-
sponses. Th17 cells produce high amounts of IL-17 and contribute to
inflammation by regulating neutrophils. B cells are directly activated by
antigen binding and differentiate into antibody-secreting plasma cells.

For several years now, links between hemostasis, especially fibri-
nolysis, and immune processes are well-established [1,2]. Plasminogen
(PLG) activator system consists of a group of proteases and protease
inhibitors regulating the conversion of the zymogen PLG into the active
serine protease plasmin, the principal enzymatic mediator of fibrino-
lysis. Plasminogen (PLG) activator system plays also a role in wound
healing, extracellular matrix (ECM) degradation and cell migration [2].
The plasminogen activators — both tissue-type (tPA) and urokinase-type
(uPA) - and their main inhibitor, plasminogen activator inhibitor-1
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(PAI-1), play a key role in the regulation of fibrinolysis.

In addition to its role in the degradation of fibrin, tPA also modulates
inflammatory response to tissue injury in various disease conditions
such as ischemic brain injury and chronic kidney disease [3,4]. For
instance, in cerebral ischemic models, tPA promotes microglial activa-
tion and the recruitment of neutrophils [5,6]. In renal inflammation
model, tPA stimulates the NF-kb pathway in macrophages leading to
their infiltration and activation in kidney parenchyma [7]. More
recently, a new role of tPA in the adaptive component of the immune
response was brought out in experimental autoimmune encephalomy-
elitis (EAE), the commonly used model of multiple sclerosis; and in
experimental autoimmune myasthenia gravis (EAMG), two mouse
models of T-cell and B-cell-mediated autoimmune diseases, respectively
[8-10].

tPA acts via its protease activity but also as a cytokine and binds cell
surface receptor including the Lipoprotein Receptor-related Protein 1
(LRP1), Annexin A2 and the N-Methyl-D-Aspartate receptor [1,3].

In this review, we recapitulate the role of tPA in some aspects of the
inflammatory response -migration of immune cells and activation of
mononuclear phagocyte cells — and highlight some emerging concepts
that expand its role to the adjustment of the adaptive immunity, espe-
cially T cell functions and interactions with APCs. We also emphasize the
role of tPA in several immune diseases.

2. Background on tPA structure and regulation

Historically, tPA is described as a serine protease produced and
released by endothelial cells in the blood stream [11]. Endothelial cells
are described as the major source of tPA but the distribution of the serine
protease is more extended and includes brain cells, hepatocytes, smooth
muscle cells, epithelial cells and immune cells such as macrophages,
mastocytes or lymphocytes [12-19]. In human, tPA is composed of 527
amino acids for a molecular weight of 69 kDa and is encoded by the
Plasminogen Activator Tissue type (PLAT) gene on chromosome 8 [20].
tPA is secreted as preproprotein (single chain molecule) and proteolyt-
ically processed by plasmin or trypsin to generate heavy and light chains
(two-chain molecule). tPA is a major modulator of the thrombolytic
pathway. Its activation leads to the generation of plasmin, an enzyme
that ensures the degradation of fibrin, the cleavage of ECM components
and the activation of matrix metalloproteinases (MMPs) [21,22].

tPA is composed of five different domains, four of which are localized
in the heavy chain. The finger domain, also called fibronectin domain is
responsible for the binding of fibrin and enables the formation of a
ternary complex with PLG [23,24]. This domain is also involved in the
interaction with the Lipoprotein Receptor-related Protein 1 (LRP1),
resulting, for instance, in the clearance of tPA by hepatic cells or as-
trocytes [25], or its transcytosis by endothelial cells [26]. The finger
domain is also known to bind the membrane receptor Annexin A2,
playing a role in microglial activation, cell migration and neoangio-
genesis [27,28]. The Epidermal Growth Factor (EGF)-like domain has
structural homologies with the growth factor EGF and induces signaling
through binding to EGF receptor (EGFR) [29,30]. The tPA-EGFR inter-
action results in cell proliferation and mobility, and inhibits apoptosis
[30,31]. The function of the Kringle 1 domain is poorly understood. It
was shown that glycosylation in Aspi;7 increases tPA affinity to the
mannose receptor and its uptake by endothelial cells [32]. The Kringle 2
domain presents a functional lysine-binding site (LBS) that supports the
interaction between tPA and PLG [33]. Kringle 2 favors the activation of
PLG by stabilizing the ternary complex comprising tPA, PLG and fibrin,
initiated by the finger domain. Interaction of the Kringle 2 domain of
tPA with Platelet-Derived Growth Factor C (PDGF-C) is needed for its
cleavage into the active form PDGF-CC [34]. Moreover, the Kringle 2
domain is also involved in the binding to the GluN1 subunit of NMDAR
promoting NMDA-induced calcium influx and neurotoxicity [35-37].
The last domain of tPA is the catalytic domain which ensures the con-
version of PLG into plasmin, thanks to a catalytic triad on Hiszzz, Aspsy;
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and Ser47g [20].

