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Plasminogen activator inhibitor-1 (PAI-1) is a key regulator of cancer biology,

influencing tumor progression, metastasis, and therapeutic resistance. Elevated

levels of PAI-1 are consistently associated with poor prognosis across several

malignancies, including breast, ovarian, lung, hepatobiliary, colorectal, and

glioblastoma. Mechanistically, PAI-1 facilitates cancer cell survival, endothelial

migration, and immune modulation. From a therapeutic standpoint, PAI-1

represents a promising target. Strategies to inhibit PAI-1, including small-

molecule inhibitors and monoclonal antibodies, have demonstrated promise in

preclinical research. Collectively, these findings underscore both the therapeutic

potential and the translational challenges associated with targeting PAI-1 in future

cancer treatment. This review examines the mechanistic foundations of the PAI-1

paradox, its prognostic and therapeutic implications in cancer, and the

opportunities and challenges for clinical translation.

KEYWORDS
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1 Introduction

Cancer progression and mortality are driven primarily by metastatic dissemination and

treatment resistance rather than the primary tumor itself. Despite advances in modern

oncology, many solid tumors eventually recur or fail to respond durably to therapy,

highlighting the need to better understand biological pathways that regulate tumor

invasion and survival.

Tumor cell invasion and metastasis require the coordinated and temporally regulated

interplay of adhesion, proteolytic, and migratory mechanisms. Central to these processes is

the plasminogen activator (PA)-plasmin system. The serine proteases urokinase-type (uPA)

and tissue-type (tPA) plasminogen activators convert inactive plasminogen into plasmin, a

broadly acting enzyme capable of degrading extracellular matrix components, activating

growth factors, and stimulating metalloproteinases. The binding of plasminogen and uPA to

their respective receptors localizes plasmin activity to the tumor cell surface, thereby
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facilitating migration and invasion. These proteolytic events are

tightly regulated by specific inhibitors, plasminogen activator

inhibitors 1 and 2 (PAI-1 and PAI-2) (1).

Paradoxically, despite its role as a serine protease inhibitor,

elevated PAI-1 expression is consistently associated with poor

prognosis in a variety of cancers (1). This apparent contradiction

suggests that PAI-1 has functions beyond protease inhibition that

influence tumor behavior. Indeed, an extensive body of literature

highlights the pro-tumorigenic functions of PAI-1, yet there

remains limited clinical evidence that its inhibition provides

therapeutic benefit in patients (2). Given the central role of the

uPA system in metastatic progression, it has been widely recognized

as a promising therapeutic and gene therapy target in oncology (3).

Moreover, PAI-1 has emerged as a robust biomarker of cancer

prognosis and therapeutic responsiveness. Nonetheless, efforts to

target PAI-1 directly remain hindered by the challenge of

developing potent and durable inhibitors of its active form that

are suitable for chronic clinical use (2).

Despite extensive investigation, the role of PAI-1 in cancer

remains unclear. Experimental and clinical observations appear

contradictory, with studies reporting both anti-invasive and

tumor-promoting effects depending on the biological context.

This lack of conceptual clarity has limited translation of PAI-1

biology into therapeutic strategies. This review aims to integrate

mechanistic, biological, and translational evidence to clarify the

so-called PAI-1 paradox. We discuss how concentration,

compartmentalization, and binding state influence the net effects

of PAI-1 on tumor invasion, microenvironmental interactions, and

therapeutic response. We also evaluate the implications of these

findings for biomarker development and the feasibility of targeting

PAI-1 in cancer therapy.
2 The uPA/uPAR/PAI system in cancer
biology

The fibrinolytic system, which involves the generation of

plasmin through plasminogen activation, plays a crucial role in

extracellular matrix (ECM) degradation and cell signaling through

the activities of urokinase-type plasminogen activator (uPA) and its

receptor, the urokinase plasminogen activator receptor (uPAR) (4).

Its inhibition is mediated primarily by specific serpins, notably

plasminogen activator inhibitor-1 (PAI-1), which serves as the main

inhibitor of uPA (5). Binding of uPA to uPAR localizes proteolysis

to the cell surface, a process referred to as pericellular proteolysis,

while complex formation with inhibitors such as PAI-1 leads to

enzyme inactivation (4).

The currently recognized functions of uPA-dependent

plasminogen activation are mainly associated with physiological and

pathological tissue remodeling processes, including cancer invasion,

whereas tissue-type plasminogen activator (tPA) activity is more closely

linked to thrombolysis and neurobiology (5). In addition to its

proteolytic function, uPAR can also initiate non-proteolytic signaling

through interactions with integrins and vitronectin, influencing cell

adhesion, migration, and survival (4) (Figure 1).
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The plasminogen activation system includes the serpins PAI-1

and PAI-2, both of which belong to the serine protease inhibitor

(serpin) family, though each has distinct properties (6, 7).

Functionally, PAI-1 efficiently inhibits both uPA and tPA,

whereas PAI-2 effectively inhibits uPA but is a weak inhibitor of

tPA, highlighting key differences in their biological roles and

potential clinical relevance (6, 8).

PAI-1 is the principal physiological inhibitor of uPA and tPA

within the plasminogen activation system. Notably, despite this

inhibitory role, elevated PAI-1 expression has been repeatedly

linked to aggressive tumor behavior and adverse outcomes (9).

This apparent contradiction forms the basis of the “PAI-1 paradox,”

which is discussed in the following section.
3 The PAI-1 paradox: molecular and
cellular mechanisms

Plasminogen activator inhibitor-1 (PAI-1) inhibits tissue-type

(tPA) and urokinase-type (uPA) plasminogen activators, thereby

reducing plasmin generation and limiting extracellular matrix

degradation. In principle, this should restrain invasion and

metastasis. Paradoxically, elevated PAI-1 in tumor tissue and

circulation is consistently associated with poor prognosis and

therapy resistance across multiple cancers (9) (Figure 2). In breast

cancer, tumor PAI-1 expression demonstrates independent

predictive value in both node-negative (HR = 2.7) and node-

positive (HR = 2.4) disease (10), supporting PAI-1 as both a

biomarker and a functional mediator of tumor progression.

However, across cancer types, much of the mechanistic support

for causality comes from preclinical models, and clinical

associations often cannot distinguish whether PAI-1 is a driver of

aggressiveness or a surrogate of stromal activation and treatment-

induced stress.

The urokinase-type plasminogen activator receptor (uPAR) is a

key regulator of plasminogen activation, proteolysis, signal

transduction, and cell adhesion (11). Classically, uPAR functions

as a receptor for the zymogen form of urokinase-type plasminogen

activator (pro-uPA), initiating a cascade of proteolytic events that

lead to degradation of the extracellular matrix (ECM) (11, 12).

Importantly, this uPAR signaling scaffold provides a route by which

PAI-1 can exert tumor-promoting effects even while inhibiting

proteolysis, helping reconcile the apparent ‘anti-protease’ versus

‘pro-tumor’ contradiction. Through these associations, uPAR

activates key intracellular signaling pathways, including focal

adhesion kinase (FAK), mitogen-activated protein kinase

(MAPK), phosphatidylinositol 3-kinase/protein kinase B (PI3K/

AKT), and Janus-associated kinase 1 (JAK1). These pathways

drive essential cellular responses such as migration, adhesion,

proliferation, angiogenesis, and epithelial–mesenchymal transition

(EMT) (11). Finally, uPAR plays a critical role in the regulation and

recycling of its own complex. When the uPA-uPAR complex is

inhibited by PAI-1, a tripartite uPA-PAI-1-uPAR complex is

formed and internalized via the low-density lipoprotein receptor-

related protein (LRP) through clathrin-mediated endocytosis.
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Inside the cell, uPA-PAI-1 dissociates from uPAR and is directed to

the lysosome for degradation, while the unoccupied uPAR is

efficiently recycled back to the cell surface for future activation

cycles (13–15). Notably, the quantitative contribution of this

trafficking loop to patient-level outcomes is difficult to infer

because uPAR internalization dynamics are highly context-

dependent and vary with receptor expression, ligand availability,

and microenvironmental composition.

