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Cellular mesenchymal-epithelial transition factor (c-MET), also known as
hepatocyte growth factor receptor (HGFR), is a crucial receptor tyrosine kinase
implicated in various solid tumors, including lung, breast, and liver cancers. The
concomitant expression of c-MET and PD-L1 in tumors, such as hepatocellular
carcinoma, highlights their prognostic significance and connection to therapeutic
resistance. Cancer-associated fibroblasts and mesenchymal stromal cells produce
hepatocyte growth factor (HGF), activating c-MET signaling in tumor cells and
myeloid-derived suppressor cells (MDSC). This activation leads to metabolic
reprogramming and increased activity of enzymes like glutaminase (GLS),
indoleamine 2,3-dioxygenase (IDO), and arginase 1 (ARG1), depleting essential
amino acids in the tumor microenvironment that are vital for effector immune cell
function. This review highlights the interplay between tumor cells and myeloid-
derived suppressor cells (MDSCs) that create an immunosuppressive environment
while providing targets for c-MET-focused immunotherapy. It emphasizes the
clinical implications of c-MET inhibition on the behavior of immune cells such as
neutrophils, macrophages, T cells, and NK cells. It explores the potential of c-MET
antagonism combined with immunotherapeutic strategies to enhance cancer
treatment paradigms. This review also discusses the innovative cancer
immunotherapies targeting c-MET, including chimeric antigen receptor (CAR)
therapies, monoclonal antibodies, and antibody-drug conjugates, while
encouraging the development of a comprehensive strategy that simultaneously
tackles immune evasion and enhances anti-tumor efficacy further to improve the
clinical prognoses for patients with c-MET-positive malignancies. Despite the
challenges and variability in efficacy across different cancer subtypes, continued
research into the molecular mechanisms and the development of innovative
therapeutic strategies will be crucial.

KEYWORDS

c-MET, immunotherapy, PD-L1, cancer, galectin, CAR-T, antibody-drug conjugate

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1498391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1498391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1498391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1498391/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1498391&domain=pdf&date_stamp=2024-11-27
mailto:parham.kaboli@wum.edu.pl
mailto:pjabbarzadeh@gmail.com
mailto:abdessamad.zerrouqi@wum.edu.pl
https://doi.org/10.3389/fimmu.2024.1498391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology

Jabbarzadeh Kaboli et al.

1 Introduction

Cellular mesenchymal-epithelial transition factor (c-MET), also
known as hepatocyte growth factor receptor (HGFR), stands as a
pivotal receptor tyrosine kinase (RTK) primarily situated in the
epithelial cells of various tumors, encompassing those of the lung,
esophagus, kidneys, breast, and gastrointestinal tract (1). Activation
of c-MET predominantly occurs through interaction with its ligand,
hepatocyte growth factor (HGF), secreted by fibroblasts and
mesenchymal stromal cells (2, 3). The consequential binding of c-
MET and HGF instigates the formation of c-MET tetramers and the
phosphorylation of specific tyrosine residues, thereby initiating
downstream signaling cascades. This phosphorylation event also
recruits a cadre of SH2-containing proteins, including
phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2 (SHIP2),
growth factor receptor-bound protein 2 (GRB2), GRB2-associated
binder 1 (GAB1), and phosphatidylinositol 3-kinase (PI3K) (4).
Furthermore, c-MET catalyzes the activation of mitogen-activated
protein kinase (MAPK) and PI3K/Akt pathways, culminating in
processes critical to cancer progression, such as cell proliferation,
angiogenesis, and invasion (5).

¢-MET’s intricate involvement extends beyond mere oncogenic
signaling. It also plays a crucial role in bolstering the resistance of
cancer cells against both targeted therapies and immunotherapies.
Notably, recent attention has focused on the immunotherapeutic
potential of targeting c-MET. A compendium of studies has unveiled
c-MET’s ability to upregulate programmed cell death-ligand 1 (PD-
L1) in diverse cancers, including liver cancer, potentially offering the
tantalizing prospect of simultaneous inhibition of c-MET and PD-L1
with ¢-MET inhibitors (6-8). Conversely, dampening c-MET activity
has been shown to stabilize PD-L1, enabling tumor cells to evade T
cell responses, thereby contributing to the limited success of c-MET
inhibitors in clinical trials targeting non-small cell lung cancer
(NSCLC) (9). Furthermore, the development of c-MET-specific
chimeric antigen receptor (CAR)-natural killer (NK) cells, as
showcased in a recent 2023 study, has added an intriguing
dimension to this evolving landscape (10).

This review sheds light on the complex role of c-MET in cancer
pathogenesis, immune evasion, and resistance to therapeutic

Abbreviations: ADCC, Antibody-dependent cellular cytotoxicity; CAR,
Chimeric antigen receptor; c-MET, Cellular mesenchymal-epithelial transition
factor; GAB1, GRB2-associated binder 1; GRB2, Growth factor receptor-bound
protein 2; HGF, Hepatocyte growth factor; HGFR, Hepatocyte growth factor
receptor; ICD, Immunogenic cell death; IL, Interleukin; MAPK, Mitogen-
activated protein kinase; NK, Natural killer; NSCLC, Non-small cell lung
cancer; ORR, Objective response rate; OS, Overall survival; PD-L1,
Programmed cell death 1 ligand 1; PD-1, Programmed Cell Death 1; PFS,
Progression-free survival; PI3K, Phosphatidylinositol 3-kinase; PK,
Pharmacokinetics; RTK, Receptor tyrosine kinase; scFv, Single-chain variable
fragment; SH2, Src homology 2; SHIP2, Phosphatidylinositol 3,4,5-trisphosphate
5-phosphatase 2; TAMs, Tumor-associated macrophages; TANs, Tumor-
associated neutrophils; TME, Tumor microenvironment; Tregs, Regulatory
T cells.
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interventions, highlighting its pivotal role in shaping the tumor
microenvironment from an anticancer immune-promoting state to
a pro-tumor immune-suppressive state. Furthermore, the
examination of ongoing clinical trials, the strides made in
immune cell engineering, and the application of single-cell
analysis all contribute to the growing significance of this research
area, reinforcing its relevance and potential to push the boundaries
of cancer immunotherapy.

2 c-MET signaling and dual inhibition
of c-MET/PD-L1 pathways

Situated on chromosome 7q31 in humans, the MET gene spans
120 kb and contains 21 exons. The production of c-MET is initiated
by a 150 kDa nascent protein, which undergoes cleavage by furin
endopeptidase at residues R307-S308, resulting in the formation of
the mature c-MET heterodimer. This heterodimer comprises a 32
kDa extracellular o-chain and a 120 kDa transmembrane [-chain,
linked by disulfide bonds. Within the extracellular portion of c-MET,
several domains, including the Semaphorin (SEMA) domain, Plexin-
Semaphorin-Integrin (PSI) hinge, and four immunoglobulin-plexin-
transcription (IPT 1-4) domains, are present, each serving distinct
functions (Figure 1). In the intracellular domain, c-MET harbors a
juxtamembrane (JM) domain, a tyrosine kinase domain, and a crucial
docking site at its c-terminus. The interaction of c-MET with HGF
can be significantly impacted by mutations in ¢-MET, particularly in
the SEMA and JM domains, which can sustain ¢-MET activation (5).

The intricate relationship between c-MET and PD-L1 expression
is widely recognized across various tumors, and their co-expression
has been implicated in conferring resistance against chemotherapy
and targeted therapies (Figure 1) (7, 11). c-MET expression has been
identified in hepatocellular carcinoma (HCC) cells resistant to the
kinase inhibitor sorafenib, primarily by upregulating the MAPK
pathway. In these resistant HCC cells, c-MET and PD-L1 dual
expression further compound the issue, and this co-expression
carries prognostic significance for HCC survival (12, 13).

Furthermore, new findings indicate that cisplatin contributes to
chemoresistance by increasing HGF levels, subsequently reducing
the number of CD8" T cells. T cell reduction occurs through the
induction of PD-L1 expression, which interacts with PD-1
(programmed cell death 1) on the membranes of T cells.
Counteracting these HGF-induced effects using a c-MET
inhibitor, PHA665752 has shown promise in restoring anticancer
immunity (11). Similar positive correlations between c-MET and
PD-L1 have been observed in renal cell carcinoma and head
and neck squamous cancer cells (14, 15). Intriguingly, c-MET
inhibition in NSCLC stabilizes PD-L1, resulting in resistance to
PD-L1 monotherapy. This relationship suggests a negative
correlation between c-MET and PD-L1 expression in NSCLC,
with ¢-MET inhibition stabilizing PD-L1 by suppressing p-
GSK-3p. This stabilization subsequently dampens T cell activity
following treatment with ¢c-MET inhibitors like tivantinib (9).
Consequently, the simultaneous targeting of ¢-MET and PD-L1
with bispecific antibodies has emerged as an effective therapeutic
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Structure and functions of c-MET. The c-MET receptor consists of oo and B chains connected by three disulfide bonds. In the extracellular region, c-
MET features o and B Semaphorin (SEMA) domains, a Plexin-Semaphorin-Integrin (PSI) domain, and four consecutive immunoglobulin-plexin-
transcription factor (IPT1-4) domains. The intracellular region comprises a juxtamembrane domain, where phosphorylation at Y1003 regulates c-MET
downregulation, a kinase domain responsible for activation through phosphorylation at Y1234 and Y1235, and a docking domain that recruits
adaptor proteins and initiates c-MET signaling via phosphorylation at Y1349 and Y1356. c-MET-Mediated Upregulation of PD-L1. c-MET signaling
induces the upregulation of PD-L1, IL-10, and TGF- in specific cancers, including breast tumors, while this effect is not observed in NSCLC. This
modulation is associated with regulating membrane-bound PD-L1 and soluble PD-L1, which contribute to the suppression of cytotoxic immune
cells. Additionally, the serum level of soluble PD-L1 serves as a predictive marker for progressive breast cancer. Created in BioRender. Jabbarzadeh

Kaboli, P. (2024) https://BioRender.com/m37b787.

strategy in c-MET/PD-L1 double-positive cancer cells, leading to
promising bispecific antibodies (16, 17).

A study assessed the serum levels of HGF as a potential
biomarker for forecasting clinical responses to anti-PD-1
antibody treatment. A notable correlation between c-MET activity
and the PD-1/PD-L1 pathway was discovered. Higher serum
concentrations of HGF, indicative of elevated c-MET activity,
were associated with less favorable responses to anti-PD-1
antibody therapy. The research indicated that increased c-MET
activity might suppress immune responses, as shown by the reduced
secretion of perforin in CD8" T cells. In contrast, inhibiting c-MET
activity with a specific inhibitor like capmatinib enhanced perforin
expression, thereby boosting immune activity. This suggests that c-
MET inhibitors could activate the immune system and improve the
effectiveness of PD-1/PD-L1-based immunotherapies, underscoring
their importance in combined immunotherapy strategies (18).

On the other hand, findings suggest that high c-MET activity,
reflected in elevated HGF levels, may contribute to an
immunosuppressive tumor microenvironment that hampers the
efficacy of PD-1/PD-L1 blockade. Therefore, co-treatment with
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¢-MET inhibitors could potentially improve responses to
cancer immunotherapy by reducing neutrophil-mediated
immunosuppression and enhancing T cell activity, even in
tumors that are not inherently dependent on ¢-MET (19). It has
been found that concurrent c-MET inhibition enhances adoptive T
cell transfer and checkpoint immunotherapies in murine cancer
models by increasing the infiltration of effector T cells into tumors.
This therapeutic benefit was independent of the tumor cells’
reliance on c-MET. Mechanistically, c-MET inhibition interfered
with the reactive mobilization and recruitment of neutrophils into
tumors and draining lymph nodes in response to cytotoxic
immunotherapies. Without ¢c-MET inhibition, neutrophils
recruited to T cell-inflamed microenvironments rapidly developed
immunosuppressive properties, thereby restricting T cell expansion
and effector functions (19). Moreover, an investigation focused on
how c-Met-mediated signaling, via binding to HGF, modulates
apoptosis and immune escape mechanisms in renal cancer cells by
regulating novel molecules heme oxygenase-1 (HO-1) and PD-L1.
It was found that HGF/c-MET signaling activated the RAS/RAF
pathway, down-regulated cancer cell apoptosis, and was associated
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with the overexpression of cytoprotective HO-1 and anti-apoptotic
Bcl-2/Bcl-xL. The overexpression of HO-1 induced by c-MET was
regulated at the transcriptional level—additionally, ¢c-MET
induction markedly up-regulated PD-L1 expression, which
pharmacological inhibitors of ¢-MET could prevent. Optimal
induction of PD-L1 by HGF/c-MET signaling was not achieved
when either RAS or HO-1 was knocked down (20). Functional
significance was studied through a co-culture assay with mouse
splenocytes and murine renal cancer cells, revealing that c-MET
and PD-L1 were significantly up-regulated and co-localized in
human renal cancer tissues. The study suggests that ¢c-MET
promotes renal cancer cell survival by regulating HO-1 and PD-
L1. This up-regulation of PD-L1 by c-MET contributes to immune
escape mechanisms in renal cancer cells. The induction of PD-L1 by
c-MET depends on the RAS pathway and HO-1, and inhibition of
¢-MET signaling or PD-L1 can increase the apoptosis of cancer cells
mediated by immune cells (20).