tPA activity is tightly controlled by serine protease inhibitors, also
called serpins. Four serpins are known to inhibit tPA: PLG activator
inhibitor-1 (PAI-1), PAI-2, neuroserpin (NS) and protease nexin-1 (PN-
1). Many cell types can produce these serpins, including vascular
endothelial cells (PAI-1 and PN-1), keratinocytes (PAI-2), and neurons
(NS) [38-40]. tPA inhibitors are also present in monocyte/macrophages
but their expression in other immune cells is not well documented [41-
43].

3. Role of the plasminogen activation system in migration and
adhesion of immune cells

In order to carry out immunosurveillance against microorganisms,
naive T cells circulate between secondary lymphoid organs (SLOs) and
the blood via the lymph, while DCs traffic from tissues to the draining
lymph nodes to present antigens. Antigen presentation requires the
expression of specific adhesion molecules and chemokines to control the
homing of the immune cells. For instance, CCR7 expression on naive T
cells and DCs is required for their migration towards SLOs [44,45].
Interestingly, plasmin — locally generated via the activation of PLG by
tPA at the surface of T cells or DCs cleaves the chemokine CCL21 (C—C
motif Chemokine ligand 21), one of the two ligands of CCR7, to generate
a soluble form with chemotactic activity [46] (Fig. 1A). In addition,
plasmin processes CCL21 bound at the surface of APCs and thereby
prevents the tethering of T cells to APCs, that potentially limits the
priming of T cells or their retention in SLOs [47]. Interestingly, in vitro
studies indicate that plasmin also induces the release of CCL20 by
human macrophages and DCs. Furthermore, CCL20 produced by mac-
rophages promotes the chemotaxis of Th17 cells which expressed CCR6,
the cognate receptor of CCL20 [48] (Fig. 1B). So, in a context where PLG
activation is enhanced, excessive plasmin generation could favor the
recruitment of pathogenic Th17 cells in tissues and consequently sup-
port chronic inflammation or autoimmune diseases. In addition, plasmin
also promotes the chemotaxis of human DCs in transwell migration
assay by acting on Annexin A2, triggering ERK1/2 and AKT2 signaling
pathways [49].

Complementary to these effects on chemotaxis, tPA has also a role in
immune cell motility. Adhesion of macrophages to fibrin in vitro is
dependent on the interaction of tPA with the integrin MAC1 (CD11b/
CD18) complexed with the receptor LRP1. The tPA inhibitor PAI-1 is
necessary to macrophage migration by promoting MAC1 internalization
and cell detachment [50]. tPA regulates the adhesion of T cells to brain
endothelial cells and increases T cell migration in vitro [51]. To this end,
tPA binds to the cell membrane receptor LRP1 on endothelial cells via a
“cytokine-like” action to drive the up-regulation of the adhesion mole-
cule intercellular adhesion molecules-1 (ICAM-1) (Fig. 1C). Of note, tPA
effect is also observed in vivo since the intravenous administration of tPA
enhances ICAM-1 expression on brain endothelial cells and is associated
with a worsening of EAE, induced by immunization with a myelin an-
tigen such as myelin oligodendrocyte glycoprotein (MOG) [51]. These
data indicate a contribution of tPA in T-cell mediated-immunopathology
and neuroinflammation. In line with this, tPA regulates the trans-
migration of monocytes across endothelial cells by acting on the GluN1
subunit of NMDAR [52,53] expressed on endothelial cells [54,55]
(Fig. 1D). This action leads to signaling events including the activation
of the ERK1/2 pathway and the Rho/ROCK pathway, which drives the
increase in endothelial permeability through the phosphorylation of
myosin light chain [55]. Our group has demonstrated that blocking the
action of tPA on GluN1 by using a monoclonal antibody (mAb, Gluno-
mab®) reduces the in vitro transmigration of human T lymphocytes and
monocytes [54]. Accordingly, in vivo, Glunomab® limits the severity of
EAE disease by drastically reducing the leukocyte infiltration, including
T cells, and the subsequent neural tissue inflammation and demyelin-
ation. This blockade of tPA action on endothelial GluN1 by Glunomab®
occurs without modification of T cell activation measured with CD25
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Fig. 1. Effects of the plasminogen activation system on migration and adhesion of immune cells. tPA is involved in the recruitment of immune cells by promoting the
release of chemokines (A and B). tPA increases the expression of the adhesion molecule ICAM1 on endothelial cells by acting on the LRP1 receptor (C). tPA-NMDAR
binding on endothelial cells facilitates diapedesis of leucocytes (D). The monoclonal antibody Glunomab limits the leucocyte infiltration by blocking the interaction