One study revealed that PAI-1 exhibits dose-dependent

regulation of angiogenesis. PAI-1 appears to be proangiogenic at

physiological concentrations through its antiproteolytic function

(16). However, at supraphysiological concentrations, excessive

inhibition of uPA and plasmin suppresses the matrix degradation

and endothelial invasion required for neovascularization, thus

inhibiting angiogenesis (17). Experimental models show this

biphasic “bell-shaped” phenomenon, where angiogenesis was

stimulated threefold at low or physiological PAI-1 concentrations

but was virtually abolished at high concentrations (18). This

biphasic behavior also explains why angiogenesis findings can

appear inconsistent across studies, since ‘high’ and ‘low’ PAI-1

exposures differ by model system, source of PAI-1 (tumor vs host),

and whether measurements capture active versus latent pools.
Frontiers in Oncology 03
In addition to concentration-dependent effects, binding

interactions also control PAI-1’s cellular effects. Integrin avb3 is

usually occupied by vitronectin to promote motility. This same site

can also be occupied by PAI-1, thereby regulating or inhibiting cell

adhesion and migration according to the competitive balance

between the two (19, 20). Collectively, these data indicate that

PAI-1 effects are conditional rather than uniform: the same

molecule can restrict invasion when proteolysis is rate-limiting,

yet promote migration and survival when signaling, adhesion

turnover, or stromal remodeling dominate.

3.1 Adhesion and migration switching

PAI-1 is associated with vitronectin in both plasma and the

extracellular matrix, potentially influencing cell-substratum

integrity in vivo. Recent studies have demonstrated that PAI-1

bound to vitronectin in the ECM can block the binding of integrins

and the urokinase plasminogen activator receptor (uPAR) to

vitronectin, thereby impeding cell adhesion and migration on

vitronectin-coated surfaces. The PAI-1 binding site on

vitronectin, located at the edge of b-sheet A, is sensitive to

conformational changes in b-sheet A as well as alterations caused
FIGURE 1

The uPA/uPAR/PAI-1 axis in tumor biology. PAI-1 inhibits plasmin-mediated extracellular matrix (ECM) degradation by blocking plasminogen
activation. Despite its antiproteolytic activity, uPAR also initiates intracellular signaling via focal adhesion kinase (FAK), mitogen-activated protein
kinase (MAPK), and PI3K/AKT pathways, promoting tumor cell survival, migration, and invasion.
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by PAI-1 conversion to its latent form or by reactive center loop

(RCL) cleavage by a nontarget protease (21).

Evidence also indicates that PAI-1 can promote vitronectin

multimerization by forming large higher-order complexes.

Moreover, vitronectin–PAI-1 complexes exhibit enhanced binding

to GPIIbIIIa in a metal-dependent manner, a novel finding

currently being explored through investigations of vitronectin

interactions with various integrins under diverse conditions.

Paradoxically, tumor cells may exploit this mechanism by

engaging PAI-1 and vitronectin interactions, thereby evading the

adhesive barriers that typically constrain normal cells and

promoting invasiveness (22). This interaction shifts cells from

stable adhesion toward a migratory phenotype, providing a

mechanistic explanation for how PAI-1 can facilitate invasion

despite inhibiting proteolysis.

3.2 Angiogenesis regulation

A Matrigel implant assay showed that angiogenesis was

approximately three times higher in animals overexpressing PAI-

1 and decreased by about 60% in PAI-1–null mice compared with

wild-type controls (17). Further supporting this, another study

examined the effects of pharmacologically blocking PAI-1 using

the inhibitor SK-216 in mice expressing high levels of VEGF and

found that SK-216 administration significantly reduced tumor

weight and angiogenesis in malignant pleural mesothelioma.
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In addition, SK-216 inhibited the migration and tube formation

of human umbilical vein endothelial cells (HUVECs) in culture

when stimulated by angiogenic factors released by malignant

pleural mesothelioma cells (23).

3.3 Extracellular matrix remodeling

Beyond its effects on adhesion and migration, PAI-1 also

influences extracellular matrix architecture. Mechanistically, PAI-

1 influences the intracellular activities of b-catenin, which in turn

triggers integrin-mediated inside-out signaling to alter the structure

of the ECM. Through interactions with the uPA/uPAR

plasminogen activator pathway, these effects appear to differ from

the classic proteolytic inhibitory activity of PAI-1 (24). Accordingly,

this reveals a novel and complex role for PAI-1 in modifying the

extracellular environment and regulating its nanomechanical

properties, thereby enhancing cellular migration during

tumor invasion.

3.4 Survival and therapy resistance
signaling

By regulating pericellular plasmin activity, PAI-1, similar to

endothelial cells, prevents Fas-mediated apoptosis in a variety of

human cancer cells, including brain metastases (9, 25).

Additionally, intracellular PAI-1 increases cell survival by
FIGURE 2

The PAI-1 paradox.PAI-1 inhibits plasmin generation, limiting extracellular matrix (ECM) degradation and proteolysis-dependent invasion.
Paradoxically, PAI-1 also promotes pro-tumorigenic signaling through activation of focal adhesion kinase (FAK), mitogen-activated protein kinase
(MAPK), and PI3K/AKT pathways, resulting in angiogenesis, immune suppression, and tumor cell survival.
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inhibiting caspase-3, thereby protecting tumor cells from apoptosis

induced by chemotherapy (9, 26). PAI-1 also modulates pro-

survival signaling pathways. Another study revealed that in MCF-

7 breast cancer cells, PAI-1 does not directly activate ERK1/2.

Instead, when it forms a complex with uPA, it prolongs ERK

activation compared to the transient signal triggered by uPA

alone. This sustained signaling requires both the uPA receptor

(uPAR) and the very low-density lipoprotein receptor (VLDLr).

Blocking VLDLr or preventing PAI-1 binding restores the brief

nature of ERK activation (27). Furthermore, the uPA–PAI-1

complex enhances downstream signaling through FAK and Shc,

maintaining the activity of the Sos–Shc complex for an extended

period and supporting prolonged cell growth and survival signals

(27, 28). Beyond tumor-intrinsic signaling, PAI-1 also reshapes the

surrounding stroma and immune compartment, reinforcing

invasion and therapy resistance.

3.5 Tumor microenvironment remodeling

Beyond intrinsic tumor cell signaling, PAI-1 plays a crucial role

in the tumor microenvironment, supporting tumor adaptation and

survival under stress. Experimental models have demonstrated that

tumor growth depends not only on tumor-cell PAI-1 but also on

host-derived PAI-1. Loss of PAI-1 in the host microenvironment

markedly impairs tumor progression, and tumor-cell production

alone cannot compensate for host deficiency. These findings

indicate that stromal compartments represent a major functional

source of PAI-1 within tumors rather than cancer cells alone (29).

Accordingly, measured PAI-1 levels may represent different

biological processes depending on the compartment analyzed.