Additionally, another study focused on the expression and
function of c-MET in NK/T-cell lymphoma cells. The expression
of c-MET and its ligand HGF in NK/T-cell lymphoma cell lines,
nasal NK/T-cell lymphoma specimens, and patient serum samples
was confirmed. HGF was shown to promote NK/T cell lymphoma
proliferation in an autocrine manner. C-MET HTL epitopes are
specific segments or fragments of the c-MET protein that helper T
lymphocytes (HTLs) recognize. Novel ¢-MET HTL epitopes
restricted by several HLA-DR molecules were identified. Peptide-
induced helper T lines were observed to recognize and kill c-MET
directly expressing NK/T-cell lymphomas and various epithelial
solid tumors. c-MET-specific HTLs also recognized dendritic cells
(DCs) pulsed with c-MET-expressing tumor cell lysates. It was
noted that ¢-MET inhibition augmented HTL recognition by
decreasing TGF-f production by tumor cells. These findings
suggest that effective antitumor responses against c-MET-
expressing tumors can be elicited by novel c-MET HTL epitopes,
providing a rationale for combining c-MET targeting therapy and
immunotherapy (21).

The rationale for combining ¢-MET inhibitors with
immunotherapy is rooted in the desire to bolster the efficacy of
cancer treatment by addressing multiple facets of cancer biology
and immune responses. However, the clinical significance of this
combination therapy can exhibit variability, contingent upon
factors such as cancer subtype, pharmacological agents used, and
patient demographics, all of which contribute to the heterogeneous
outcomes observed in ongoing trials. These trials can reveal diverse
responses depending on the markers available on different
malignancies (Table 1). The study conducted in NSCLC
illuminates the intricate interplay between ¢-MET inhibition and
immune evasion, providing a compelling rationale for the
combined treatment approach involving ¢-MET inhibitors and
immune checkpoint blockade (9). Additionally, previous research
indicates that HGF, the ligand for c-MET, exerts inhibitory effects
on perforin and granzyme B, thereby suppressing antitumor
immunity (22).

Consequently, emerging evidence suggests that ¢c-MET
inhibitors could activate the immune system by inhibiting c-MET
and promoting perforin expression in NK and T cells. This insight
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underscores the potential of c-MET inhibitors to play a significant
role in combination immunotherapy. Recent clinical studies
exploring the synergistic potential of combining targeted c-MET
therapy with immunotherapy have gained attention. Results from
two terminated trials (ClinicalTrials.gov identifiers: NCT02511184
and NCT04442581) underscore the challenges of low enrollment
rates, with only nine and two participants, respectively.

3 Advanced insights into c-MET
signaling from
immunological perspectives

3.1 Therapeutic potential of galectin family
and c-MET signaling

Galectins are a family of animal lectins that bind beta-
galactosides and influence various cellular processes by interacting
with cell-surface and extracellular matrix glycans. They are also
present in the cytosol and nucleus, where they can impact
intracellular signaling pathways through protein-protein
interactions (23). Research shows galectins play crucial roles in
immune and inflammatory responses, tumor development and
progression, neural degeneration, atherosclerosis, diabetes, and
wound repair. Studies using genetically engineered mice deficient
in specific galectins have helped confirm these roles. Consequently,
galectins are potential therapeutic targets or agents for treating
inflammatory diseases, cancers, and other conditions (24). The
intricate relationship between the galectin family and ¢-MET
signaling underscores their pivotal roles in cancer biology.
Galectins are involved in various cellular processes, including cell
adhesion, migration, and immune modulation, which are critical for
tumor progression (25).

¢-MET and RON, two class VIII RTKs, are activated by HGF
and are widely distributed on the surfaces of epithelial cells (26).
Connections between class VIII RTKs and galectins are known.
Proteomics research has discovered an interaction between RON
and Gal-3 in human cornea-limbal epithelial cells, though the exact
function of the RON-Gal-3 complex is still unclear. MUCI, a
glycoprotein on cell surfaces that controls EGFR activity through
its interaction with Gal-3, has also been linked to c-MET signaling,
indicating that galectin family members may play a role in
influencing ¢-MET receptor activity (27). Additionally, there is
evidence of an association between MET receptor-dependent
signaling and galectins inside cells, which involves the regulation
of the c-MET downstream protein Smad3 by Gal-7 (Figure 2) (28).

Extensive research has demonstrated that galectin family
members, such as Gal-7, Gal-4, and Gal-3, interact with c-MET
signaling pathways to drive tumor growth, metastasis, and
malignancy across different cancer types (29-31). Studies in non-
melanoma skin cancer (NMSC) have shown that increased LGALS7
mRNA and Gal-7 protein expression are associated with myeloid
programs, elevated CXCL1 levels, and ¢c-MET activation. This
suggests that Gal-7 is crucial in skin carcinogenesis, making it a
potential therapeutic target for human NMSC (29). The
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TABLE 1 List of clinical trials exploring the efficacy of c-MET inhibitors in combination with immunotherapeutic antibodies.

ID Tumor(s) Status Phase Started Interventions
NCT02511184 ALK'NSCLC Terminated I 2015 Crizotinib* + Pembrolizumab
NCT05782361 NSCLC Recruiting I 2023 Tepotinib + Pembrolizumab
NCT05700461 RCC Not yet recruiting I 2023 Cabozantinib* + Nivolumab
NCT03149822 mRCC Active, not recruiting /11 2017 Cabozantinib* + Pembrolizumab
NCT03170960 Solid Active, not recruiting I/ 2017 Cabozantinib* + Atezolizumab
NCT03468218 HNSCC Active, not recruiting 11 2018 Cabozantinib* + Pembrolizumab
NCT03534804 aUC Recruiting I 2018 Cabozantinib* + Pembrolizumab
NCT03957551 Melanoma Recruiting /11 2019 Cabozantinib* + Pembrolizumab
NCT04164979 Gastric Recruiting I 2020 Cabozantinib* + Pembrolizumab
NCT04400474 NES Active, not recruiting I 2020 Cabozantinib* + Atezolizumab
NCT04230954 mCC Terminated 1T 2020 Cabozantinib* + Pembrolizumab
NCT04139317 NSCLC Terminated 1I 2020 Capmatinib + Pembrolizumab
NCT04820179 mPanC Recruiting 1I 2021 Cabozantinib* + Atezolizumab
NCT04442581 Liver Terminated I 2021 Cabozantinib* + Pembrolizumab
NCT05007613 mESCC Recruiting I 2021 Cabozantinib* + Atezolizumab
NCT05052723 mPanC Recruiting 1I 2022 Cabozantinib* + Pembrolizumab
NCT05168618 mCRPC Recruiting 1I 2022 Cabozantinib* + Atezolizumab
NCT05168163 mLiver Recruiting 11 2022 Atezolizumab, Cabozantinib*, Lenvatinib
NCT05182164 aSarcomas Recruiting 1I 2022 Cabozantinib* + Pembrolizumab
NCT05613413 mSNSCLC Recruiting I 2022 Cabozantinib* + Pembrolizumab
NCT05039281 Glioblastoma Recruiting 1 2022 Cabozantinib* + Atezolizumab
NCT05019703 mOsteosarcoma Recruiting I 2023 Cabozantinib* + Atezolizumab
NCT03755791 HCC Recruiting 111 2018 Cabozantinib*, Sorafenib, Atezolizumab
NCT04338269 RCC Active, not recruiting 111 2020 Cabozantinib* + Atezolizumab
NCT04471428 mNSCLC Active, not recruiting 111 2020 Cabozantinib*, Atezolizumab, Docetaxel
NCT04446117 mCRPC Recruiting 111 2020 Cabozantinib*, Atezolizumab, Abiraterone Acetate,

Enzalutamide, Prednisone

* Some c-MET inhibitors listed in this Table are multi-kinase inhibitors and can inhibit other receptor tyrosine kinases such as ALK, VEGFR, and Axl.; m, Metastatic; a, Advanced; NSCLC, Non-
Small Cell Lung Cancer; RCC, Renal Cell Carcinoma; HNSCC, Head and Neck Squamous Cell Carcinoma; UC, Urothelial Carcinoma; NES, Neoplasms of the Endocrine System; CC, Cervical
Cancer; PanC, Pancreatic Cancer; ESCC, Esophageal Squamous Cell Carcinoma; CRPC, Castration-Resistant Prostate Cancer; SNSCLC, Squamous Non-Small Cell Lung Cancer; HCC,

Hepatocellular Carcinoma.

upregulation of Gal-7 may contribute to the tumor
microenvironment’s ability to support cancer cell survival and
proliferation. By modulating immune responses and enhancing c-
MET signaling pathways, Gal-7 promotes tumor growth and
metastasis, indicating its critical role in the disease’s
progression (29).

Similarly, in gastric cancer, Gal-4 has been identified as a critical
player in peritoneal dissemination, a severe condition commonly
associated with advanced stages of the disease. Gal-4 is expressed
explicitly in poorly differentiated cells exhibiting a high propensity
for peritoneal dissemination. Researchers employed CRISPR/Cas9-
mediated genome editing to knock out the Gal-4 gene in NUGC4
cells and found that suppressing Gal-4 led to reduced cell
proliferation and peritoneal metastasis (31). Further analysis

Frontiers in Immunology

revealed that Gal-4 interacts with c-MET and CD44 on the cell
surface, facilitating cancer progression. The decrease in activated c-
MET and CD44 levels following Gal-4 knockout indicates that Gal-
4 plays a significant role in activating these pathways, promoting
cancer cell proliferation and metastasis (31).

In thyroid cancer, integrating ultrasound imaging with the
analysis of Gal-3, c-MET, HBME-1, and CKI9 expressions has
proven helpful in distinguishing between malignant and benign
thyroid nodules. Immunohistochemical analysis of thyroid nodules
has shown that Gal-3 and c-MET expressions are significantly
higher in malignant lesions compared to benign ones. These
molecular markers demonstrated a robust predictive capacity for
differentiating malignant and benign nodules (30). The study found
significant correlations between Gal-3 expression with nodule
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FIGURE 2

Role of galectin family members in cancer progression and c-MET signaling. The galectin family plays crucial roles in cancer biology by influencing
cell adhesion, migration, and immune modulation, all critical for tumor progression. c-MET, activated by hepatocyte growth factor (HGF), interacts
with galectins, indicating a connection between c-MET and Gal-3. MUC1, a cell surface glycoprotein, controls EGFR activity through Gal-3 and is
linked to c-MET signaling. Additionally, galectins regulate intracellular pathways, such as the c-MET downstream protein Smad3 by Gal-7. These
interactions highlight galectins as potential therapeutic targets in cancer treatment. Gal-4 and Gal-9 are dimers in which the carbohydrate
recognition domain (CRD) tandemly repeats. Gal-7 is a prototype capable of forming dimers, and Gal-3 contains five units, each consisting of a CRD
connected to a non-lectin part. Recently, research on the immunological role of the galectin family, especially in cancer, is emerging. So far, the
upregulating effects of galectins on some receptor tyrosine kinases (RTKs) have been reported, and further research is still required to decipher the
role of galectins in cancer development. Created in BioRender. Jabbarzadeh Kaboli, P. (2024) https://BioRender.com/t99t044.

boundary characteristics and lymphatic metastasis and c-MET
expression with both nodule micro-calcifications and lymphatic
metastasis. These findings suggest elevated Gal-3 and ¢-MET
expressions indicate more aggressive and malignant thyroid
nodules. The study also highlighted that the ultrasound
characteristics displayed a noteworthy ability to predict malignant
nodules, with the Gal-3, c-MET, and CK19 scores increasing in
alignment with higher ultrasound-assessed malignancy risk
degrees (30).

Moreover, as galectins, especially Gal-9, are considered a
suppressor of anticancer immunity (23), understanding the
molecular mechanisms behind galectins and ¢-MET interactions
may lead us to develop novel therapeutic agents. For instance, small
molecule inhibitors or monoclonal antibodies targeting these

Frontiers in Immunology

pathways could be designed to block their interaction, thereby
inhibiting tumor growth and metastasis.

Overall, the research underscores the pivotal roles of galectins—
such as Gal-7, Gal-4, and Gal-3—and c-MET signaling in cancer
progression. The interactions between these molecules contribute to
various aspects of tumor growth, metastasis, and malignancy. By
targeting these pathways, new therapeutic strategies could be
developed to inhibit cancer progression and improve patient
outcomes. The diagnostic and therapeutic potential of targeting
the galectin family and ¢-MET signaling pathways offers promising
avenues for more effective treatment approaches in various cancers,
potentially enhancing diagnostic accuracy and patient care in
clinical practice. Future research should delineate the precise
molecular pathways and interactions between galectins and c-
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MET in different cancer types. This includes understanding how
these interactions influence downstream signaling cascades, leading
to tumor growth, metastasis, and immune evasion. Advanced
techniques such as single-cell RNA sequencing, proteomics, and
high-resolution imaging could provide deeper insights into these
complex biological processes.