between tPA and NMDAR.

and CD69 markers.
4. The role of tPA in T cell activity

The role of tPA in the T cell-mediated EAE model is still a matter of
debate. Previous reports demonstrate an increase in tPA activity in EAE
[56,57]. In addition, expression of tPA and its inhibitor PA1 transcripts
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are found in the sites of tissue damage and neuroinflammation sug-
gesting an involvement of this serine protease in the EAE physiopa-
thology [58]. Initially, Lu et al described that tPA’/" developed a more
severe form of EAE but with a delayed onset in the disease [57].
Although most studies corroborated this finding and showed a protec-
tive role of tPA [8,56,59], others reported a detrimental function of tPA
in the pathogenesis of EAE with either tPA deficiency which results in a
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Fig. 2. Effects of the plasminogen activation system on T cell functions. tPA increases MHC-II and costimulatory CD80 and CD86 molecule expression on antigen
presenting cells (dendritic cells and macrophages) by the binding of the EGF-R. T cell activation and proliferation is enhanced by tPA through its proteolytic action
(A). tPA increases the production of the proinflammatory cytokines IFN-y and IL-17 (B). tPA contributes to the T cell clustering by a plasmin dependent mechanism.

This effect is reversed by neuroserpin (C).
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less severe form of EAE or tPA administration that increases the severity
of EAE [9,51]. These inconsistencies between several studies may be
attributed to the differences in the experimental protocols including
myelin antigen doses, sex and age of the animals or the number of im-
munizations/boosts. Moreover, variations in mouse housing or envi-
ronmental factors such seasonal parameters may also influence the
course of EAE. Since tPA also acts on neurological parameters such as
blood brain barrier permeability, microglial activation or intra paren-
chymal fibrinolysis, the discrepant results observed in the studies may
be the result of a differential range of immunological and non-
immunological functions of tPA.

Recent data from our lab and Brenner‘s team have highlighted a
novel role of tPA in T cell biology. In vitro, T cells from tPA " mice have a
defect in proliferation following polyclonal or antigen-specific stimula-
tion [9 10]. This effect concerns both CD4" and CD8™" T cells and was
reversed by addition of exogenous tPA. Conversely, tPA increases the
expansion and activation status of T cells from wild type (WT) spleno-
cytes in culture. tPA induces the same effect on purified T cells stimu-
lated by anti-CD3/CD28 monoclonal antibodies (Abs) indicating that
APCs are dispensable to drive tPA-induced proliferation (Fig. 2A). We
have demonstrated that stimulating action elicited by tPA on T cells
implies its proteolytic properties and plasmin generation but not
enhancement of NMDAR functions. The molecular target of plasmin is
currently unknown but the matrix metalloproteinase 2 and 9 constitutes
strong candidates. Indeed, these proteases are produced as inactive zy-
mogens, pro-MMPs, which are activated by plasmin. Using pharmaco-
logical blockade approach and experiments with genetically-deficient
cells, Benson et al show that MMP2 and 9 expressed by CD4" and CD8™"
T cells contribute to their proliferation and activation after polyclonal or
antigen-specific stimulation [60].