As a critical regulator of the plasminogen activation cascade, PAI-1

under normal physiological conditions promotes wound healing via

extracellular-matrix (ECM) deposition. However, under pathological

circumstances, PAI-1 expression over time leads to exuberant ECM

deposition, epithelial-to-mesenchymal transition (EMT), and elevated

invasiveness, promoting fibrosis and tumor growth (30). PAI-1 can

promote attracting and polarizing tumor-associated macrophages

(TAMs), which produce pro-angiogenic and pro-inflammatory

cytokines such as IL-1, IL-8, and VEGF, thereby supporting the

growth of tumors. This pro-tumor activity is further amplified as

pro-tumorigenic factors like TGF-b, IL-6, and TNF-a have been shown

to stimulate PAI-1 production by endothelial cells, fibroblasts,

adipocytes, smooth muscle cells, and macrophages within the tumor

microenvironment (9). PAI-1 also triggers intracellular signaling

within macrophages, leading to increased immunosuppressive

cytokine production, establishing an immune tolerance

microenvironment as well as stromal remodeling (31). These

converging pathways place PAI-1 as coordinator of tumor-stroma

communication, linking fibrinolysis, angiogenesis, and immune

regulation within the tumor microenvironment (Figure 3).

3.6 Immune evasion and checkpoint
modulation

PAI-1 is an immunoregulatory molecule that shapes the

immune response to tumors. Studies have shown that PAI-1 may

function similarly to immune checkpoint molecules by helping
Frontiers in Oncology 05
cancer and senescent cells to evade immune attack (32). PAI-1

enhances immune evasion by modulating PD-L1 trafficking.

Mechanistic studies indicate that PAI-1 induces PD-L1 expression

through the JAK/STAT signaling pathway, allowing tumor cells to

evade immune surveillance (33).

It was discovered that PAI-1 controls PD-L1 endocytosis. It

promotes PD-L1 internalization and lysosomal degradation by

clathrin-mediated endocytosis via the LRP1 receptor. This

reduces PD-L1 availability on the cell surface. Inhibition of PAI-1

reverses this effect and leads to accumulation of PD-L1 at the

plasma membrane and increased sensitivity to anti-PD-L1

checkpoint therapy (34).

Furthermore, tumor-cell-secreted PAI-1 increases PD-L1

expression in cell populations within the tumor microenvironment,

including tumor-associated macrophages (TAMs) and cancer-

associated fibroblasts (CAFs), allowing tumors to evade immune

cell attack (33). In addition, PAI-1 promotes macrophage

polarization into an M2 state of immunosuppression, thereby

inhibiting cytotoxic T-cell function (34). This evidence suggests

that PAI-1 inhibition may prevent PD-L1 induction, have an

immunostimulatory effect on diverse cancers, and enhance both

anti-senescent and anti-tumor immune responses (33). In

combination, these findings redefine PAI-1 not only as a promoter

of angiogenesis and metastasis but also as an immune gatekeeper,

increasing the therapeutic promise and challenge, of combining PAI-

1 blockade with immune checkpoint blockage in cancer.

Taken together, the ‘PAI-1 paradox’ is best viewed as a context

problem rather than a true contradiction. Apparent anti-invasive

effects tend to emerge in settings where extracellular proteolysis is

the dominant bottleneck, whereas pro-tumor associations are more

consistently observed when stromal remodeling, survival signaling,

immune suppression, or therapy-induced stress responses shape

tumor fitness. This framework predicts that clinical translation will

require compartment-aware measurement (tumor vs plasma) and

form-aware assays (active vs inactive), because total PAI-1

abundance alone may conflate biologically distinct processes.
4 PAI-1 in specific tumor contexts

4.1 Invasion-dominant epithelial cancers

In epithelial gynecologic and breast cancers, the uPA-uPAR-

PAI-1 system is frequently upregulated. In breast cancer, uPAR

interacts with HER2 and estrogen receptor (ER) signaling to induce

ERK-mediated proliferation and resistance to apoptosis, providing

a mechanistic connection between PAI-1 and aggressive behavior.

Clinically, elevated uPA and PAI-1 levels independently correlate

with adverse relapse-free and metastasis-free survival, independent

of nodal status (35). Similarly, in ovarian cancer, PAI-1 correlates

with peritoneal metastasis, late stage, and poor survival. Notably,

upon PAI-1 silencing, there were significant phenotypical changes.

However, platelet addition induced proliferation, suggesting a

platelet–PAI-1 cross-talk that can be permissive to metastasis.

High plasma PAI-1 was also detected in circulating tumor cells

and was reduced after chemotherapy, indicating its potential as a
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biomarker of tumor load and treatment response (36). PAI-1 and

uPAR were found to be overexpressed in cervical and endometrial

cancers. This overexpression was correlated with stage, recurrence,

and hypoxia-induced invasiveness, implicating a shared function in

proteolytic remodeling and epithelial-mesenchymal transition (35).

Also, the SERPINE1 rs1799889 (4G/5G) polymorphism, the gene

regulating PAI-1 expression, has been associated with enhanced risk

of breast and endometrial cancer. The 4G allele increases

transcriptional activity and circulating PAI-1 levels. Interactions

with TGF-b1 (rs1800468) and uPA (rs4065) variants may further

amplify susceptibility, especially in cervical cancer (37). However,

the polymorphism associations are modest and population-

dependent, indicating that genetic regulation alone does not fully

explain PAI-1’s prognostic behavior and reinforcing the importance

of microenvironmental regulation.

4.2 Therapy-adaptation and hypoxia-
associated tumors

In lung cancer, increased expression of PAI-1 is related to

advanced stage, adverse prognosis, and resistance to multiple

therapies. PAI-1 contributes to radioresistance through hypoxia-
Frontiers in Oncology 06
induced activation of the AKT/ERK signaling pathway. It promotes

chemoresistance by activating cancer-associated fibroblasts (CAFs),

which support tumor survival. It also drives targeted therapy

resistance by inducing integrin-mediated epithelial–mesenchymal

transition (EMT) (38). These findings indicate that in lung cancer,

PAI-1 acts predominantly as a treatment-adaptation mediator,

linking hypoxia signaling, stromal activation, and therapy

resistance rather than serving purely as a prognostic marker.

In glioblastoma multiforme (GBM), PAI-1 overexpression is

linked to poor prognosis and mesenchymal transition. Inhibition of

PAI-1 suppresses glioma development through the PI3K/AKT

pathway and increases immune-stimulatory effect, highlighting its

role in tumor progression and immune regulation (39, 40).

Furthermore, PAI-1 acts as a stress-response mediator in glioma

cells. When autophagy is pharmacologically inhibited, intracellular

PAI-1 is upregulated. Importantly, simultaneous inhibition of PAI-

1 and autophagy produces a synergistic antitumor effect, promoting

a pro-inflammatory immune microenvironment (40, 41). Unlike

epithelial cancers, GBM data suggest that PAI-1 is closely linked to

mesenchymal transition and stress adaptation rather than

metastatic dissemination, indicating that its primary role in brain

tumors may be cellular plasticity and therapy tolerance.
FIGURE 3

PAI-1 and the tumor microenvironment. Tumor cells secrete PAI-1, which binds to vitronectin (VN) and integrins (avb3/b5) on endothelial and
fibroblast cells to promote angiogenesis and extracellular matrix remodeling (ECM). PAI-1 also polarizes macrophages towards an M2 phenotype that
secretes IL-10, TGF-b, and VEGF, which promote immunosuppression, fibrosis, and angiogenesis, respectively. PAI-1 also promotes immune evasion
through the regulation of PD-L1 trafficking through the LRP1 receptor on tumor cells to facilitate PD-L1/PD-1 interaction that inhibits cytotoxic
T-cell function. Together, these pathways illustrate how PAI-1 coordinates vascular, stromal, and immune components to create a protumorigenic
microenvironment. Created in BioRender.
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4.3 Stromal-remodeling and fibrosis-
associated tumors

In gastrointestinal tract malignancies, particularly hepatocellular

carcinoma and colorectal malignancy, elevated PAI-1 expression has

been associated with multifocal disease, invasive tumor phenotype, and

reduced survival. In hepatobiliary malignancies, PAI-1 contributes to

fibrosis and inflammation, leading to hepatocarcinogenesis; however,

its direct oncogenic role remains debated (30). High PAI-1 expression

is more frequent in multifocal hepatocellular carcinoma and associates

with worse survival (42). Mechanistically, PAI-1 modulates cellular

senescence pathways, including YAP-dependent oncogene-induced

senescence. This links it to both tumor suppression and progression

depending on the biological context (43). In colorectal cancer, elevated

PAI-1 expression and 4G promoter polymorphism correlate with

invasive phenotype and worse survival, with some effects possibly

due to stromal or inflammatory, but not tumor-intrinsic, activity (44).