The intricate interplay between the galectin family and ¢-MET
signaling represents a significant frontier in cancer research and
therapy. The growing body of evidence underscores the critical roles
of galectins like Gal-7, Gal-4, and Gal-3, as well as c-MET, in tumor
growth, metastasis, and malignancy. By targeting these pathways,
novel therapeutic strategies can be developed to inhibit cancer
progression and improve patient outcomes effectively. Integrating
molecular marker analysis with advanced imaging techniques,
personalized medicine, and combination therapies holds great
promise for enhancing diagnostic accuracy and patient care in
clinical practice. Continuing research and clinical innovation will be
essential to fully realize the potential of galectin and c-MET-
targeted therapies in the fight against cancer.

3.2 Crosstalk between c-MET and TGF-j3

Transforming growth factor (TGF)-fB, a multifunctional
cytokine, plays a pivotal role in cancer. In early tumorigenesis, it
acts as a tumor suppressor, inhibiting cell proliferation and
inducing apoptosis. However, in advanced stages, cancer cells
often exploit TGF-P signaling to promote tumor progression and
metastasis. TGF-f facilitates epithelial-mesenchymal transition
(EMT), enhances cell invasiveness, and modulates the TME to
support immune evasion. Notably, the potential of TGF-f as a
therapeutic target in cancer progression is a crucial focus of this
research. Furthermore, emerging evidence suggests a significant
crosstalk between ¢-MET and TGF-f pathways contributing to
immune evasion in cancer (32).

The role of TGF-B in inducing epithelial-mesenchymal
transition and regulating various cellular processes is well-
documented. Dysregulation of TGF-B signaling is frequently
associated with cancer progression and poor clinical outcomes.
Fangchinoline (FCN) has been investigated for its potential to
inhibit TGF-B-induced EMT in colon cancer cells. FCN treatment
suppressed TGF-B-induced mesenchymal markers and enhanced
epithelial markers at both protein and mRNA levels. Additionally,
FCN was found to inhibit the activation of c-MET/PI3K/Akt/
mTOR signaling pathways, which are crucial for cell proliferation
and migration. These findings suggest that FCN, which inhibits c-
MET and TGF-3, may offer therapeutic benefits by modulating key
signaling pathways in cancer progression (33).

On the other hand, pancreatic cancer (PC), characterized by its
aggressive nature and poor prognosis, has also been a focus of c-
MET pathway research. Pancreatic stellate cells (PSCs), which
interact with cancer cells, drive tumor growth and metastasis
through the HGF/c-MET pathway. A novel therapeutic strategy
combining HGF/c-MET pathway inhibition with gemcitabine
chemotherapy demonstrated promising results. This combination
reduced tumor volume, suppressed EMT and stemness
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characteristics, and eradicated metastatic lesions. Additionally, the
therapy decreased TGF-f secretion by cancer cells, promoting
cytotoxic T cell infiltration and enhancing cancer cell death.
These findings provide a strong rationale for clinical trials to
evaluate the efficacy of this combined approach in managing
pancreatic cancer (34).

Genomic MET amplification and exon 14 skipping are
currently established as clinically significant biomarkers used to
stratify subsets of NSCLC patients based on their predicted
response to c-MET inhibitors. While these biomarkers have
provided valuable insights, the overall clinical efficacy of this
stratification strategy remains somewhat limited. Notably, c-MET
protein overexpression, a common occurrence in approximately 20-
25% of NSCLC patients, has yet to be definitively characterized as a
clinically actionable biomarker. Consequently, there is a clear need
for an optimized approach to accurately categorize patients with c-
MET overexpression for informed decision-making regarding c-
MET inhibitor treatment.

Recent research has shed light on the role of SYK in regulating
cellular plasticity and its association with sensitivity to c-MET
inhibitors, both in vitro and in vivo, particularly in patient-
derived xenograft (PDX) models exhibiting ¢-MET
overexpression, regardless of MET gene status (35). Treatment
with TGF-B1 leads to the downregulation of SYK transcription,
increased Spl-mediated transcription of FRAI, and the restoration
of a mesenchymal state in cells, consequently conferring resistance
to c-MET inhibitors. Importantly, clinical studies have shown that a
subset of NSCLC patients with concomitant ¢-MET and SYK
overexpression demonstrated a notably high response rate of
73.3% and longer PFS when treated with ¢-MET inhibitors
compared to other patient subgroups. Conversely, combining
SYK negativity and TGF-B1 positivity was associated with de
novo and acquired resistance to ¢-MET inhibitors. These findings
suggest that SYK modulates cellular plasticity toward a therapy-
sensitive epithelial state (35).

Emerging evidence suggests a significant crosstalk between c-
MET and TGF-f pathways that contributes to immune evasion in
cancer. This interaction occurs at multiple levels, inﬂuencing cancer
cells’ intrinsic properties and the immune microenvironment’s
extrinsic modulation. TGF-B-induced EMT enhances cancer cell
invasiveness and metastatic potential, with ¢c-MET signaling
synergizing to promote EMT and stem-like properties. This
cooperation supports tumor cell dissemination and resistance to
immune-mediated cytotoxicity. EMT-associated changes, such as
the downregulation of epithelial markers and upregulation of
mesenchymal markers, reduce recognition and elimination by
immune cells (36).

Both ¢-MET and TGF-f independently and cooperatively
suppress anti-tumor immunity. TGF-f inhibits the activation and
function of various immune cells (37, 38). In contrast, c-MET
activation recruits Tregs and induces the expression of immune
checkpoint molecules, such as PD-L1, on tumor cells (39). The
TME is remodeled by ¢-MET and TGF-f signaling pathways. c-
MET-driven HGF secretion recruits myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages (TAMs), while
TGF-B induces fibroblasts to differentiate into cancer-associated
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fibroblasts (CAFs), creating a barrier against immune cell
infiltration (40).

The interplay between c-MET and TGF-B in immune evasion
underscores the potential of combinatorial therapeutic strategies
targeting both pathways (41). c-MET inhibitors, such as crizotinib,
cabozantinib, and tivantinib, have shown promise in inhibiting
tumor growth and metastasis but can be limited by compensatory
mechanisms and immunosuppressive TME. Combining c-MET
inhibitors with TGF-3 pathway antagonists offers a promising
approach to enhance anti-tumor immunity (34). TGF-§ pathway
(JAK/STAT) inhibitors, including small molecules, neutralizing
antibodies, and ligand traps, disrupt TGF-B signaling and its
immunosuppressive effects (42). Preclinical studies demonstrate
that dual inhibition of ¢-MET and TGEF-f pathways
synergistically reduces tumor growth, metastasis, and immune
evasion, highlighting the potential of this approach (43).

Several clinical trials investigate the efficacy of combining c-
MET inhibitors with TGF-B antagonists or immune checkpoint
inhibitors. Combining ¢-MET inhibitors with PD-1/PD-L1
inhibitors is being evaluated for its potential to enhance the anti-
tumor immune response (44).

Understanding the molecular mechanisms underlying c-MET and
TGF-B crosstalk can inform the development of novel biomarkers for
patient stratification and treatment optimization. Biomarkers such as
¢-MET and TGF-f expression levels, EMT transcription factors, and
immune cell infiltration profiles could help identify patients most
likely to benefit from combination therapies, enabling more
personalized and effective treatment strategies.

Despite the promising potential of targeting c-MET and TGF-f3
pathways, several challenges need addressing. The redundancy and
complexity of signaling networks in cancer cells can lead to adaptive
resistance mechanisms, necessitating the identification and targeting
of additional compensatory pathways. The heterogeneous nature of
tumors and the dynamic TME require a comprehensive
understanding of the temporal and spatial aspects of c-MET and
TGF- signaling.

The relationship between ¢-MET and TGF-B in cancer cell
immune evasion represents a compelling area of research with
significant therapeutic implications (Figure 3). The crosstalk between
these pathways contributes to multiple aspects of tumor progression,
including EMT, immune suppression, and TME modulation.
Targeting both ¢-MET and TGF-B pathways holds promise for
enhancing the efficacy of cancer therapies and overcoming immune
evasion. Ongoing clinical trials and preclinical studies are shedding
light on the potential benefits of combinatorial approaches, paving the
way for more effective and personalized treatments.

3.3 c-MET-targeted therapy: insights from
immune single-cell analysis

First and foremost, the use of single-cell analysis has shed light

on the pivotal role of HGF/c-MET signaling in the crosstalk
between two distinct subgroups of liver endothelial cells: HGF-
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expressing liver sinusoidal endothelial cells (LSEC) and c-MET-
expressing continuous endothelial cells (CEC). This intricate
interaction ultimately drives the replacement of LSEC with CEC
in liver carcinogenesis. Notably, c-MET signaling has initiated the
transition from LSEC to CEC (45). Moreover, single-cell analysis of
circulating tumor cells has unveiled compelling insights into the
effectiveness of HGF/c-MET inhibitors, such as rilotumumab
(formerly AMG102) and compound A (a c-MET small molecule
inhibitor), in curtailing cancer progression post-surgery. This
revelation prompted an investigation into circulating pancreatic
stellate cells and the role of anti-c-MET adjuvant therapy in a newly
developed mouse model following pancreatic tumor resection. The
study revealed that HGF/c-MET dual inhibition curtailed
angiogenesis and reduced the number of circulating pancreatic
tumor cells (31).

In parallel, single-cell transcriptome analysis has brought to the
forefront the critical functionality of ¢-MET signaling within
glioblastoma cells navigating the hypoxic TME. Targeting c-MET
with inhibitors like cabozantinib, crizotinib, foretinib, PF04217903,
and tivantinib disrupted antioxidant defenses, culminating in
apoptotic cancer cell death. Furthermore, the synergy between c-
MET inhibitors and the DNA-alkylating drug temozolomide was
explored, revealing promising synergistic effects (46, 47). Despite
the limited scope of studies on c-MET signaling through single-cell
analysis, both bulk and single-cell analyses converge to emphasize
the overexpression of ¢c-MET within a distinct subpopulation of
glioma cells that exhibit traits such as strong hypoxia, inflammation,
stem-like properties, metastatic potential, and neoplastic
characteristics among ten subpopulations (46).

Transitioning to a different facet of the TME, TAMs emerge as a
pivotal component. These TAMs can be classified into two primary
phenotypes: M1 TAMs, known for their pro-inflammatory and
anti-tumor attributes, and M2 TAMs, characterized by their anti-
inflammatory and pro-tumor properties (48). Within this context,
RNA-sequencing analysis in gastric cancer uncovered a link
between macrophage-derived IL-10 and the activation of c-MET/
STATS3 signaling pathways. IL-10 was found to be significantly
elevated in both gastric tumor tissues and the serum of afflicted
individuals, with TAMs identified as the primary source. Further
exploration revealed that IL-10 may trigger the activation of the c-
MET/STATS3 signaling pathway, fueling gastric cancer progression.
These findings underscore the potential of IL-10 as a promising
therapeutic target in gastric cancer treatment (49).

c-MET signaling also significantly influenced TAMs-specific
cytokines (Figure 3). Markers such as IL-10 and TGF-f were
associated with pro-regenerative M2 macrophages, while iNOS,
TNFo, IL-1, IL-12, IL-18, and IFN-y indicated pro-inflammatory
M1 macrophages (50). Notably, HGF/c-MET signaling emerged as
a trigger for the activation of PI3K/Akt signaling and concurrent
inhibition of NF-xB signaling in M1 macrophages, leading to the
release of IL-10 and TGEF-f. Intriguingly, the expression of iNOS,
TNF-0, and IL-6 in these macrophages decreased following
treatment with HGF, suggesting that c-MET signaling induces an
MI-to-M2 transition in TAMs (51). Conversely, the inhibition of
HGF/c-MET signaling through PHA-665752 reversed these effects,
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FIGURE 3

Impact of c-MET amplification on immune cell functionality. Hepatocyte growth factor (HGF) released by cancer-associated fibroblasts (CAFs) and
mesenchymal stromal cells (MSCs) triggers the c-MET receptors predominantly found on c-MET* cancer cells and myeloid-derived suppressor cells
(MDSCs). The amplification of c-MET leads to heightened secretion of transforming growth factor-beta (TGF-f), a cytokine crucial for immune
modulation. Elevated TGF-f levels drive the polarization of M1 macrophages, typically pro-inflammatory and anti-tumorigenic, toward M2
macrophages, characterized by immunosuppressive and pro-tumorigenic properties. Furthermore, TGF- prompts converting CD4" T helper cells
into regulatory T cells (Tregs), recognized for their immune-suppressive role. This immunosuppressive milieu, orchestrated by M2 macrophages and
Tregs, effectively dampens the body’s anti-cancer immune responses, enabling tumors to evade immune surveillance and destruction. The hypoxic
tumor microenvironment (TME) is characterized by elevated levels of reactive oxygen species (ROS), lactate, and cytokines such as TGF-B. It also
features a deficiency of the amino acids arginine (ARG) and tryptophan (TRP), along with an increased presence of myeloid-derived suppressor cells
(MDSCs), M2 macrophages, regulatory T cells (Tregs), cancer-associated fibroblasts (CAFs), and mesenchymal stem cells (MSCs). These conditions
create an environment that facilitates tumor immune evasion. This distinct immune landscape emphasizes the crucial role of c-MET expression
levels in shaping the TME and impacting the immune system's ability to identify and eradicate cancer cells. Created in BioRender. Jabbarzadeh
Kaboli, P. (2024) https://BioRender.com/i50x671.
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promoting the maintenance of M1 macrophages by elevating IL-1f3
and iNOS (52).