Nevertheless, an indirect effect of tPA over T cell activity cannot be
discarded. In fact, it has been observed a reduced proliferation of WT T
cells in vitro following co-culture with MOG-loaded APCs from tPA -
EAE mice pointing out a activating role of the serine protease in antigen
presentation [8]. At least in part, this function of tPA is protease-
dependent since T cell reactivity is reduced after treatment of EAE
mice with mutant tPA without catalytic activity or PAI-1 inhibitor [8]. In
addition, we also showed that initial PA pretreatment of splenocytes
containing APCs, but depleted of T cells, potentiated antigen specific
proliferation of T cells that have been added subsequently to the co-
culture [9]. Since APC-mediated expansion of T cells importantly de-
pends on the maturation state of APCs, we recently investigated the
impact of tPA on the phenotype and functions of macrophages and DCs
in the T-cell mediated EAE model [9]. tPA polarizes splenic macro-
phages and DCs from EAE mice towards a more mature phenotype by
increasing MHC-II and the costimulatory molecules CD80 and CD86
expression. In addition, splenic APCs from EAE mice incubated with tPA
have an increased capacity to stimulate encephalitogenic CD4" T cells.
Interestingly, these properties of tPA on APCs involve the EGF-R and are
independent of both proteolytic activity and NMDAR activation
(Fig. 2B). Furthermore, it has been described a reduction of CD4 + CD25
+ Foxp3 + regulatory T cells (Tregs) among splenocytes of tPA /" mice
[8,10]. This reduction was more pronounced in EAE and EAMG tPA /°
mice indicating a potential role of tPA in the autoimmune process
through an involvement of Tregs. Conversely, WT mice treated with PAI-
1 inhibitor exhibited more Tregs.

Importantly, tPA also modulates the release of cytokines by immune
cells. In vitro, tPA increases IL-6 and IL-10 secretion by activated sple-
nocytes via a plasmin-dependent mechanism [9]. In addition, we also
described that CD4™ T cells from tPA”" EAE mice produced less IFN-y
than cells from WT EAE mice. Others showed that splenocytes from
tPA”" mice produce less IFN-y, IL-17 and IL-10 than splenocytes from
WT mice following antigen-specific stimulation [8] (Fig. 2C). Consistent
with these data, it has been reported that splenocytes from mice defi-
cient for the tPA inhibitor PAI-1 release more IFN- y and IL-6 in response
to the staphylococcal enterotoxin B superantigen [61]. Thus, tPA
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promotes proinflammatory Th1l and Th17 phenotypes but also increases
the secretion of IL-10, mainly known as an immunoregulatory mediator.
So, given the role of tPA in T cell activation, Treg biology and in the
production of cytokines with pro-and anti-inflammatory properties,
further studies are needed to conclude on the impact of tPA on the
outcome of a specific immune response context in vivo [62].

Recent studies showed a role of the tPA inhibitor NS in T cell acti-
vation. Indeed, NS is expressed by resting T cells with a vesicular sub-
cellular localization and is translocated to the immune synapse when T
cells contact APCs. This suggests that NS may modulate signaling be-
tween T cells and APCs by regulating extracellular proteolysis [63]. Loef
et al have investigated the role of tPA and its inhibitor NS in the T cell
clustering, a phase that influences the T cell fate, especially after initial
priming of T cells by APCs [19,64,65]. Authors report that inhibition of
NS expression increases homotypic interactions and proliferation of
activated T cells [19] (Fig. 2C). They also demonstrated that cell clus-
tering is a plasmin-dependent mechanism that is mediated by cleaving
Annexin A2 receptor and associated to modifications of the actin cyto-
skeleton through the activation of ROCK II pathway and myosin ATPase.
Overall, the studies converge towards a role of tPA in favor of T cell
activation. Further studies are needed to consolidate our knowledge
about the role of tPA in T cell migration and activation and, more
broadly, to determine potential involvement of tPA in the regulation of
other T cell functions such as development and differentiation. The final
challenge is to determine how tPA could impact T cell mediated im-
munity and immunopathology in vivo.

5. Role of tPA in an B cell-mediated autoimmune model

The role of tPA in the humoral response has been scarcely investi-
gated in a mouse model of myasthenia gravis (MG). MG is an autoim-
mune disease mainly mediated by anti-acetylcholine receptor (AchR)
autoAbs and is characterized by muscle weakness and fatigue in pa-
tients. In EAMG, tPA"/" mice showed a higher production of anti-AchR-
autoAbs associated to increased levels of B-cell activating factor (BAFF),
a molecule promoting B cell survival. This suggests that tPA may impede
the development of antibody response, hypothetically by targeting
directly B cells and/or indirectly anti-AchR Th cells [10]. Nevertheless,
in this first study, disease score severity in EAMG is weak and associated
with low level of autoAbs measured lately after immunization. Thus,
understanding of the functions of tPA in B cell-mediated immunity re-
quires other investigations.