In these tumors, PAI-1 expression frequently reflects fibrotic or

inflammatory stromal remodeling rather than tumor cell-intrinsic

oncogenic signaling, which may explain why its prognostic strength

is weaker and more variable in hepatobiliary malignancies.

4.4 Clinical interpretation and biomarker
variability

Plasminogen activator inhibitor-1 (PAI-1) overexpression is

strongly linked to adverse prognosis in a variety of malignancies,

although the strength of association varies based on tumor type and

microenvironmental conditions (2). Because PAI-1 is inducible by

inflammatory cytokines such as IL-6 and TNF-a, circulating levels

may reflect host inflammatory status rather than tumor biology

alone, complicating its interpretation as a universal prognostic

biomarker. Across tumor types, the prognostic impact of PAI-1

appears inconsistent: in some cancers it correlates strongly with

metastasis and therapy resistance, whereas in others it reflects

stromal remodeling or inflammation rather than tumor

aggressiveness. Importantly, not all clinical datasets demonstrate a

uniform adverse prognostic signal for PAI-1. In a cohort of

metastatic colorectal cancer patients treated with bevacizumab-

containing chemotherapy, baseline plasma PAI-1 levels were

associated with treatment response but did not significantly

correlate with survival outcomes, indicating limited prognostic

value in that setting (45). Similarly, in another clinical biomarker

analysis, PAI-1 expression was not associated with overall

survival (46).

Taken together across tumor types, the available evidence

indicates that PAI-1 does not operate as a universal oncogenic

driver across malignancies. Instead, its biological impact depends

on the dominant tumor ecology. In epithelial cancers, PAI-1 mainly

facilitates invasion and metastatic dissemination by promoting

adhesion turnover and survival signaling (37). In contrast, in

hypoxic and treatment-stressed tumors such as lung cancer and

glioblastoma, PAI-1 functions primarily as a mediator of therapy

adaptation and resistance (38, 41). In hepatobiliary and colorectal

tumors, however, PAI-1 expression more often reflects stromal

fibrosis and inflammatory remodeling rather than tumor-intrinsic
Frontiers in Oncology 07
oncogenic signaling (30). These context-dependent roles help

explain why PAI-1 serves as a strong prognostic biomarker in

certain cancers but shows weaker or inconsistent predictive value in

others. Accordingly, interpretation of PAI-1 levels should be tumor-

specific and mechanism-guided rather than generalized across

malignancies (Table 1).
5 Therapeutic strategies targeting
PAI-1

PAI-1 has become an attractive therapeutic target. To block the

actions of PAI-1, multiple therapeutic approaches have been

developed, particularly small molecules that directly inhibit PAI-

1 (47).

5.1 Small-molecule inhibitors

Tiplaxtinin (PAI-039) is an indole oxoacetic acid derivative and

a small molecule that is designed to selectively inhibit plasminogen

activator inhibitor-1 (PAI-1), the primary protein that prevents

fibrinolysis. Tiplaxtinin binds tightly to the active form of PAI-1 but

binds weakly to the inactive (latent) form. It also demonstrates a

high level of specificity, meaning that it had no effect against more

than 40 other proteins.

In preclinical animal studies, oral administration improved

blood flow and inhibited thrombus formation without increasing

blood pressure or bleeding risk. After oral administration, the drug

was rapidly absorbed through the gastrointestinal tract, and a

plasma half-life of 3–5 hours was observed in both rats and dogs.

Toxicology testing revealed a wide safety margin; even doses

hundreds of times higher than therapeutic levels caused no

cardiovascular, neurologic, or systemic toxicity. These findings

together show that Tiplaxtinin is well absorbed, highly selective,

and safe, which supports its potential for further clinical

development (48). However, these studies also indicated that

sustained tumor suppression would require inhibitors with

improved pharmacokinetic stability and antitumor efficacy.

Other compounds that have been investigated are TM5275 and

TM5441. TM5275 and TM5441 are orally active small-molecule

inhibitors designed to block plasminogen activator inhibitor-1

(PAI-1). Compared with the Tiplaxtinin, they show better

pharmacokinetic behavior and stronger selectivity for the active

form of PAI-1. Both agents successfully reduce PAI-1 activity and

have demonstrated kidney protective and anti-fibrotic effects in

diabetic mouse models, without any evidence of increased bleeding

risk. In pharmacokinetic studies, TM5441 achieved its maximum

plasma concentration approximately one hour after oral

administration, followed by a significant decrease over the

subsequent day, indicating relatively rapid systemic clearance

(49). In preclinical models, small molecules promoted cancer cell

death and disrupted tumor blood vessels, leading to slower tumor

growth. Although overall tumor shrinkage was limited, due to the

drug staying in the body for a short time, TM5441 showed clear

inhibition of tumor progression in HT1080 (fibrosarcoma) and
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HCT116 (colorectal cancer) models. These results suggest that

blocking PAI-1 can slow cancer growth by affecting cell survival,

division, and blood vessel formation, making it a promising

supportive cancer therapy (50). Furthermore, studies in ovarian

cancer cells showed that blocking PAI-1 pharmacologically

produced effects comparable to genetic PAI-1 deficiency, resulting

in reduced proliferation (51). Blocking PAI-1 with TM5441 greatly

reduced tumor size and metastasis in mouse models of peritoneal

cancer, even when standard chemotherapy did not work well (52).

However, small-molecule inhibition alone may not fully suppress

extracellular or stromal PAI-1 activity within tumors.

5.2 Biologic and targeted degradation
approaches

Beyond small-molecule inhibitors, additional biologic and

targeted degradation approaches have been developed to more

selectively suppress extracellular PAI-1 activity. Additional

preclinical studies have demonstrated that an antibody mAb-2E3

targets the active form of PAI-1 and prevents it from binding to Low-

density lipoprotein receptor-related protein 1 (LRP1), which limits

invasion and lung metastasis in esophageal cancer models (53).

Researchers looked into novel methods to selectively break down

PAI-1 using techniques like lysosome-targeting chimeras (LYTACs)

and antibody-targeted chimeras (AbTACs) (Figure 4). This facilitates

the protein being endocytosed by the cell and sent to the lysosome for
Frontiers in Oncology 08
degradation. This leads to an effective decrease of extracellular PAI-1

levels, which demonstrates the viability of targeted protein

degradation for oncological purposes. While these degraders have

revealed encouraging results in early studies, achieving effective

delivery of these agents to their extracellular targets remains a

significant challenge. More research is required to improve their

design, selectivity, and develop methods to facilitate intracellular

uptake. Together, these approaches indicate that therapeutic

targeting of PAI-1 is evolving from pharmacologic inhibition

toward precision extracellular protein modulation (Table 2).
6 Safety and pharmacologic
considerations

PAI-1 is an important regulator of fibrinolysis. Elevated PAI-1

levels contribute to a prothrombotic state by inhibiting fibrinolysis,

promoting thrombus formation, and accelerating atherosclerotic

plaque development. This consequently increases the risk of

cardiovascular events, including coronary heart disease and stroke

(54). These physiologic functions create important constraints

when attempting systemic pharmacologic inhibition. Although

the therapeutic rationale for PAI-1 targeting is compelling,

translation remains pharmacologically challenging. Current

inhibitors have a short in vivo half-life (2–3 hours) and are active
TABLE 1 Tumor-specific PAI-1 (SERPINE1) expression, biological mechanisms, clinical associations, and level of evidence.