Transitioning to another facet of the tumor microenvironment,
Tregs play a critical role in inhibiting various immune cells,
including CD8" and CD4" T cells, dendritic cells, and NK cells.
Targeting crucial markers like CD25, forkhead box p3 (FoxP3),
TGF-B receptor, and indoleamine 2,3-dioxygenase 1 (IDO-1),
arginase 1 (ARG1), and glutaminase (GLS) holds promise in
inducing antitumor immunity (Figure 4) (32, 53). In colorectal
cancer liver metastasis, the emergence of CD4"FOXP3™ Tregs,
coupled with elevated levels of a-smooth muscle Actin, HGF, and
c-MET, suggests potential therapeutic targets for this metastatic
variant of colorectal cancer (54). Furthermore, in gastric cancer,
HGF and ¢-MET were implicated in Treg accumulation in
peripheral blood. The expression of ¢c-MET in circulating
monocytes of gastric cancer patients was identified, with
monocyte-derived dendritic cells exposed to HGF exhibiting a
regulatory phenotype. Interestingly, treatment with an anti-HGF
antibody reduced circulating Tregs among gastric cancer patients,
highlighting the role of HGF in fostering Treg accumulation
indirectly via c-MET-expressing monocytes. These findings
suggest the potential benefits of HGF/c-MET targeted therapies,
including combinations with immune checkpoint inhibitors, in
cancer treatment (41).

Shifting the focus to immunogenic cell death (ICD) in breast
cancer, limitations associated with chemotherapy-induced ICD are
highlighted. A novel approach employing crizotinib polymerized
prodrug carriers to enhance ICD, combined with doxorubicin,
demonstrated extended circulation, efficient tumor accumulation,
and simultaneous drug release within tumor cells. This combination
resulted in synergistic ICD induction, enhanced cytotoxic T
lymphocyte infiltration, reduced Treg cells, increased cytokine
secretion, and ultimately improved antitumor activity in a breast
cancer mouse model. This innovative nano-drug delivery system
holds promise for enhancing the efficacy of chemo-immunotherapy
in breast cancer (55).

Tumor-associated neutrophils (TANs) constitute another
critical element recruited to the cancer microenvironment. N1
TANSs exert antitumor effects, while N2 TANs promote immune
suppression, tumor progression, angiogenesis, and metastasis.
Elevated TAN abundance or neutrophil-to-lymphocyte ratio in
tumor patients correlates with unfavorable prognoses (56). TGE-3
plays a significant role in neutrophil plasticity, guiding these
immune cells toward acquiring the N2 phenotype. This process
involves complex signaling pathways and interactions that
ultimately result in neutrophil’s functional and phenotypic
transformation, highlighting the importance of TGF-f in
modulating immune responses and cellular behavior (Figure 4)
(57, 58). The finding that IL-10 reduces the synthesis of pro-
inflammatory cytokines such as IL-1B and TNF-o in neutrophils
provides insights into the polarized functional states of these
immune cells (59, 60).

Multiple studies have shown that c-MET signaling modulates
immune cell composition in the tumor microenvironment,
particularly immunosuppressive neutrophils (61, 62). Research
focusing on metastatic castration-resistant prostate cancer
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revealed that c-MET is essential for recruiting and activating
neutrophils in response to HGF. Inhibiting ¢c-MET resulted in
heightened tumor growth and metastasis, underscoring the
pivotal role of ¢-MET in neutrophil infiltration. Furthermore,
systemic treatment with ¢-MET inhibitors curtailed the
recruitment of TANs, ultimately impacting tumor growth and
volume more significantly than MET knockdown in cancer
cells (19).

Conversely, another study uncovered that c-MET inhibition
could enhance immunotherapy’s effectiveness by promoting
neutrophil infiltration. Inhibiting ¢-MET using potent ¢-MET
inhibitors capmatinib and PF-04217903 alongside anti-PD-1
checkpoint immunotherapy increased infiltrating neutrophils and
heightened immunotherapy effectiveness. When wild-type
neutrophils were exposed to HGF, it enhanced their ability to
adhere to and migrate across an activated endothelial layer. In
contrast, neutrophils lacking the c-MET knockout did not exhibit
this increased adhesion and chemotaxis in response to HGF
stimulation, suggesting that the c-MET plays a crucial role in
mediating the effects of HGF on neutrophil adhesion and
migration through activated endothelium (63). The combination
of c-MET inhibition and immunotherapy also augmented the count
and functionality of antigen-specific CD8" T cells within tumor
tissues, highlighting its potential impact on the tumor
microenvironment. Nonetheless, factors like I1L-6, TGF-3, and IL-
10, secreted by tumor cells, perpetuate chronic inflammation,
stimulating immunosuppressive myeloid-derived suppressor cells,
macrophages, and neutrophils. This, in turn, sustains an
inflammatory environment where IL-10 from neutrophils inhibits
the antitumor properties of M1 TAMs while promoting the activity
of tumorigenic M2 TAMs (Figure 4) (57).

Recent advancements in understanding the complex interplay
between the tumor microenvironment, immune cells, and targeted
therapies have opened new avenues for improving cancer treatment
outcomes. The role of TANs in cancer progression and immune
suppression has also gained significant attention. The plasticity of
neutrophils, influenced by factors such as TGF- and IL-10,
highlights the importance of understanding the molecular
mechanisms governing their functional polarization. The c-MET
signaling pathway has emerged as a crucial player in regulating
immune cell composition in the tumor microenvironment,
particularly immunosuppressive neutrophils, macrophages, and
Treg. Despite the mixed results of c-MET inhibition, with some
studies demonstrating enhanced tumor growth and metastasis
while others suggest improved immunotherapy efficacy, its
potential cannot be overlooked. The ability of ¢-MET inhibition
to promote neutrophil infiltration and improve the functionality of
antigen-specific CD8" T cells highlight its potential as a
complementary approach to immunotherapy. Tumor cells
secreting factors such as IL-6, TGF-B, and IL-10 perpetuate an
inflammatory environment that supports tumor growth and
suppresses antitumor immune responses (Figure 4).

In conclusion, the dynamic interactions between cancer cells,
immune cells, and the tumor microenvironment present challenges
and opportunities for developing effective cancer therapies.
Targeted approaches that modulate neutrophil function enhance
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FIGURE 4

Metabolism reprogramming and immune suppressive TME. Hepatocyte growth factor (HGF) is secreted by cancer-associated fibroblasts (CAFs) and
mesenchymal stromal cells (MSCs), stimulating c-MET signaling in tumor cells and myeloid-derived suppressor cells (MDSCs). Upon activation of c-
MET, metabolic reprogramming is initiated, resulting in the release of Indoleamine 2,3-dioxygenase (IDO), glutaminase (GLS), and arginase 1 (ARG1).
These metabolic changes result in the depletion of CD8" T cells, NK cells, and dendritic cells (DCs) by limiting essential amino acids such as arginine,
glutamine, and tryptophan required for immune cell function. Concurrently, tumor cells and MDSCs release transforming growth factor-beta (TGF-B)
and interleukin-10 (IL-10), inducing the polarization of neutrophils, macrophages, and T cells from anti-tumor (M1, N1, and CD4") to pro-tumor (M2,
N2, and Treg) phenotypes. This intricate interplay between tumor cells and MDSCs presents multiple molecular targets for combating immune
evasion mechanisms. Furthermore, targeting GLS, IDO, and ARG, along with modulating the JAK/STAT pathway and employing checkpoint
inhibitors, may synergize with c-MET inhibitors in enhancing the efficacy of c-MET-targeted immunotherapy. Created in BioRender. Jabbarzadeh
Kaboli, P. (2024) https://BioRender.com/l42g986.

Frontiers in Immunology 11 frontiersin.org


https://BioRender.com/l42g986
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

ICD and harness the immune system’s power hold promise for
improving patient outcomes. However, the urgent need for further
research to unravel the complex signaling pathways and molecular
mechanisms that govern these interactions is undeniable, enabling
the development of more precise and personalized cancer
treatment strategies.

4 Anti-MET antibody therapies

Inhibitors of the HGF/c-MET signaling pathway fall into small-
molecule compounds and biologics. Small-molecule compounds
block the pathway by inhibiting the tyrosine kinase activity and
autophosphorylation of c-MET, often affecting multiple RTKs. On
the other hand, biologics—including truncated HGF, the N-
terminal SEMA domain of HGF, the soluble extracellular domain
of c-MET (decoy MET), and antibodies targeting HGF and c-MET
—suppress the pathway by preventing the interaction between HGF
and c-MET. Biologics typically offer more specific inhibition of the
HGF/c-MET signaling pathway than small molecules. Several
therapeutic antibodies targeting this pathway are currently under
preclinical and clinical development (5, 64).

4.1 Anti-MET/HGF monoclonal antibodies

4.1.1 Rilotumumab (AMG102, Amgen)

Rilotumumab is a human monoclonal antibody designed to
target HGF, preventing its interaction with the c-MET receptor and
inhibiting the related cellular processes and in a Phase II clinical
trial for gastric and esophagogastric junction cancers, rilotumumab
combined with epirubicin, cisplatin, and capecitabine (ECX)
demonstrated improvements in both progression-free survival
(PFS) and overall survival (OS) for patients with high c-MET
expression. Patients were administered either a placebo or
rilotumumab (15 mg/kg or 7.5 mg/kg) alongside ECX every three
weeks. The median PFS was 5.1 months for the 15 mg/kg dose, 6.8
months for the 7.5 mg/kg dose, and 4.2 months for the placebo.
Objective response rates (ORRs) were 31% for the 15 mg/kg dose,
48% for the 7.5 mg/kg dose, and 21% for the placebo. Median OS
was 9.7 months for the 15 mg/kg group, 11.1 months for the 7.5 mg/
kg group, and 8.9 months for the placebo group. Adverse events,
such as hematologic issues, peripheral edema, and venous
thromboembolism, were more frequent in the rilotumumab
groups (65). These favorable outcomes have prompted a Phase III
study (RILOMET-1) in c-MET" gastric and gastroesophageal
junction cancers.

Moreover, rilotumumab has proven effective in metastatic
colorectal cancer with wild-type KRAS, where a Phase II trial
found a median PFS of 5.2 months for the combination of
rilotumumab and panitumumab, compared to 3.7 months for
panitumumab alone (ClinicalTrials.gov identifier: NCT00719550)
(66). In addition, the potential pharmacokinetic (PK) drug-drug
interactions (DDI) between rilotumumab and the chemotherapy
regimen of epirubicin, cisplatin, and ECX were also evaluated. In
this Phase III double-blinded, placebo-controlled study,
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rilotumumab, epirubicin, and cisplatin were administered
intravenously every three weeks, while capecitabine was taken
orally twice daily. PK samples for rilotumumab were collected
pre-dose and post-infusion during multiple cycles, and ECX-PK
samples were collected during cycle 3. Non-compartmental analyses
were used to compare PK parameters between the treatment arms,
and a population PK model from previous studies was employed to
predict rilotumumab serum concentrations. Additionally, observed
rilotumumab serum concentrations matched model predictions,
indicating no impact on rilotumumab exposure by ECX. These
results suggest a lack of PK-based DDI between rilotumumab and
ECX (ClinicalTrials.gov identifier: NCT00719550) (67).

4.1.2 Ficlatuzumab (AV-299; SCH 900105,
AVEO Pharmaceuticals)

Ficlatuzumab, developed by AVEO Pharmaceuticals under the
names AV-299 and SCH 900105, is a humanized monoclonal
antibody designed to target HGF, thus disrupting the HGEF-
induced ¢-MET signaling pathway by interfering with the
interaction between HGF and c-MET (68). Studies conducted
using the H596 NSCLC xenograft model have indicated that
combining ficlatuzumab with epidermal growth factor receptor
(EGFR) inhibitors such as erlotinib or cetuximab enhances its
anti-cancer effects compared to using either agent alone. In a
Phase I trial involving patients with various advanced solid
tumors, including sarcoma, ovarian cancer, mesothelioma, and
glioblastoma multiforme, ficlatuzumab was administered
intravenously at varying doses biweekly (69). In subsequent Phase
IT trials, ficlatuzumab was administered alongside daily doses of
erlotinib at the recommended Phase II dosage. Adverse events
reported during ficlatuzumab monotherapy included fatigue,
peripheral edema, headache, hematologic complications, and
pruritus, while combination therapy commonly resulted in rash
and diarrhea. The Phase I trial confirmed the safety and tolerability
of ficlatuzumab when used alongside erlotinib, leading to a
subsequent Phase II study evaluating the efficacy of gefitinib alone
or in combination with ficlatuzumab in NSCLC patients (70).