6. Effects of tPA on mononuclear phagocyte cells

Monocytes/macrophages and DCs provide a critical link between
innate and adaptive immunity and are key regulators of protective im-
mune responses and tolerance to self-antigens. The efficient clearance of
necrotic cells is an essential process for the prevention of autoimmune
diseases such as systemic lupus erythematosus. Notably, works of
Medcalf ‘s team identified a critical role of the PLG activator system in
the phagocytosis of dead cells by DCs in homeostatic context [66]. In
vitro, tPA and PLG increase the phagocytosis of dead cells by human DCs
through a plasmin-dependent mechanism (Fig. 3A). Moreover, plasmin
tends to maintain DCs into an immature phenotype, with a higher pro-
duction of TGF-f and lower ability to elicit allogeneic response. This
suggests that plasmin promotes immune tolerance by facilitating
phagocytic function. Conversely, in another study, plasmin-stimulated
human DCs trigger Th1 polarization of CD4" T cells in vitro [49]. DCs
are highly plastic cells and the variability in their isolation and culture
conditions may affect their phenotypes and functions and so explain the
divergent effects of plasmin in these two studies. Nevertheless, it would
be especially relevant to determine the putative immunomodulatory
role of plasmin in response to sterile tissue injury (e.g. stroke) versus
infection disease settings in which DAMPs and PAMPs modulate the DCs
functions and so impact adaptive immunity. Otherwise, it should be
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Fig. 3. Effects of the plasminogen activation system on mononuclear phagocyte cells. tPA promotes the clearance of apoptotic cells by dendritic cells (A). tPA is
involved in the polarization of macrophages (B). tPA may have opposite effects on macrophage activation. tPA, as a plasmin activating protease, has a proin-
flammatory effects whereas tPA exerts anti-inflammatory effects via the binding to the NMDAR and LRP1 receptors.

noticed that inflammatory cytokines and PAMPs are known to enhance
tPA expression, which could lead to an increase of plasmin generation
and so modulate tolerogenic or immunogenic status of DCs [67].

Although DCs are considered the best professional APCs, it should be
kept in mind that, in addition to their innate effector functions, mac-
rophages are also key operators of adaptive immunity and immune
tolerance. Generally, macrophages form a heterogeneous cell popula-
tion and can be experimentally polarized into two major subtypes
termed M1 and M2, although intermediate phenotypes also exist. M1
macrophages are involved in pro-inflammatory activities and are clas-
sically activated upon IFN-y or LPS stimulation whereas alternatively
activated M2 macrophages promote immunoregulation and tissue repair
and are activated upon IL-4 and IL-13 stimulation [68]. Macrophages
have the ability to polarize CD4" Th cells and to contribute to leukocyte
recruitment at the site of infections via chemokine production [69]. For
example, in the context of mycobacterial infection, a subset of macro-
phages drives Th17 polarization to the detriment of Th1 and Th2 cyto-
kine production by T cells [70].

In a model of renal injury, tPA skews the polarity of macrophages
and promotes phenotype and survival of M1 macrophages [71,72]
(Fig. 3B) This shift of polarity requires the Annexin A2 receptor and the
activation of the NF-kB pathway in macrophages. Conversely, PLG/
plasmin injection in the pleural cavity induces the infiltration of mac-
rophages with increased expression of the M2 markers CD206, arginase-
1, and decreased the expression of the M1 marker, inducible nitric oxide
synthase (iNOS) [73]. These M2 polarized macrophages contribute to
the resolution of the inflammation by phagocyting apoptotic
neutrophils.

Several reports point out an intriguing and complex role of the PLG
activation system in the regulation of the inflammatory responses
mediated by macrophages following PAMP stimulation [1]. In this
context, opposite effects of tPA on inflammatory response are driven
either by its cytokine or proteolytic functions. Indeed, by studying the
role of LRP1 in inflammation, Mantuano et al showed that LRP1-
deficient mice have an exacerbated response to LPS, a ligand of TLR4,
with macrophages spontaneously exhibiting a proinflammatory pheno-
type [74]. Interestingly, tPA, which can act as a ligand of LRP1, inhibits
the inflammatory profile of WT macrophages in presence of LPS [74].
This effect of tPA is mediated by NMDAR expressed by macrophages,
likely in cooperation with LRP1, and does not require a protease activity
[75]. Enzymatically inactive tPA also antagonizes the response of
macrophages stimulated by TLR2 or TLR9 agonists but fails to alter

nucleotide-binding oligomerization domain-1 (NOD1) and NOD2 re-
ceptor signaling [76].