Cancer type Mechanism Clinical correlation Level of
evidence

References

Breast Cancer uPA-uPAR-PAI-1 system →

ERK-mediated proliferation and resistance to
apoptosis

Higher PAI-1 associates with worse relapse-
free survival and overall survival; particularly
in node–negative disease

Retrospective clinical (79)

Ovarian Cancer platelet–PAI-1 crosstalk that enhances
migration/EMT and metastasis

High PAI-1 correlates with advanced stage,
peritoneal spread, and poorer survival;
decreases after neoadjuvant chemotherapy,
suggesting it is a biomarker of tumor load

Clinical observational
+ translational

(36)

Endometrial and
Cervical Cancer

uPA–uPAR–PAI-1 axis upregulated under
hypoxia/inflammation drive→
invasion and ECM remodeling

Overexpression correlates with higher stage
and recurrence risk; evidence heterogeneous by
tumor type

Retrospective clinical (35)
(37)

Colorectal Cancer PAI-1 overexpression promotes tumor invasion
and metastasis via uPA-uPAR-mediated ECM
degradation and angiogenesis

Higher SERPINE1/PAI-1 expression is
associated with more advanced stage/
metastasis and poorer survival

Retrospective clinical (37)
(44)

Glioblastoma
Multiforme (GBM)

PAI-1 promotes invasion, proliferation, and
migration via activation of the PI3K/AKT
signaling pathway, and recruits mast cells
through LRP1-mediated STAT3 activation

High SERPINE1/PAI-1 expression predicts
worse overall survival; PAI-1 inhibition
reduces proliferation/invasion in preclinical
models

Preclinical +
translational

(39)
(40)
(41)

Lung Cancer PAI-1 → angiogenesis, EMT, and therapy
resistance:
– ↑ Radioresistance (hypoxia → AKT/ERK)
– ↑ Chemoresistance (via CAF activation)
– ↑ Targeted therapy resistance (integrin-
mediated EMT)

Higher PAI-1 expression commonly associated
with advanced stage and poor prognosis
(review)

Preclinical +
translational

(38)

Hepatobiliary Cancer PAI-1 involved in fibrosis–inflammation
crosstalk; YAP/TEAD-driven SERPINE1
transcription; ECM deposition

Higher PAI-1 expression often linked to
multifocal disease and poorer survival

Preclinical +
retrospective clinical

(30)
(42)
(43)
PAI-1, plasminogen activator inhibitor-1; SERPINE1, serpin family E member 1; uPA, urokinase-type plasminogen activator; uPAR, urokinase plasminogen activator receptor; ECM,
extracellular matrix; EMT, epithelial–mesenchymal transition; ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; LRP1, low-density lipoprotein
receptor-related protein 1; STAT3, signal transducer and activator of transcription 3; CAF, cancer-associated fibroblast; YAP, Yes-associated protein; TEAD, TEA domain transcription factor;
GBM, glioblastoma multiforme.
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only at micromolar levels, limiting their therapeutic potential.

Moreover, PAI-1’s vitronectin-bound form, which is common in

solid tumors, is refractory to inhibition, diminishing drug

effectiveness within the ECM-rich tumor microenvironment.

Finally, because PAI-1 is an essential regulator of fibrinolysis,

sustained systemic inhibition is of theoretical concern for

spontaneous bleeding, subject to careful safety evaluation (9).

6.1 Measurement and assay considerations

PAI-1 exists in three conformational forms: active, latent, and

cleaved. At 37 °C, the active form of PAI-1 has a half-life of

approximately 1–2 hours before spontaneously converting into

the latent form (21). The latent conformation may play a role in

regulating PAI-1 activity. Latent PAI-1 can partially revert to its

active state following denaturant treatment (55).

Cleaved PAI-1, on the other hand, is generated either by slow

deacylation of the enzyme-inhibitor complex or through reactions

with non-target proteases such as elastase, which cleaves the reactive

center loop (RCL) at a site distinct from the P1–P1′ bond (56). Both

the latent and cleaved conformations are inactive since their RCLs are

fully inserted into b-sheet A, rendering them unable to react with

proteinases. In contrast, the RCL of active PAI-1 remains exposed,

allowing efficient interaction with target proteases (57).
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Quantifying active PAI-1 remains challenging. A novel ELISA

based on a highly specific capture agent capable of binding active PAI-

1 with high affinity was developed to improve detection accuracy. In

this study, a stable PAI-1 mutant (PAI-1-disu) was used as a calibrator

to enhance assay reproducibility. Using this approach, researchers

found that prolonged plasma storage led to a significant reduction in

measurable active PAI-1 levels, underscoring the importance of

standardized handling conditions for clinical investigations. Sample

handling critically affects PAI-1 quantification. It has been shown that

plasma PAI-1 levels reduce by approximately 50% after six hours of

storage at room temperature. Repeated freeze-thaw cycles of samples

or assay calibrators also result in significant loss of activity and should

be strictly avoided (58).

Additionally, PAI-1 expression follows a circadian rhythm, with

peak levels in the morning that are independent of the sleep-wake

cycle. The circadian system, along with factors such as age and

activity level, contributes to daily variations in PAI-1. These

findings suggest that standardization of the time when drawing

blood for PAI-1 measurement is of high importance (59, 60).

Finally, methodological interpretation must consider that plasma

and platelet PAI-1 represent two distinct biological pools. Studies

investigating the relationship between circulating PAI-1 and

thrombotic disease should account for contributions from

both compartments.
FIGURE 4

Therapeutic strategies targeting PAI-1. PAI-1 can be inhibited by multiple approaches, including small-molecule inhibitors that block protease
interactions, monoclonal antibodies that neutralize active PAI-1, and targeted degradation strategies such as lysosome-targeting chimeras (LYTACs)
and antibody-targeted chimeras (AbTACs). These strategies aim to restore fibrinolysis and reduce PAI-1–mediated tumor-promoting signaling.
Created in BioRender.
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TABLE 2 – PAI-1 inhibitors and pharmacologic profiles.