Additionally, a multicenter, randomized phase II study
evaluated the efficacy of ficlatuzumab, a monoclonal antibody
targeting hepatocyte growth factor, when administered alone or
combined with cetuximab in patients diagnosed with recurrent or
metastatic head and neck squamous cell carcinoma (HNSCC) who
had previously shown resistance to cetuximab. Activation of the
hepatocyte growth factor/c-MET pathway is recognized as a
resistance mechanism to cetuximab in HNSCC. The study aimed
to assess the median PFS. The trial between 2018 and 2020
randomized 60 patients, with 58 ultimately receiving treatment.
While the monotherapy arm was discontinued early due to futility,
the combination arm met the significance criteria, demonstrating a
median PFS of 3.7 months and an ORR of 19%. Exploratory
analyses within the combination arm revealed differences in PFS
and ORR between HPV' and HPV~ subgroups, suggesting the
potential importance of HPV status in patient selection (71).
Overall, the ficlatuzumab-cetuximab combination exhibited
promising outcomes, warranting further exploration in phase III
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trials, with HPV™ HNSCC potentially serving as a selection criterion
(ClinicalTrials.gov identifier: NCT03422536) (71).

4.1.3 TAK-701 (Galaxy Biotech)

TAK-701 is a humanized monoclonal antibody known for its
high affinity to HGF. When combined with gefitinib, a small-
molecule EGFR inhibitor, TAK-701 effectively suppresses the
phosphorylation of both ¢-MET and EGEFR, along with their
downstream signaling pathways, in HCC827-HGF tumor cells.
These cells are engineered human NSCLC cells with an activating
EGFR mutation and stable expression of HGF (72). Additionally,
the combined treatment of TAK-701 and gefitinib significantly
inhibits tumor growth in HCC827-HGF xenograft models. These
results suggest that the combined use of TAK-701 and gefitinib
might offer a solution to combat resistance to EGFR-tyrosine kinase
inhibitors in HGF-induced NSCLC (72). However, no significant
differences between treated and control tumors were observed in
event-free survival (EFS) distribution. Additionally, no objective
responses were noted in any tested solid tumor xenografts (73).

4.1.4 Onartuzumab (MetMAb™)

Onartuzumab, a humanized, monovalent monoclonal antibody
engineered to target c-MET, operates through the knob-into-hole
technology, facilitating a precise one-to-one interaction with the
receptor. Its robust ability to block HGF binding, ¢-MET
phosphorylation, and subsequent signaling within the HGF/c-
MET pathway is complemented by pharmacokinetics resembling
antibodies (74). Preclinical xenograft studies have shown anti-
cancer solid activity for onartuzumab. Activated HGF/c-MET
signaling is linked to poor prognosis and resistance to EGFR
inhibitors in NSCLC (74). In a Phase II study, patients positive
for ¢-MET who received both erlotinib and onartuzumab
experienced extended PFS (2.9 months versus 1.5 months) and
OS (12.6 months versus 3.8 months) in comparison to those treated
solely with erlotinib (75). Nevertheless, a subsequent randomized
Phase III trial could not reproduce the effectiveness shown in the
Phase II trial, as there was no discernible improvement in OS (6.8
months versus 9.1 months) or PFS (2.7 months versus 2.6 months)
among c-MET™ patients receiving combination therapy (76).

On the other hand, the phase IT study GO27819 aimed to assess
the efficacy of the monovalent MET inhibitor onartuzumab in
combination with bevacizumab (Ona+Bev) versus placebo plus
bevacizumab (Pla+Bev) for recurrent glioblastoma, considering
the reported aberrant expression of c-MET in glioblastoma.
Bevacizumab-naive patients were randomized to receive either
Ona+Bev or Pla+Bev until disease progression, with PES as the
primary endpoint. Secondary endpoints included OS, ORR,
response duration, and safety evaluations (77).

Further investigation into biomarker subgroups is
recommended despite the lack of additional clinical benefit of
adding onartuzumab to bevacizumab in unselected patients with
recurrent glioblastoma (77). Despite the setback in the Phase III
trial, Genentech continues to explore onartuzumab’s potential in
two additional Phase III trials targeting different subgroups of
NSCLC, including ¢-MET" stage IIIB or IV NSCLC with
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activating EGFR mutation. Subgroup analyses are expected to aid
in more selective patient targeting. Furthermore, another Phase III
clinical trial is underway in gastric cancer to assess the efficacy and
safety of onartuzumab when administered in combination with
mFOLFOX6 for treating metastatic HER2™ and ¢-MET"
gastroesophageal cancer (78).

Besides, the phase III trial evaluating onartuzumab plus
erlotinib versus erlotinib alone as a second and third-line
treatment for NSCLC did not achieve its primary endpoint of OS.
This study investigated whether doses higher than the phase IIT dose
of 15 mg/kg could enhance efficacy without compromising safety.
Data from 636 patients across phase II and III NSCLC trials were
analyzed. Tumor growth inhibition (TGI) models were employed to
estimate individual TGI metrics, including time-to-tumor re-
growth (TTG) (79). Cox regression models were developed to
explore relationships between time-to-event endpoints (PFS, OS,
and TTG) and baseline prognostic factors along with onartuzumab
exposure. Logistic regression was used to model adverse event
incidence. The analysis revealed that higher onartuzumab
exposure correlated with longer PFS but not OS (79). TTG was
the sole TGI metric retained in the final OS model, with
onartuzumab exposure showing no significant association after
adjusting for prognostic factors. However, higher onartuzumab
exposure did not significantly improve OS after accounting for
prognostic factors and TTG, and a trend toward increased infusion
reactions and peripheral edema was noted, albeit with unknown
clinical significance. These findings do not support the exploration
of higher onartuzumab doses (79).

4.1.5 Emibetuzumab (LY-2875358; Eli Lilly)

Emibetuzumab is a humanized, bivalent anti-c-MET antibody
designed to hinder ligand-dependent and ligand-independent c-
MET activation. In instances of HGF-dependent c-MET activation,
emibetuzumab obstructs HGF binding to c-MET, inhibiting c-MET
phosphorylation and subsequent tumor growth suppression in both
in vitro and in vivo settings. This mechanism mirrors a humanized,
one-armed 5D5 anti-c-MET antibody (the precursor of
onartuzumab). Conversely, when c-MET activation occurs
independently of HGF due to MET gene amplification in tumors,
emibetuzumab facilitates internalization and degradation of c-
MET. Treatment with emibetuzumab induces reductions in
phosphorylated and total c-MET levels, leading to the inhibition
of cell proliferation and tumor growth in gastric cancer cell lines
(MKN-45 and SNU-5) as well as in NSCLC cell lines (EBC-1 and
H1993). However, the one-armed 5D5 antibody does not exhibit
anti-tumor activity in HGF-independent ¢-MET activation
cases (80).

In a Phase I trial, emibetuzumab treatment, either alone or
combined with erlotinib, resulted in sustained partial responses in
NSCLC and demonstrated favorable safety and tolerability profiles.
Based on pharmacokinetic/pharmacodynamic data, the
recommended Phase II dose for emibetuzumab administered
intravenously is 750 mg once every two weeks, either as a
monotherapy or combined with erlotinib (81). Furthermore, a
phase II trial sought to determine if combining emibetuzumab
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with erlotinib could counteract acquired resistance to erlotinib in
NSCLC patients positive for protein. Patients with Stage IV NSCLC
who had developed resistance to erlotinib and tested positive for c-
MET were randomly assigned to receive emibetuzumab 750 mg
every two weeks with or without erlotinib 150 mg once daily. The
primary goal was to evaluate the overall response rate (ORR)
compared to a historical control, with an additional objective
focusing on ORR in patients exhibiting MET expression in > 60%
of cells. Among the 111 ¢c-MET™ patients enrolled, 89 had received
prior erlotinib treatment. The ORR was 3.0% for emibetuzumab
plus erlotinib and 4.3% for emibetuzumab alone among patients
with available post-erlotinib progression biopsies. Similar outcomes
were observed in patients with > 60% MET expression (82).
Although emibetuzumab plus erlotinib showed higher disease
control rates and PFS, no unexpected safety concerns were
identified. Partial responses were observed regardless of EGFR
mutation status or MET amplification. Retrospective analysis
revealed EGFR-sensitizing mutations in most patients with
available tissue. In summary, emibetuzumab, combined with
erlotinib, did not reverse acquired resistance to erlotinib in c-
MET" NSCLC patients, although some patients experienced
clinical benefit from the treatment (82).

4.1.6 ARGX-111 (arGEN-X)

ARGX-111 is an antagonistic anti-c-MET antibody devoid of
fucose, known for its robust anti-cancer efficacy due to enhanced
antibody-dependent cellular cytotoxicity. A Phase Ib trial
commenced to assess ARGX-111’s potential in treating advanced
cancers marked by c-MET overexpression. This study focused on
engineering an antagonistic anti-c-MET antibody capable of
blocking HGF/c-MET signaling and inducing the killing of MET-
overexpressing cancer cells through antibody-dependent cellular
cytotoxicity (ADCC). To assess its efficacy, this ADCC-enhanced
antibody with a control antibody lacking ADCC activity but capable
of blocking HGF/c-MET activity was compared. Across various
mouse models of cancer, including both HGF-dependent and
-independent tumor xenografts, the ADCC-enhanced antibody
demonstrated superior efficacy to the ADCC-inactive counterpart
(83). Specifically, in orthotopic mammary carcinoma models,
ADCC enhancement was crucial for depleting circulating tumor
cells and suppressing metastases. Encouraged by these findings, it
was further optimized the ADCC-enhanced antibody for clinical
development, creating ARGX-111, which displayed improved
pharmacologic properties. ARGX-111 effectively competes with
HGF for ¢-MET binding, inhibited ligand-dependent ¢-MET
activity, downregulated cell surface expression of c-MET, and
curbed HGF-independent c-MET activity (83).

Moreover, ARGX-111 engaged NK cells to target and kill MET-
expressing cancer cells, demonstrating c-MET-specific cytotoxic
activity. ADCC assays further confirmed the cytotoxic effects of
ARGX-111 across multiple human cancer cell lines and patient-
derived primary tumor specimens, including cancer stem-like cells
expressing c-MET. Overall, these results underscore the therapeutic
advantage of ADCC over conventional HGF/c-MET signaling
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blockade and provide compelling evidence for the clinical
evaluation of ARGX-111 in ¢c-MET" oncologic malignancies (83).

4.1.7 Telisotuzumab (ABT-700)

¢-MET can be activated by HGF-dependently and
independently (5). Monovalent antibodies targeting c-MET/HGF
interaction, such as MetMAB, have advanced clinically; however,
developing therapeutic antibodies targeting c-MET has been
difficult due to inherent agonistic activity independent of HGF
availability (84). To address this, the bivalent anti-c-MET
monoclonal antibody telisotuzumab was generated and evaluated
for its binding potency, antagonistic activity, and antitumor efficacy,
which can target c-MET with and without ligand. Telisotuzumab
effectively blocks both HGF-independent constitutive and HGF-
dependent c¢-MET signaling, leading to apoptosis in cancer cells
dependent on amplified c-MET signaling. In preclinical models of
gastric and lung cancers with c-MET amplification, telisotuzumab
induced tumor regression, and delayed growth, with enhanced
effects combined with chemotherapeutics. These findings,
supported by fluorescence in situ hybridization (FISH) analysis of
c-MET amplification in human cancer tissues, suggest
telisotuzumab’s potential clinical benefit for treating cancers with
¢-MET amplification (85, 86).

The pharmacokinetics, safety, and preliminary efficacy of
telisotuzumab, an antagonistic antibody targeting c-MET, were
evaluated in this first-in-human phase I study. In the dose-
escalation phase (3 + 3 design), 3 to 6 patients with advanced
solid tumors were enrolled in four dose cohorts (5-25 mg/kg).
Patients were prospectively selected for c-MET amplification using
FISH screening for the dose-expansion phase. Telisotuzumab was
administered intravenously on day 1 of a 21-day cycle, with 15 mg/
kg selected for dose expansion based on safety and pharmacokinetic
data. A total of 45 patients received at least one dose (15 in dose
escalation and 30 in dose expansion). Telisotuzumab exhibited a
linear pharmacokinetic profile, with peak plasma concentrations
proportional to the dose level. No acute infusion reactions or dose-
limiting toxicities were observed. The most common treatment-
related adverse events were hypoalbuminemia (20.0%) and fatigue
(11.1%). Among patients with MET-amplified tumors, 40.0% (4 of
10) had a confirmed partial response, 20.0% had stable disease,
30.0% had progressive disease, and one patient was not evaluable.
No objective responses were observed in patients with non-
amplified tumors, although 11 achieved stable disease.
Telisotuzumab demonstrated an acceptable safety profile and
clinical activity in patients with MET-amplified advanced solid
tumors (87).