Paradoxically, tPA, through the generation of plasmin, has pro-
inflammatory properties. In human monocytes, plasmin directly in-
duces the release of the cytokines IL-1 and TNF via the activation of the
NF-xB pathway as well as the upregulation of the chemokine monocyte
chemoattractant protein-1 (MCP-1) and the costimulatory molecule
CD40 through p38 MAPK and Janus kinase (JAK)/STAT pathways
[77,78]. Additionally, Ward et al have shown that LPS-induced response
in macrophages is enhanced by plasmin [79]. In a mouse model of
macrophage activation syndrome (MAS), a disease characterized by an
uncontrolled activation and proliferation of T lymphocytes and macro-
phages causing multiorgan dysfunctions, plasmin potentiates the effect
of TLR9 agonist and contributes to the increase of monocyte/macro-
phage infiltration and to the cytokine storm [80]. Of note, macrophages
express the PLG receptor Plg-Ry, associated with urokinase receptor
uPAR [81]. It was shown that tPA could interact with Plg-Ry; to promote
PLG activation and local plasmin generation. This pathway could in-
crease the proinflammatory effects induced by plasmin [82]. So, these
different studies highlight diverse and sometimes opposite effects of tPA
versus plasmin in activation of macrophages by LPS in vitro. This inspired
arecent study that demonstrated that tPA alone inhibits the macrophage
response to LPS by a cytokine-like effect; while tPA increases the
proinflammatory phenotype of macrophages via the generation of
plasmin (Fig. 3C) [83].

Altogether, these findings indicate that PLG activation system reg-
ulates both aspects of the mononuclear phagocyte cell activation.
Schematically, tPA acts as a pro-inflammatory mediator by its plasmin
activating protease capability while tPA exerts anti-inflammatory effects
when behaving as a cytokine. However, it must take into account that
the phenotype and functions of macrophages and DCs result from dy-
namic processes in response to sequential signals from the local envi-
ronment. In addition, analysis of phenotypic markers (eg MHC II or
costimulatory molecules) do not always recapitulate the functions of
myeloid cells. In this way, Menges et al have shown that injection of
matured DCs in presence of TNF induced antigen-specific tolerogenic T
cells in EAE model [84]. Furthermore, beyond the useful but maybe
oversimplistic M1/M2 paradigm, intermediate and reversible myeloid
cell phenotypes may coexist in tissues that could explain the apparently
contradictory effects of tPA [85].

Some pieces of evidence show that tPA is involved in immune
tolerance and adaptive immunity, mainly through the regulation of
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macrophages and DC activity states and maturation. Nevertheless,
additional studies are needed to better understand the function(s) of the
different domains of tPA in these immunological processes, and their
potential impact in immunological diseases, especially in condition
where PLG activation system is enhanced.

7. Conclusion and perspectives

It is well established that tPA and related proteins are involved in
various inflammation regulatory processes such as innate leukocyte
activation and migration to the site of inflammation; and inflammatory
mediator secretion. As reviewed above, recent studies indicate that tPA
also emerges as an important player of the adaptive immune response.
tPA plays a role in the motility and chemotaxis of T cells and APCs as
well as their migration across the endothelial barrier. Fundamentally,
tPA acts as an activating factor of the adaptive immune response by
mediating T cell proliferation, activation and cytokine production and
by shaping the functions of macrophages and DCs.

However, the impact of tPA on numerous functions of antigen-
specific lymphocytes remains to be explored including priming, differ-
entiation in effector or regulatory cells, and generation of memory im-
mune response. This field is difficult to investigate using a standard
immunization protocol with conventional mice, since the frequency of
antigen-specific lymphocytes is usually low. The use of a transgenic TCR
or BCR crossed with a tPA-deficient background could provide powerful
tools to circumvent this limit in vivo and in vitro. Integrating more widely
the study of tPA inhibitors in the future research is also necessary to have
an overview of the PLG system in adaptive immunity. The contribution
of tPA in autoimmune diseases has been underinvestigated. The studies
with tPA-deficient mice have shown contradictory effects in EAE model
and deleterious effects in EAMG model. Extended research concerning
the relationships between tPA and adaptive immunity in the context of
protective immunity, or immunopathology, may lead to the develop-
ment of novel tPA-based therapeutic research axes in the future.
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