Key effects Critical evaluation References

0: 2.7 µM; Kd: 480 nM
ive PAI-1); ↑ occlusion time
: 50.5 ± 9.5 vs 11.5 ±
min control); ↓ thrombus
ght; spontaneous reperfusion
ogs (3/3 treated vs 0/3
trols); no bleeding or BP
nges reported

Evidence limited to small
preclinical cohorts;
efficacy demonstrated only
in acute thrombosis
models; no chronic disease
or survival data;
micromolar potency;
reversible binding may
require sustained
exposure; absence of
human clinical validation

(48)
(80)

0 = 6.95 µM (tPA-dependent
rolysis); ↓ tumor cell
ility (IC50 range 9.7–60.3
depending on cell line); ↓
othelial branching; ↓ vessel
sity; trend toward ↓ tumor
th (not statistically
ificant); ↓ liver fibrosis
0% reduction in fibrotic
); ↓ TGF-b1 and collagen
ression

Antitumor activity modest
and not statistically
significant in vivo; requires
high micromolar
concentrations in vitro;
plasma trough levels
undetectable; effects
primarily preclinical;
stronger antifibrotic than
antitumor signal; no
human clinical data

(50)
(81)

0: 9.7–60.3 µM; ↑ apoptosis
µM); ↓ endothelial
ching; ↓ CD31+ vessel
sity; ↓ tumor growth (not
istically significant); no
eased bleeding; peak plasma
.4 µM, undetectable at 23 h;
ctive efficacy in PAI-1–high
tes models

Antitumor efficacy modest
and not statistically
significant in xenografts;
requires high µM
concentrations in vitro;
short systemic exposure;
efficacy context-dependent
(PAI-1–high tumors);
preclinical only; no
human clinical validation

(50)
(81)
(52)

mor growth (~35%
bition at 40 mg/kg); ↓ lung
astasis burden; ↓ migration
invasion in ESCC cells; ↓
T1 phosphorylation; blocks
-1–LRP1 binding

Preclinical only; antitumor
signal dose-dependent; no
human data; exact KD/
IC50 for antibody not
reported; mechanistic
outcome partly surrogate
(binding/STAT1)

(53)

(Continued)

A
l
Sh

ae
r
e
t
al.

10
.3
3
8
9
/fo

n
c.2

0
2
6
.173

79
75

Fro
n
tie

rs
in

O
n
co

lo
g
y

fro
n
tie

rsin
.o
rg

10
Strategy Compound Target/
mechanism

Developmental
stage

Study
design

Sample size Primary
endpoints

Small-molecule
PAI-1 inhibition

Tiplaxtinin (PAI-
039)

Selective active-site PAI-
1 inhibitor; binds active
conformation; induces
substrate behavior and
prevents stable PAI-1–
protease complex
formation; binding
mutually exclusive with
vitronectin

Preclinical In vitro
biochemical
assays + in vivo
acute arterial
thrombosis
models (rat
carotid injury;
canine coronary
injury)

Rats: n=4/group;
Dogs: n=3/group

In vitro: IC50, Kd;
In vivo: time to
occlusion, arterial
flow reduction,
thrombus weight,
reperfusion

IC5

(ac
(rat
0.4
wei
in d
con
cha

Small-molecule
PAI-1 inhibition

TM5275 Orally bioavailable
small-molecule PAI-1
inhibitor; blocks PAI-1
activity and downstream
profibrotic and pro-
angiogenic signaling

Preclinical In vitro cancer
cell assays;
endothelial
branching assays;
HT1080 &
HCT116
xenografts
(mouse); CDAA
and PS-induced
fibrotic rat
models

Xenografts: n=6/
group; Fibrosis
models: n=6/
group

IC50 (tPA-
dependent assay);
cell viability;
caspase
activation; CD31
density; Sirius
Red fibrosis area;
Tgfb1/Col1a1
expression

IC5

hyd
viab
µM
end
den
gro
sign
(~5
are
exp

Small-molecule
PAI-1 inhibition

TM5441 Orally bioavailable PAI-
1 inhibitor; blocks PAI-
1 activity; disrupts pro-
angiogenic and STAT3-
associated signaling;
inhibits endothelial
branching and tumor-
supportive paracrine
signaling

Preclinical In vitro cancer
cell assays;
endothelial
Matrigel assays;
HT1080 &
HCT116
xenograft mouse
models; patient-
derived ascites-
dependent
peritoneal
carcinomatosis
models

Xenografts: n≈6/
group; PC
models: multiple
patient-derived
ascites samples;
in vitro
quadruplicate
assays

IC5

(50
bra
den
stat
inc
~11
sele
asc

Monoclonal
antibody therapy

mAb-2E3 Monoclonal antibody
against active PAI-1;
blocks interaction with
LRP1 and downstream
STAT1 signaling

Preclinical In vitro migration
and invasion
assays; wound
healing; tail-vein
metastasis model;
subcutaneous
tumor model in
SCID/Beige mice

In vivo: ~n ≥ 6–8
per group (40
mg/kg vs control;
lung metastasis
and tumor
growth models)

Inhibition of
metastasis (lung
IVIS signal);
tumor volume
and weight
reduction; cell
migration/
invasion
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TABLE 2 Continued

ental Study
design

Sample size Primary
endpoints

Key effects Critical evaluation References

l Cell-based
degradation
assays; in vitro
extracellular
protein depletion
models

In vitro
replicates; no
animal models
reported

Reduction of
extracellular PAI-
1 levels; receptor-
mediated
internalization

↓ extracellular PAI-1 via CI-
M6PR-dependent lysosomal
degradation; proof-of-concept
for targeting secreted PAI-1

Very early stage; no in
vivo cancer efficacy data;
affinity metrics for PAI-1
binding not reported;
delivery and tissue
penetration remain major
challenges; potential off-
target effects due to CI-
M6PR ubiquity;
translational feasibility
untested

(82)
(83)

l In vitro proof-of-
concept
degradation
assays

In vitro
replicates; no
animal models
reported

Reduction of
extracellular
target protein
levels; receptor-
mediated
degradation

↓ extracellular PAI-1 levels
(proof-of-concept); selective
target engagement; potential for
extracellular protein removal

Very early-stage
technology; no in vivo
cancer efficacy data; no
reported PAI-1 binding
affinity metrics; delivery
and tissue penetration
challenges; no clinical
validation

(83)

atelet endothelial cell adhesion molecule-1); CI-M6PR, Cation-independent mannose-6-phosphate receptor; ESCC, Esophageal squamous cell carcinoma; IC50, Half maximal
ensity lipoprotein receptor-related protein 1; LYTAC, Lysosome-targeting chimera; PAI-1, Plasminogen activator inhibitor-1; PC, Peritoneal carcinomatosis; STAT1, Signal
on 3; TGF-b1, Transforming growth factor beta 1; tPA, Tissue plasminogen activator.
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Strategy Compound Target/
mechanism

Developm
stage

Targeted protein
degradation

LYTACs (PAI-1–
directed
lysosome-
targeting
chimeras)

Bifunctional chimera:
one end binds
extracellular PAI-1;
other recruits CI-M6PR
to mediate endocytosis
and lysosomal
degradation

Early preclinica

Targeted
extracellular
protein
degradation

AbTACs
(antibody-
targeted
chimeras)

Bispecific antibody
platform linking
extracellular PAI-1 to
membrane E3 ligase/
receptor to induce
internalization and
degradation

Early preclinica

AbTAC, Antibody-targeted chimera; BP, Blood pressure; CD31, Cluster of differentiation 31 (p
inhibitory concentration;IVIS, In vivo imaging system; Kd, Dissociation constant; LRP1, Low-d
transducer and activator of transcription; STAT3, Signal transducer and activator of transcripti
l
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7 Clinical landscape, translational
gaps, and future directions

7.1 Clinical evidence in humans

The clinical development of PAI-1 inhibitors represents a

growing area of interest in oncology. PAI-1 plays a central role in

pathways that drive tumor invasion, blood-vessel growth, and

metastatic spread, making it an appealing target for cancer therapy.

However, turning these biological findings into clear clinical benefit

has proven difficult (61).A key advancement toward translating PAI-

1 inhibition into clinical oncology was the initiation of a phase II trial

investigating TM5614, a small-molecule PAI-1 inhibitor, in

combination with nivolumab for patients with advanced non-small

cell lung cancer (NSCLC) who had already received standard

chemotherapy and immune-checkpoint blockade. TM5614 showed

a favorable safety profile in earlier human studies and improved the

effectiveness of PD-1 blockade in preclinical lung cancer models by

reshaping the tumor immune microenvironment. In this clinical

study, patients received nivolumab alongside oral TM5614 (120 mg

daily, increased to 180 mg when tolerated). The main goal was to

assess treatment response, while progression-free survival, overall

survival, and safety were secondary measures. This was the first

clinical study to explore PAI-1 inhibition alongside immunotherapy

in NSCLC, with the goal of addressing immune resistance by altering

the tumor microenvironment (62).