The ongoing development of new anti-c-MET antibodies has
shown promise. The one-armed anti-c-MET antibody 2E6
successfully blocked the interaction between HGF and c-MET,
thereby inhibiting subsequent signal transduction events such as
the phosphorylation of c-MET, GABI1, ERK1/2, and AKT in the
HepG2 HCC cell line. This antibody also significantly suppressed
autocrine stimulation of HepG2 cell proliferation and HGF-induced
HCC cell migration. Furthermore, it reduced HGF-induced
proliferation and tube formation in human umbilical vein
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endothelial cells (HUVECs). In a xenograft nude mouse model,  junction cancers. Ficlatuzumab demonstrated efficacy when paired
treatment with the one-armed anti-c-MET antibody significantly ~ with EGFR inhibitors across various advanced solid tumors,
inhibited tumor growth in HepG2-bearing mice. These findings  including NSCLC. Telisotuzumab exhibited clinical efficacy in
indicate that the one-armed anti-c-MET antibody, derived from the = patients with MET-amplified advanced solid tumors, indicating
full-length bivalent anti-c-MET antibody, could be a potential  its potential therapeutic value. Furthermore, investigations into
antitumor agent for HCC (88). ARGX-111 and emibetuzumab emphasized the significance of

In summary, advancing novel anti-c-MET antibodies presentsa  targeting c-MET" malignancies. The one-armed anti-c-MET
promising avenue for cancer treatment (Figure 5A). Rilotumumab  antibody 2E6 also exhibited substantial antitumor effects in HCC
showcased notable enhancements in PFS and OS among patients =~ models, suggesting its viability as a therapeutic option. These
with heightened MET expression in gastric and esophagogastric =~ advancements underscore the diverse strategies and promising
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Antibodies and ADCs developed to combat c-MET signaling. (A) Mechanism of Monoclonal Antibodies Targeting c-MET Signaling. Anti-MET and
anti-HGF antibodies specifically target c-MET signaling in c-MET™ cancer cells, leaving c-MET" cells, including normal cells, unaffected.

(B) Mechanism of Anti-MET ADCs. ADCs (antibody-drug conjugates) are targeted therapies that deliver chemotherapy payloads directly to c-MET*
cancer cells in heterogeneous cancer tissue. These payloads are then released after ADC internalization in c-MET™ cancer cells and distributed in the
tumor microenvironment through a bystander effect, impacting c-MET™ cancer cells as well. Created in BioRender. Jabbarzadeh Kaboli, P. (2024)
https://BioRender.com/p92y466.
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outcomes in addressing cancer through targeting the HGF/c-
MET pathway.

4.2 Anti-MET bispecific antibodies

Bispecific antibodies (BsAb) bind to two epitopes on the same
or different antigens. The secondary specificity of c-MET BsAbs,
targeted at immune cell receptors such as CD3 or PD-1, is intended
to use the cytotoxic capabilities of immune cells against tumor cells.
CD3, situated on the surface of T cells, is pivotal in the immune
response to cancer. When bound to CD3, c-MET BsAbs attract T
cells toward tumor cells with heightened c-MET levels, activating
and destroying tumor cells. Similarly, PD-1, found on T cells, can
have its activity dampened by its interaction with its ligand PD-LI,
enabling tumors to evade immune detection. By targeting PD-1
with a BsAb, the inhibition of PD-1/PD-L1 interaction can unleash
T cell function, strengthening its ability to combat tumors.
Consequently, the dual specificity of c-MET BsAbs toward both
¢-MET on tumor cells and immune cell receptors like CD3 or PD-1
facilitates the mobilization and activation of immune cells to
eliminate c-MET-overexpressing tumor cells, thereby amplifying
the effectiveness of cancer immunotherapy (16, 89).

4.2.1 BsAb targeting c-MET and CD3

While traditional antibody-based approaches have shown
limited clinical efficacy, developing immunotherapy strategies,
such as c-MET/CD3 BsAbs, presents a promising alternative. The
newly developed BsAb BS001 was designed to bind ¢-MET and
CD3, demonstrating potent T cell mediated killing of tumor cells in
vitro. Moreover, BS001 inhibited ¢-MET phosphorylation and
downstream signaling, revealing its dual mechanism of action
(89). In vivo experiments using lung cancer and ovarian cancer
xenograft models showed effective inhibition of tumor growth by
BS001, accompanied by an increase in activated tumor-infiltrating
lymphocytes. Additionally, the anti-tumor effects of BS001 were
enhanced by combining it with PD-L1 antibodies, suggesting a
synergistic treatment approach. Nevertheless, despite the significant
efficacy demonstrated by BS001, tumor recurrence was observed in
some instances, underscoring the need for ongoing optimization
and exploration of combination therapies to maximize therapeutic
benefits (89).

4.2.2 BsAbs targeting c-MET and PD-1/PD-L1

A novel BsAb was designed to target both PD-1 and c-MET,
proteins implicated in cancer progression and immune response
inhibition, respectively. c-MET, when deregulated, is associated
with poor prognosis in many malignancies, while blocking PD-1
and PD-LI interactions has shown promise in cancer
immunotherapy. The BsAb gene, based on original PD-1 and c-
MET mAb sequences, was cloned into the pCEP4 vector and
expressed in 293E cells (16). The purified BsAb demonstrated
simultaneous binding to PD-1 and ¢-MET with affinities of 11.5
nM and 9.09 nM, respectively. Functionally, the BsAb enhanced

Frontiers in Immunology

16

10.3389/fimmu.2024.1498391

interferon (IFN)-y production by 2-3 folds compared to control
IgG, inhibited c-MET pathway activation, significantly reduced
tumor cell proliferation, and exhibited dose-dependent
cytotoxicity against MKN45 cells. These results suggest that the
BsAb can redirect T cells to kill tumor cells while restoring T cell
function and inhibiting tumor growth, indicating its potential as a
therapeutic candidate for treating various solid tumors (16).

It was also discovered that BsAb can trigger the degradation of
¢-MET protein in cancer cells, encompassing both MKN45, a
gastric cancer cell line, and A549, a lung cancer cell line.
Furthermore, HGF-induced cell proliferation, migration, and
antiapoptotic effects were effectively inhibited by BsAb, and HGF-
stimulated phosphorylation of ¢-MET, Akt, and ERK1/2 was
downregulated. Additionally, BsAb demonstrated the ability to
restore T cell activation. Additionally, analysis using xenograft
models showed that BsAb markedly inhibited the growth of
tumors implanted subcutaneously and reduced chronic
inflammation. These results imply the discovery of a promising
bispecific therapeutic candidate that can efficiently target c-MET
and PD-1 for treating human solid cancers (90). However,
alongside investigating the intrinsic tumor mechanisms using
molecular biology assays in vitro, a humanized mouse model was
utilized to assess the BsAb’s anti-tumor activity in vivo. The ability
of this BsAb to inhibit the migration of c-MET/PD-L1" CRC cells
and exhibit robust anti-tumor effects against HCT116 tumors in
mice was demonstrated, possibly by inducing the degradation of c-
MET protein in a dose and time-dependent manner (39).

Additionally, the suppression of phosphorylation of
downstream c-MET proteins GAB1 and focal adhesion kinase
(FAK) was observed with the BsAb. Concerning the extrinsic
tumor mechanism, macrophage-mediated phagocytosis may be
enhanced by the BsAb. The BsAb demonstrated potent anti-
tumor effects through two distinct mechanisms: inhibition of c-
MET signal transduction and promoting macrophage-mediated
phagocytosis; promised as a novel therapeutic option for patients
with c-MET/PD-L1" CRC, the status of exosomal-c-MET/PD-L1
may serve as a biomarker for predicting responsiveness to BsAb
treatment (39).

4.2.3 BsAb targeting c-MET and CD137

In recent cancer immunotherapy research, targeting the
costimulatory receptor CD137 has emerged promising, showing
anti-tumor efficacy in clinical trials. However, the initial CD137
agonistic antibodies, sarilumab and utomilumab, faced challenges
due to liver toxicity and insufficient efficacy (91, 92). Additionally,
c-MET has been identified as a significantly expressed tumor-
associated antigen across various tumor types. Accordingly,
developing a BsAb targeting both ¢-MET and CD137 aimed to
optimize the BsAb format and CD137 binder to ensure efficient
delivery of the CD137 agonist to the tumor microenvironment. A
monovalent c-MET motif and a trimeric CD137 Variable Heavy
domain of Heavy chain (VHH) showed promising results in BsAb
design. The c-MET x CD137 BsAb was found to provide co-
stimulation to T cells through cross-linking by c-MET-expressing
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tumor cells. Enhanced efficacy and potency, including activation
of CD137 signaling, target cell killing, and cytokine release
across various tumor cell lines, were confirmed through
functional immune assays (93). Furthermore, a dose-dependent
enhancement of target-induced T cell cytokine release was
demonstrated when combining ¢-METxCD137 BsAb with
pembrolizumab. Therefore, the c-MET x CD137 BsAb minimizes
off-target effects while effectively delivering immune agonism, thus
offering a solution to resistance observed in anti-PD-1/PD-L1
therapy (93).

4.2.4 BsAb targeting c-MET and CTLA-4

While PD-1 primarily regulates immune responses in
peripheral tissues to prevent tissue damage, cytotoxic T-
lymphocyte associated protein 4 (CTLA-4) is critical in
controlling T cell activation and proliferation in secondary
lymphoid organs, modulating the immune response, and
enhancing antitumor immunity. CTLA-4 blockade has shown
efficacy in promoting the proliferation and function of effector T
cells while inhibiting the suppressive activity of regulatory T cells
(Tregs), contributing to immune tolerance and tumor evasion. In
this context, introducing BsAb-5, a novel bispecific antibody
targeting ¢-MET and CTLA-4 in CD166" LCSCs, represents a
significant advancement (94). BsAb-5 demonstrated efficacy in
inhibiting HGF-mediated tumor development and inducing c-
MET degradation, supported by in vitro assays and in vivo
xenograft studies. Moreover, BsAb-5’s antitumor effects were
associated with suppressing Tregs and the upregulation of effector
T cells, suggesting its potential as a therapeutic option for human
NSCLC and other malignancies (94).

4.2.5 BsAb targeting c-MET and EGFR

The effectiveness of targeting multiple drug receptors with
BsAbs is determined by the relative levels of these receptors on
the cell surface. NSCLC develops resistance to EGFR tyrosine kinase
inhibitors with mutations in EGFR through diverse mechanisms,
including activating the c-MET receptor pathway. The correlation
between receptor density values and the in vitro activity of a BsAb
called JNJ-61186372, which targets both the EGFR and the c-MET,
was also investigated (95). The simultaneous binding of the BsAb to
both receptors was determined on a panel of 11 tumor cell lines
using Quantitative Fluorescence Cytometry (QFCM). The Antibody
Binding Capacity values indicate the number of antibody binding
sites per cell (95). It was found that the levels of EGFR and ¢-MET
receptor density were correlated with their respective gene
expression levels and receptor phosphorylation inhibition values.
Interestingly, a preference for binding to the more highly expressed
receptor, whether EGFR or ¢-MET, was observed in the BsAb,
resulting in enhanced potency against the less highly expressed
target. These findings led to the proposal of an avidity model to
explain how JNJ-61186372 engages both EGFR and ¢-MET, which
may have broad implications for the efficacy and design of bispecific
drugs (95).

JNJ-61186372 exhibited anti-tumor effects in wild-type and
mutant EGFR and ¢-MET pathway activation scenarios.
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Engineered to have low fucosylation (<10%), it demonstrated
improved antibody-dependent cell-mediated cytotoxicity and
binding to FcyRIIIa (96). In vitro and in vivo studies using single-
arm versions of JNJ-61186372 targeting EGFR or ¢-MET showed
the importance of its Fc activity—binding of the anti-EGFR arm
and ¢-MET arm in inhibiting EGFR or c-MET-driven tumor cells is
facilitated by Fc suggesting that the Fc function of JNJ-61186372 is
essential for maximal tumor inhibition (96). Furthermore, in the
same model, downregulation of both EGFR and ¢c-MET receptors
was induced by treatment with Fc-competent JNJ-61186372,
indicating the essential role of Fc interactions in receptor
modulation in vivo and therapeutic efficacy. These Fc-mediated
activities, in conjunction with the inhibition of both EGFR and c-
MET signaling pathways, demonstrate the multifaceted strategy of
JNJ-61186372 in addressing therapeutic resistance in EGFR mutant
patients (96). In a mouse xenograft model, JNJ-61186372
demonstrated greater efficacy than the combination therapy
involving monovalent antibodies targeting anti-EGFR and anti-c-
MET, administered at the same dose level (97).