In addition, a similar phase II multicenter study in Japan

examined TM5614 in combination with nivolumab in patients

with unresectable melanoma who no longer responded to anti–

PD-1 therapy. In that study, treatment responses were observed in

approximately one quarter of patients, and disease control was

achieved in about two-thirds, with median progression-free and

overall survival durations of 5.8 and 9 months, respectively. Most

adverse events were mild, and no participants discontinued therapy

due to TM5614. These findings suggest that PAI-1 inhibition may

help restore immune responsiveness in advanced melanoma,

warranting the need for validation in larger controlled trials (63).

Before being tested in oncology, TM5614 was tested in humans

for non-cancer conditions, providing essential safety data. A

randomized, double-blind, placebo-controlled phase II trial

enrolled 75 patients with mild to moderate COVID-19

pneumonia who received oral TM5614 (120–180 mg daily for 14

days). The treatment was well tolerated, with no serious adverse

effects occurring. Although the study did not show a statistically

significant difference in clinical outcomes between groups, it is

confirmed that TM5614 can be safely administered in humans at

therapeutic doses (64). In summary, these trials show that TM5614

is moving from experimental validation to early human testing.

Current clinical experience with PAI-1 inhibition remains limited

to small, open-label studies. The TM5614-nivolumab trials in

melanoma and NSCLC confirmed safety but were underpowered

to define efficacy. Advancement will rely on more extensive,

biomarker-driven phase III trials to determine clinical efficacy

and enhance patient-selection strategies. Accordingly, defining

reliable biomarkers for patient selection represents the next

critical step in clinical translation.
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7.2 Biomarkers and measurement
challenges

Despite encouraging results, several factors still limit the clinical

success of PAI-1 inhibitors. While initially expected to suppress

tumor growth by blocking the uPA pathway, higher levels of PAI-1

have consistently been linked to more aggressive disease behavior

and reduced sensitivity to chemotherapy. The paradoxical behavior

of PAI-1 depends on its concentration, cellular origin, and tumor

microenvironment context. Its interactions with partners such as

vitronectin, uPAR, and LRP1 influence cell adhesion, migration,

and survival, which vary across tumor types (2). Another key gap is

the lack of reliable biomarkers that can identify which patients are

most likely to benefit. Preliminary investigations have examined

plasma PAI-1 concentrations and immune-related cytokines, but

these remain exploratory (62, 65).

The functional inhibitory ability of the PAI-1 molecule is

represented by PAI-1 activity, which also reflects antigen

concentration; however, PAI-1 antigen concentration levels cannot

distinguish between the PAI-1 protein forms (inert, active, latent, and

substrate noninhibitory). Therefore, in biological systems and in vivo

investigations, it is more relevant to investigate PAI-1 activity rather

than PAI-1 antigen concentration (66).

Identifying fit-for-purpose pharmacodynamic (PD) markers is

important for translating molecular insights into measurable

clinical outcomes and for optimizing patient selection and

therapeutic monitoring. In support of this, a recent phase I

clinical trial investigating the novel drug VT1021 in glioblastoma

(GBM) utilized PAI-1 as a predictive biomarker, in which reduced

baseline PAI-1 plasma levels were associated with improved clinical

response to VT1021 (67). Together, these findings support the role

of PAI-1 as a predictive biomarker of therapeutic response.

Furthermore, in combination with other circulating tumor

indicators, plasma PAI-1 activity has also been evaluated as a

hemostatic biomarker in early non-small cell lung cancer

(NSCLC) (66). To date, in vivo clinical investigations have

examined both the tissue expression of PAI-1 and the blood

levels of PAI-1 antigen in NSCLC, with generally good

correlations (68, 69). Beyond these findings, PAI-1 expression has

been linked to therapeutic responsiveness to anti–PD-1 antibodies

in advanced melanoma. Current data indicated a substantial

correlation between the effectiveness of anti-PD1 Abs in patients

with advanced melanoma and the expression levels of PAI-1 on

melanoma cells and circulating PAI-1 levels (31).

When selecting patients, it is essential to consider additional

prognostic factors that may influence PAI-1 levels and the

associated molecular pathways. One study was investigating PAI-

1 as a biomarker for resectable non-small cell lung cancer applied

exclusion criteria to patients with cardiovascular disease (CVD),

prior malignancy, diabetes mellitus (DM), endocrine disorders,

hypertension, autoimmune, renal and hepatic disorders,

hematologic (including coagulation disorders), neurologic,

muscular or psychiatric disorders, HIV infection, recent infection

at the time of blood drawn, asthma and alcoholism; if they routinely

received any drugs including drugs for hyperlipidemia; and if

they were pregnant and in postpartum period for women (66).
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These findings emphasize that comorbid conditions significantly

influence circulating PAI-1 levels and must be considered when

using PAI-1 as a clinical biomarker. Accordingly, integrating

biomarker-guided patient selection with therapeutic strategies will

be essential for maximizing the clinical impact of PAI-1 inhibition.

Clinically, biomarker interpretation should consider both the

source and functional state of PAI-1. Tumor-tissue expression most

closely reflects tumor invasion biology, whereas circulating plasma

PAI-1 often reflects host inflammatory or stromal responses.

Measurement of active PAI-1 may therefore be more informative

than total antigen, particularly during therapy, since anticancer

treatments frequently induce PAI-1 as part of adaptive resistance.

Serial assessment before and during treatment could help

distinguish aggressive baseline tumor biology from therapy-

induced resistance and guide the use of combination strategies

incorporating PAI-1 inhibition.

7.3 Spatial and nuclear biology of PAI-1

Beyond regulating proteolysis, emerging evidence indicates that

PAI-1 exerts compartment-specific functions across the extracellular

matrix, cell surface, and nucleus. These spatially distinct roles suggest

that PAI-1 organizes tumor behavior not only through enzymatic

inhibition but also through structural and transcriptional regulation.

PAI-1 binding to fibrin clots is mediated by vitronectin. Although

there are no imaging probes that specifically target PAI-1, a number of

studies have shown its downstream matrix components, including

fibrin and fibronectin, which are regulated by PAI-1 activity. CLT1 and

CLT2 peptides bind with high affinity for fibronectin-fibrin complexes,

which are abundant in tumor stroma and show minimal nonspecific

binding to normal tissues. By conjugating these peptides to Gd (III)

chelates, researchers developed targetedMRI contrast agents capable of

selectively enhancing tumor visualization, thereby improving the

specificity of tumor imaging. Tumor angiogenesis may also be

described by MR molecular imaging of fibrin-fibronectin complexes

in tumor tissue using CLT1-(Gd-DTPA) (70).

In addition, a novel study discussed that, to detect orthotopic and

metastatic breast cancer and to guide surgical resection using

fluorescence images, a new fibronectin-targeted and MMP-9-

activatable imaging probe called CREKA-GK8-QC was created.

With the help of ex vivo image analysis and in vivo preclinical 4T1

orthotopic and metastatic tumor mice models, CREKA-GK8-QC

showed significant promise for intraoperative image-guided breast

cancer surgery. Collectively, these findings suggest that this dual-

targeted fluorescence imaging probe can precisely target fibronectin

and MMP-9, allowing for the very specific intraoperative diagnosis

and surgery of breast cancer (71).

Although these probes do not directly target PAI-1, they

visualize fibrin–fibronectin matrices generated downstream of

PAI-1 activity, effectively providing a functional readout of PAI-

1-mediated stromal remodeling. Given that PAI-1 regulates the

molecular interactions related to fibrin and fibronectin, these

imaging techniques may also be used to evaluate PAI-1-associated

changes in tumor fibrin architecture.

Emerging evidence revealed that PAI-1 suppresses the

expression of genes by acting as a silencer. Accordingly, nuclear

PAI-1 overexpression was associated with repression of multiple
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gene programs (72).These findings indicate that PAI-1 may

function as a transcriptional regulator, linking extracellular matrix

signaling to direct control of tumor gene expression programs.

Together, these observations support a model in which PAI-1

functions as a multi-compartment signaling regulator,

coordinating extracellular matrix organization, cellular behavior,

and nuclear transcriptional responses.

7.4 Therapeutic strategies and
combinations

Anticancer therapies consistently activate cellular stress

responses within tumors. A common consequence of these

responses is induction of PAI-1, which promotes tumor survival,

stromal protection, and therapy resistance (73). Therefore, PAI-1

inhibition represents a strategy not as a stand-alone therapy but as a

treatment sensitizer that enhances the efficacy of existing

anticancer modalities.

This adaptive resistance mechanism is particularly evident in

immunotherapy. Checkpoint inhibitors, such as anti–PD-1 or

anti– PD-L1 antibodies, block the interaction between PD-1 and

PD-L1, resulting in the reactivation of T cells (33, 74). Meanwhile,

PAI-1 inhibition remodels the fibrotic and hypoxic tumor

microenvironment, thereby facilitating T-cell infiltration (33).

Supporting this concept, a study reported that elevated PAI-1

levels correlate with resistance to anti-PD-1 antibody treatment in

lung cancer cells. Consistently, an in vivo study using a mouse

model revealed that the combination of TM5614, a PAI-1 inhibitor,

and an anti-PD-1 antibody resulted in greater antitumor efficacy

compared to treatment with the anti-PD-1 antibody alone (62).

A similar pattern is observed in angiogenesis-targeted therapy.

The PAI-1 inhibitor SK-216 was shown in malignant pleural

mesothelioma (MPM) models to inhibit angiogenesis and markedly

suppress tumor progression in vivo, demonstrated by reduced

endothelial migration and tube formation in HUVEC assays. In

contrast to bevacizumab, which was effective only in VEGF-

dominant tumors, SK-216 inhibited angiogenesis irrespective of the

angiogenic factor (VEGF, bFGF, PDGF-BB, or HGF), indicating that

PAI-1 inhibition targets a common downstream step in the

angiogenic cascade and may offer broader anti-angiogenic potential

than a VEGF-specific agent (23). This provides a mechanistic

rationale for combining PAI-1 inhibitors with anti-VEGF agents.

Cytotoxic chemotherapy further illustrates this PAI-1-mediated

adaptive feedback. PAI-1 inhibitors can be integrated into

chemotherapy regimens to enhance efficacy and reduce resistance

by targeting several tumor-promoting pathways such as survival

signaling, oxidative stress suppression, and extracellular matrix

remodeling. Preclinical studies have shown beneficial interactions

between PAI-1 inhibitors and multiple chemotherapeutic classes,

supporting its translational potential in combination therapy

approaches (75).

Among platinum-based chemotherapeutics, both cisplatin and

oxaliplatin demonstrate evidence of synergy with PAI-1 inhibition

across several tumor models. In esophageal squamous cell carcinoma

(ESCC), cisplatin-activated cancer-associated fibroblasts (CAFs)

secrete PAI-1 following DNA-damage-induced p53/p21 activation.

This extracellular PAI-1 activates the AKT/ERK1/2 pathway and
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suppresses caspase-3 and ROS, leading to reduced DNA damage and

apoptosis in neighboring tumor cells. The PAI-1 inhibitor,

tiplaxtinin, restored cisplatin sensitivity in vitro, in vivo, and in

patient samples by increasing ROS levels and apoptosis and

decreasing tumor growth (76). Collectively, these studies indicate

that DNA-damage therapies induce stromal PAI-1 secretion, which

activates pro-survival signaling and suppresses apoptosis, thereby

creating a reversible chemotherapy-resistant state. Concurrent

administration of PAI-1 inhibitors with cytotoxic drugs, rather

than sequential dosing, appears most rational to block this adaptive

feedback. Similar sensitizing effects of PAI-1 inhibition have been

observed across multiple additional tumor models, supporting that

therapy-induced PAI-1 represents a generalizable mechanism of

chemotherapy resistance rather than a tumor-specific phenomenon.

Radiotherapy represents another context in which therapy-

induced PAI-1 promotes tumor persistence. Radiation induces

secretion of PAI-1 from radioresistant NSCLC cells, which affects

neighboring radiosensitive NSCLC cells in a paracrine manner to

enhance survival and EMT. This effect is mediated by PAI-1 via

uPAR/LRP-1 receptor complexes, activating the AKT/ERK1/2 and

Snail pathways that enhance cell motility. Irradiated cells exposed to

PAI-1-containing conditioned medium exhibited increased

migration and mesenchymal marker expression, effects that were

reversed by the PAI-1 inhibitor tiplaxtinin. This demonstrates that

PAI-1 secretion drives therapy resistance via the PAI-1/AKT/ERK/

Snail axis. According to preclinical studies, combining radiotherapy

with tiplaxtinin can enhance radiosensitivity and apoptosis (77).

Concurrent administration of PAI-1 inhibitors during radiotherapy

appears rational to block radiation-induced PAI-1 signaling,

although no optimized schedule is established yet (38). Although

similar radiation-induced PAI-1 upregulation has been observed in

other cancers, such as head and neck SCC, direct combination

studies with PAI-1 inhibitors remain lacking (78). Thus, radiation

not only kills tumor cells but also paradoxically induces a protective

paracrine PAI-1 signaling loop that promotes epithelial–

mesenchymal transition and survival in neighboring cells.

Across therapeutic modalities, a consistent pattern emerges:

anticancer treatments induce PAI-1 expression, and the resulting

signaling protects tumors through stromal remodeling, immune

suppression, and survival pathway activation. Consequently, PAI-1

functions as a shared resistance mediator rather than a pathway

specific to a single treatment type. Targeting PAI-1, therefore, offers

a unifying strategy to sensitize tumors to immunotherapy,

chemotherapy, anti-angiogenic therapy, and radiotherapy (Table 3).
8 Conclusion

PAI-1 has emerged as an important regulator of tumor

progression, metastasis, and treatment resistance. Beyond its

classical role in fibrinolysis, it influences pericellular proteolysis,

extracellular matrix remodeling, angiogenesis, and immune

evasion, and elevated levels are consistently associated with

poorer clinical outcomes across multiple cancers. Despite this

strong biological rationale, translating these findings into clinical

benefit remains challenging. Future progress will depend on
Frontiers in Oncology 15
clarifying the context-dependent functions of PAI-1, improving

methods for measuring active PAI-1, and developing inhibitors

with sufficient stability and tumor penetration while minimizing

bleeding risk. In this setting, biomarker-guided patient selection

and rational combination strategies will likely be necessary to

determine where PAI-1 targeting can provide meaningful

therapeutic benefit.

Future clinical studies should therefore integrate prospective

biomarker evaluation. Parallel assessment of tumor-tissue and

circulating PAI-1, together with monitoring of active PAI-1 levels

over time, may provide a practical validation strategy by correlating

biomarker changes with treatment response and progression

patterns, enabling rational patient selection for PAI-1–targeted or

combination therapies.
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