In summary, BsAbs targeting multiple receptors, such as c-
MET, EGFR and immune cell receptors, offer a promising approach
to cancer immunotherapy by leveraging immune cell cytotoxicity
and restoring immune response function. These BsAbs hold the
potential to overcome therapeutic resistance and improve clinical
outcomes in cancer patients.

4.3 Anti-MET antibody-drug conjugates

Antibody-drug conjugates (ADCs) are considered a unique
category of drugs consisting of a monoclonal antibody, payload,
and linker, recognized for their high specificity and affinity for cell
surface proteins. Upon binding to a membrane antigen, the
payload, typically a toxic agent, is facilitated for internalization
into cancer cell cytoplasm in response to the lysosome’s low pH by
ADCs. The payload is a small molecule chemotherapy drug; it can
easily cross the membrane through simple diffusion and be released
into the neighboring tumor cells upon dissociation from the ADC
under lysosomal conditions. The released payload then indices
cytotoxic effects within the other cancer cells by targeting various
cellular processes such as DNA structure, microtubule formation, or
protein synthesis, potentially affecting neighboring cells through the
bystander effect (98). While tumor heterogeneity may limit ADC
efficacy due to lacking target antigens in some neighboring cancer
cells, certain ADCs can still distribute their payloads to antigen-
negative cells. However, ADCs like ado-trastuzumab emtansine (T-
DM]1), utilized for Her2" breast cancer, are characterized by non-
cleavable linkers and lack bystander effects (99). Nevertheless,
ADCs remain esteemed as therapeutic vehicles for the specific
delivery of highly toxic chemotherapy to the tumor
microenvironment, enabling the targeting of heterogeneous
cancer cells while minimizing off-target drug delivery (98).
Among more than 40 clinical trials started or completed on anti-
¢-MET drugs, seven ADCs targeting c-MET are currently under
investigation across various stages of clinical trials (Figure 5B).
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4.3.1 ABBV-399 (telisotuzumab vedotin, Teliso-V)

The ABBV-399 or telisotuzumab vedotin was developed by
conjugating valine-citrulline-monomethylauristatin E (ve-MMAE)
to the interchain disulfide bonds of ABT-700 after a mild reduction
to the sulthydryl groups (100). It has been demonstrated to have
antitumor activity in cancer cells overexpressing c-MET or with
amplified MET, as well as in xenografts, including patient-derived
xenograft (PDX) models and those resistant to other c¢-MET
inhibitors. It was found that a threshold level of ¢c-MET
expression in sensitive tumor cells, but not in normal cells, is
necessary for significant ABBV-399-mediated tumor cell killing.
¢-MET or amplified MET cell lines and PDX models show
substantial tumor growth inhibition and regressions. The growth
of xenograft tumors resistant to other c-MET inhibitors is effectively
inhibited by ABBV-399, which also offers significant therapeutic
benefits when combined with standard chemotherapy (101).
Consequently, ABBV-399 is a novel strategy to deliver a potent
cytotoxin to c-MET-overexpressing tumor cells, facilitating cell
killing independent of c-MET signaling. A phase I clinical study
has been advanced to ABBV-399, where it has been well tolerated,
and objective responses have been produced in c-MET-expressing
NSCLC patients (101).

Furthermore, ABBV-399 monotherapy was evaluated in Phase I
clinical trial, being administered intravenously every two weeks
(1.6-2.2 mg/kg) or every three weeks (0.15-3.3 mg/kg), with a dose-
expansion phase focusing on patients with c-MET" NSCLC or MET
amplification/exon 14 skipping mutations (ClinicalTrials.gov
identifier: NCT02099058). Fifty-two patients received doses of
>1.6 mg/kg biweekly or >2.4 mg/kg biweekly (102, 103). Fatigue,
peripheral neuropathy, and nausea were the most common adverse
events, with no dose-limiting toxicities being observed up to 2.2 mg/
kg biweekly and 2.7 mg/kg biweekly. The recommended Phase II
doses were set at 1.9 mg/kg biweekly and 2.7 mg/kg biweekly
(ClinicalTrials.gov identifier: NCT03539536). Among the 40
efficacy-evaluable ¢-MET" patients, 23% had objective responses
with a median response duration of 8.7 months and a PES of 5.2
months. ABBV-399 monotherapy was well tolerated and showed
antitumor activity, supporting further clinical development at the
specified dosing schedules (102).

Furthermore, the Phase IIT clinical trial was recently started
(2022-03-25) on telisotuzumab vedotin for treating NSCLC.
Participants in the study will be randomly assigned to receive
either Teliso-V or Docetaxel in a 1:1 ratio. Each group will
receive intravenous (IV) infusions of either telisotuzumab vedotin
or docetaxel. The study aims to enroll approximately 698 adult
participants with c-Met overexpressing NSCLC across roughly 300
sites worldwide (ClinicalTrials.gov identifier: NCT04928846).

In summary, ABBV-399 (telisotuzumab vedotin, Teliso-V)
represents a promising advancement in targeting c¢-MET-
overexpressing tumor cells, demonstrating significant antitumor
activity across various preclinical models, including those resistant
to other c-MET inhibitors. The Phase I clinical trials have yielded
encouraging results, with manageable adverse effects and notable
antitumor efficacy, which has propelled the compound into Phase
III trials. This ongoing phase III study seeks to further evaluate the
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therapeutic potential of telisotuzumab vedotin in comparison to
docetaxel in NSCLC patients with c-MET overexpression, aiming to
solidify its role in the treatment landscape of this challenging
malignancy. The trial’s broad international participation and
robust design underscore the high expectations for ABBV-399 as
a potentially transformative therapy in NSCLC.

4.3.2 SHR-A1403 (HTI-1066)

SHR-A1403, a Phase 1 clinical-stage c-MET-ADC, is a novel
formulation comprising a humanized anti-c-MET antibody (of
IgG2 subtype) connected via a non-cleavable linker to an
enhanced version of a cytotoxic microtubule inhibitor
SHR152852. The aim is to address possible limitations seen with
ABBV-399. In vitro and in vivo effects of SHR-A1403 were
investigated, and a solid binding affinity was demonstrated to
human and monkey c-MET proteins.

ABBV-399 faces several limitations despite its rapid progress. It
combines the c-MET-targeting antibody ABT-700 with the toxin
MMAE using a cleavable linker, resulting in a non-fixed Drug-to-
Antibody Ratio (DAR) of 3.1, affecting stability and efficacy.
Additionally, the safety window of MMAE is relatively narrow,
increasing the risk of toxicity. In contrast, SHR-A1403 offers
significant benefits, including a higher safety window—64 times
greater than MMAE. It also features a more consistent DAR value
close to 2 and employs non-cleavable linkers, preventing premature
toxin release and reducing off-target effects. Furthermore,
SHR152852’s low cell permeability enhances its safety profile,
making SHR-A1403 a promising candidate for clinical trials with
controllable risks (104).

Effective inhibition of cancer cell lines with high ¢-MET
expression was observed. In mouse models with tumors from cell
lines or patient tissues exhibiting c-MET overexpression, robust
anti-tumor activity was shown by SHR-A1403. The internalization
of SHR-A1403 was facilitated by binding the antibody to c-MET,
leading to subsequent lysosomal translocation and cytotoxicity of
the released toxin, likely serving as the primary mechanisms
underlying its anti-tumor effects (105). Overall, significant anti-
tumor activity in various preclinical models with high c-MET levels
was demonstrated by SHR-A1403, suggesting its potential as a
therapeutic option for c-MET-overexpressing cancers. Further, a
novel strategy was proposed to combat resistance to the EGFR-
tyrosine kinase inhibitor (TKI), AZD9291, in NSCLC cells using
SHR-A1403 (106). However, crizotinib and the c-Met monoclonal
antibody AZD9291 alone could not overcome resistance to c-MET
targeted therapy in cells overexpressing c-MET. On the other hand,
the combination of AZD9291 and crizotinib partially reversed
resistance in cells with elevated phospho-c-MET levels by
synergistically inhibiting downstream targets.

In addition, potent inhibition of proliferation in AZD9291-
resistant cells overexpressing c-MET was exhibited by SHR-A1403,
regardless of ¢-MET phosphorylation levels. SHR-A1403 was
internalized into resistant cells and released the associated
microtubule inhibitor, leading to cell-killing activity dependent
solely on c-MET expression levels, irrespective of ¢c-MET or
EGEFR signaling involvement in AZD9291 resistance. Consistent
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with its in vitro efficacy, significant suppression of the growth of
AZD9291-resistant HCC827 tumors and induction of tumor
regression in vivo were observed with SHR-A1403. These findings
highlight the potential of SHR-A1403 to overcome AZD9291
resistance in cells with elevated c-MET expression, suggesting c-
MET expression as a predictive biomarker for SHR-A1403
efficacy (106).

Additionally, SHR-A1403 has shown potential as a targeted
treatment for pancreatic ductal adenocarcinoma (PDAC) with high
c-MET expression. The first study examining SHR-A1403 in
preclinical PDAC models revealed that it inhibited pancreatic
cancer cell proliferation, migration, and invasion while also
inducing cell cycle arrest and apoptosis (104). These effects were
linked to SHR-A1403’s inhibition of intracellular cholesterol
biosynthesis. As a result, SHR-A1403 demonstrated strong
preclinical anti-tumor efficacy in pancreatic cancer, indicating its
potential use as a c-MET-targeted antibody-drug conjugate
treatment for PDAC in clinical practice (104).

Besides, the PK of SHR-A1403 was meticulously examined in
vivo in mice, rats, and monkeys (107). ELISA methods were
employed to measure serum levels of both the ADC and total
antibody, revealing a prolonged half-life (t1/2) of ADC compared
with total antibody in the serum ranging from 4.6 to 11.3 days
across species, indicating low systemic clearance. Studies in tumor-
bearing mice demonstrated that '*’I-SHR-A1403 accumulated
notably in tumor tissues compared to other organs, highlighting
its favorable safety profile and attributes as an ADC. Monkeys
displayed minimal changes in PK profiles despite a relatively low
anti-drug antibody (ADA) level. Variations in exposure and ADA
incidence during the discovery phase, depending on different DAR
for SHR-A1403, led to selecting an optimal DAR value (DAR = 2)
for further development. Overall, the PK characterization of SHR-
A1403 yielded favorable results, supporting its investigational new
drug application and ongoing first-in-human trial in the US
(ClinicalTrials.gov identifier: NCT0385654) (107).

4.3.3 TR1801-ADC

A novel ‘third generation’ c-MET-targeted ADC, TR1801-ADC,
was developed with enhancements in specificity, stability,
toxin-linker, conjugation site, and in vivo efficacy (108).
Picomolar activity against cancer cell lines from various solid
tumors, including lung, colorectal, and gastric cancers, was
exhibited by this nonagonistic c-MET antibody linked to the
pyrrolobenzodiazepine (PBD) toxin-linker tesirine. High
antitumor activity was demonstrated by TR1801-ADC in both
high and medium-to-low c¢-MET-expressing cell lines,
independent of MET gene copy number, outperforming a c-
MET-ADC with a tubulin inhibitor payload. Significant
responsiveness to TR1801-ADC was revealed in vivo studies of
several xenograft models generated using cancer cell lines with low-
to-medium c-MET expression, even at a single dose. Furthermore,
in the case of various patient-derived xenograft models, remarkable
efficacy was shown by TR1801-ADC, achieving complete tumor
regression in 90% of tested patient-derived xenograft models of
gastric, colorectal, and head and neck cancers. Overall, superior
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preclinical efficacy and good tolerability in rats were demonstrated
by this new generation of ¢-MET-ADCs (ClinicalTrials.gov
identifier: NCT03859752) (108).

On the other hand, pancreatic cancer, with its aggressiveness
and poor 5-year OS rate, is characterized by posing significant
challenges in treatment due to late detection and limited response to
chemotherapy. TR1801-ADC was investigated as a potential
solution (109). Initial examinations revealed heightened c-MET
expression at the plasma membrane of pancreatic cancer cells,
prompting in vitro assessment of TR1801-ADC in these cell lines.
Impressively, It has been demonstrated that ¢-MET is highly
expressed and located at the plasma membrane of pancreatic
cancer cells. Specific cytotoxicity was induced in pancreatic cancer
cell lines by TR1801-ADC, resulting in profound tumor growth
inhibition, even in gemcitabine-resistant tumors. Additionally,
synergism between TR1801-ADC and gemcitabine was observed
in vitro, and an improved response to the combination was noted in
vivo (109).

4.3.4 BYON3521

BYON3521 is an innovative duocarmycin-based ADC
comprising a humanized cysteine-engineered IgGl monoclonal
antibody with a solid binding affinity for human and cynomolgus
c-MET receptors. In vitro experiments illustrated the effective
internalization of BYON3521 upon ¢-MET binding, leading to
targeted and bystander-mediated cell death (110). The ADC
demonstrated robust potency and complete efficacy in cancer cell
lines with MET amplification and high c-MET expression. It also
exhibited good potency with partial efficacy in cell lines expressing
moderate to low levels of c-MET. In mouse xenograft models, a
single dose of BYON3521 produced significant antitumor
effects across various tumor types without MET amplification,
achieving complete tumor regression in models with moderate
c-MET expression. In repeated-dose Good Laboratory Practice
(GLP) safety assessments conducted in cynomolgus monkeys,
BYON3521 was well tolerated, with the highest non-severely
toxic dose established at 15 mg/kg, based on safety data from
cynomolgus monkeys, a human PK model estimated the
minimal efficacious dose in humans to be between 3 to 4 mg/kg
(110). Overall, preclinical data suggests that BYON3521 is a safe
ADC with promising clinical potential. A phase I dose-escalation
study is ongoing to determine the maximum tolerated dose
and recommended dose for expansion (ClinicalTrials.gov
identifier: NCT05323045).

4.3.5 REGN5093-M114

To address the issue of resistance to EGFR-TKI in EGFR-
mutated NSCLC patients, the preclinical effectiveness of
REGN5093-M114, a novel antibody-drug conjugate targeting c-
MET in c¢-MET-driven patient-derived models, was recently
investigated (111). A biparatopic METXxMET antibody
(REGN5093), wherein each arm of the antibody recognizes a
distinct epitope of ¢-MET, was initially created. Subsequently,
REGN5093-M114 was developed by conjugating a novel
maytansinoid M114 payload to REGN5093 (112). In vitro and in
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vivo evaluations of REGN5093-M114 were conducted using
patient-derived organoids, patient-derived cells, or ATCC cell
lines. It was found that REGN5093-M114 displayed significant
antitumor efficacy compared to ¢-MET-TKI or unconjugated
METxMET biparatopic antibody (REGN5093). Notably,
treatment with REGN5093-M114 showed favorable responses in
TKI-naive EGFR-mutant NSCLC cells with c-MET overexpression,
irrespective of MET gene copy number (111). Additionally, the
expression of c-MET on the cell surface emerged as a predictive
indicator for the efficacy of REGN5093-M114. Furthermore,
REGN5093-M114 effectively reduced tumor growth in EGFR-
mutant NSCLC cases with PTEN loss or ¢-MET-Y1230C
mutation, even in cases of prior progression on osimertinib and
savolitinib treatment (111). These findings suggest that REGN5093-
M114 holds potential as a candidate for addressing the challenges
associated with functional c-MET pathway blockade., which led to
the launching of the first Phase I/II clinical trial on REGN5093-
M114 ADC (ClinicalTrials.gov identifier: NCT04982224).

4.3.6 RC108

RC108, an ADC developed by RemeGen, consists of an anti-c-
MET monoclonal antibody linked to the antimicrotubule agent
MMAE via a cleavable vc-Linker (113). In November 2020,
RemeGen was approved by the National Medical Products
Administration to initiate Phase 1 clinical trials of RC108 in c-
MET" advanced solid tumors in China (ClinicalTrials.gov
identifiers: NCT04617314). In December 2022, RC108 received
clinical trial authorization from the U.S. FDA to research ¢-MET™"
solid tumors (ClinicalTrials.gov identifiers: NCT05628857). By
April 2023, RC108 had been approved for Phase 1b/2 clinical
research in China targeting locally advanced or metastatic NSCLC
with EGFR mutations that had failed ¢-MET expression treatment
with EGFR-TKIs (ClinicalTrials.gov identifiers: NCT05821933).
The results of the preclinical and clinical studies for RC-108 ADC
were not publicly disclosed.

4.3.7 MYTX-011

Advances in linker payload technology and target selection have
significantly enhanced ADC design, leading to several approvals
over the past decade. The potential of incorporating pH-dependent
binding in the antibody component of MYTX-011, a ¢c-MET-
targeting ADC, to bypass the need for high c-MET expression on
tumors was demonstrated, potentially benefiting a broader patient
population with lower ¢-MET levels (114). MYTX-011 achieved
four-fold higher net internalization than a non-pH-engineered
parent ADC in NSCLC cells, and increased cytotoxicity was
demonstrated against various solid tumor cell lines. In mouse
xenograft models of NSCLC with varying ¢-MET expression
levels, at least three-fold higher efficacy was exhibited by a single
dose of MYTX-011 compared to a benchmark ADC. Additionally,
improved pharmacokinetics were shown by MYTX-011 compared
to parent and benchmark ADCs. In a repeat dose toxicology study, a
toxicity profile similar to other MMAE-based ADCs was exhibited
by MYTX-011 (114). These findings suggest that MYTX-011 can
treat a broader range of NSCLC patients with c-MET expression
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compared to other c-MET-targeting ADCs. A first-in-human study
is currently underway to evaluate the safety, tolerability, and
preliminary efficacy of MYTX-011 in NSCLC patients
(ClinicalTrials.gov identifiers: NCT05652868).

4.3.8 P3D12-vc-MMAF

Responses to c-MET inhibitors have been seen in clinical trials;
however, their effectiveness seems restricted to cases involving MET
gene amplifications or mutations. A ¢-MET targeted ADC was
developed, exhibiting preclinical activity without MET gene
amplification or mutation and showing efficacy in moderate
protein expression. This ADC utilizes a high-affinity ¢-MET
antibody (P3D12) that induces c-MET degradation with minimal
activation of ¢-MET signaling or mitogenic effects (115). The
P3D12 antibody was conjugated to vc-Monomethylauristatin F
(MMAF). Potent in vitro activity was demonstrated by P3D12-vc-
MMAEF in c-MET protein-expressing cell lines regardless of MET
gene status, maintaining activity in cell lines with medium-low c-
MET protein expression. These data suggest that P3D12-vc-MMAF
may offer a superior clinical profile for treating ¢c-MET™
malignancies compared to c-MET pathway inhibitors (115).

The development and evaluation of c-MET-targeting ADCs
have demonstrated their potential as effective therapeutic agents for
treating various ¢-MET" malignancies. These ADCs leverage the
specificity of monoclonal antibodies to deliver potent cytotoxins
directly to cancer cells, minimizing off-target effects and enhancing
antitumor activity. The preclinical and early clinical successes of
ADCs like ABBV-399, SHR-A1403, and others underscore their
ability to address unmet needs in oncology, particularly in tumors
with moderate c-MET expression and resistance to other
treatments. Combining ADCs with other therapies further
amplifies their therapeutic potential.

Overall, the promising results from these studies highlight the
significant clinical potential of c-MET-targeting ADCs, paving the
way for their continued development and potential approval as
targeted cancer therapies. Ongoing and future clinical trials will be
critical in confirming their efficacy and safety profiles, benefiting a
broader range of patients with c-MET" tumors.

5 Anti-MET chimeric antigen
receptors T/NK cell therapy

In immunotherapy, CAR-immune cells have emerged as a
groundbreaking approach, bestowing the remarkable ability to
confer specificity onto T, NK, and macrophage immune cells.
This cellular engineering marvel equips these immune warriors to
target antigen-bearing tumor cells selectively. At the heart of CARs
lies a compact yet potent design featuring a single-chain variable
fragment (scFv) derived from an antibody, intracellular
costimulatory domains (whose composition varies with CAR
generation), and transmembrane domains tailored to the immune
cell type (Figure 6A). Consequently, CARs exhibit the capacity to
recognize distinct tumor-associated antigens, culminating in five
evolving generations. The initial generation, CARs with CD3(,

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

10.3389/fimmu.2024.1498391

SN sl B3
a
=i 0 o | ey |
CDSTM CDSTM CDSTM CDSTM
CD137
2 2 T cell
(4-1BB) CD28 CD28 CD28 ce
CD3 CD3 CD137 CD137
(4-1BB) (4-1BB)
CD3C CD3C
AN J . —
2nd generation 3rd generation
anti-c-MET bispecific CARs
b)l c-MET |
| ScFv |
CD8TM || CDSTM CDSTM|| NK2DTM| NK2DTM|| NK2DTM || NK2DTM
CD137 CD28 2B4 CD137 CD137 2B4 S ——
s (4-1BB) - (CD244)¥ (4-1BB) (4-1BB)Y (CD244)
CD137 2B4
CD3 CD3 CD3C
e ‘8 @B : (CD244)fj DAPI0
2nd generation CcD3C CD3C CD3C

— .
3rd generation
J

¢

¢-MET specific CARs (T)

¢-MET specific CARs (NK)

¢-MET specific CARs

FIGURE 6

Specialized immunotherapeutic approaches targeting c-MET (10, 17, 116-120). (A) Immunotherapeutic Strategies Antagonizing c-MET. Development
of bispecific c-MET antagonizing CARs that simultaneously target cells bearing PD-1 and PD-L1. (B) c-MET-Specific CARs Designed to Recognize c-
MET* Cells, Triggering T Cells and NK Cells Against c-MET. Various c-MET-specific CARs have been engineered, with distinct transmembrane

domains utilized depending on the engineered immune cells. Created in BioRender. Jabbarzadeh Kaboli, P. (2024) https://BioRender.com/n539868.

evolved into the second generation, which introduced additional
costimulatory domains like CD28 or 4-1BB. The third generation
expanded the repertoire by incorporating yet another costimulatory
domain, often a combination of CD28 and 4-1BB. Subsequent
progress has yielded the fourth and fifth generations of CARs,
enriched with intracellular domains linked to cytokines like
interleukin (IL)-12 and IL-2RP, with the power to stimulate
cytokine secretion.

Meanwhile, CAR-based immunotherapy has illuminated NK
cells and macrophages as compelling candidates. CAR-NK cells
have gained traction due to their distinct advantages, notably their
independence from specific antigens, ability to evade graft-versus-
host disease (GVHD), and a unique cytokine profile expression that
diminishes the risk of neurotoxicity and cytokine release syndrome
(CRS) (121). While peripheral blood serves as the primary source
for preclinical studies, hematopoietic stem cells and umbilical cord
blood have also been harnessed (122). The foundational CAR
structure for NK cells mirrors that of CAR-T cells, apart from the
intracellular domain, housing activating receptors such as 2B4, 4-
1BB, DAP10, and DAP12 (123) (Figure 6B).

In solid tumor therapy, several CAR-based immunotherapeutic
endeavors have set their sights on RTKs, albeit with one
conspicuous omission—c-MET (Table 2). However, recent strides
have seen the development of CAR-T and CAR-NK cell therapies
with ¢-MET squarely in their crosshairs, paving the way for
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prospective clinical investigations. The emerging group of anti-c-
MET CAR-T cells has exhibited remarkable efficacy against cancer
cells with c-MET overexpression. Manufacturing T cells with anti-
¢-MET-CAR and anti-PD-1-CAR have demonstrated potent in
vitro and in vivo antitumor effects. This effect is accentuated by a
substantial increase in the production of crucial immune-signaling
molecules such as IL-2, TNF-a, and IFN-y when these anti-c-MET/
anti-PD-1 CAR-T cells are co-cultured (120). These innovative
constructs, typified by the anti-c-MET-CARs, comprise an scFv
derived from an anti-c-MET antibody, CD28, and CD3{
(responsible for signaling), with a persistent aim to inhibit c-MET
in lung cancer cells.

Furthermore, the application of anti-c-MET-CAR-T cells and
CAR-NK cells against gastric cancer cells and glioblastoma has
unveiled their potential, exemplified by enhanced IL-2 secretion and
cytotoxicity against c-MET" cancer cells in a xenograft mouse
model hosting MKN-45 metastatic gastric cancer cells with c-
MET amplification, c-MET-CAR-T cells demonstrated substantial
impact (124) (Figure 6B).

A compelling contrast emerges between monovalent CAR-T
cells targeting either anti-c-MET or anti-PD-L1 and their bivalent
counterparts, the ¢c-MET/PD-L1-CAR-T cells. The latter exhibit
significantly elevated antitumor activity against HCC in vivo,
marked by heightened secretion of IFN-y and IL-2 by T cells in
response to ¢-MET" and PD-L1* tumor cells (125). Further
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TABLE 2 Clinical trials on CAR-immune cells in RTK* solid tumors.

10.3389/fimmu.2024.1498391

|D) Title Targeted RTK DECH Phase

NCT05341492 EGFR/B7H3 CAR-T cell on Lung Cancer and Triple Negative Breast Cancer EGFR 2022-05-01 ° Early 1

NCT02873390 Y PD-1 Antibody Expressing CAR-T Cells for EGFR Family Member Positive EGFR 2016-08 1/2

NCT02862028 ¥ Advanced Solid Tumor 2018-07 ©

NCT03182816 Y CTLA-4 and PD-1 Antibodies Expressing EGFR-CAR-T Cells for EGFR" EGFR 2017-06-07 § 172
Advanced Solid Tumor 2019-04-20 ©

NCT03618381 EGFR806 CAR-T Cell Immunotherapy for Recurrent/Refractory Solid Tumors in EGFR 2019-06-18 5 1
Children and Young Adults

NCT04976218 TGFBR-KO CAR-EGFR T Cells in Previously Treated Advanced EGFR* EGFR 2022-03-15 % 1
Solid Tumors

NCT03740256 Binary Oncolytic Adenovirus in Combination with HER2-Specific Autologous HER2 2020-12-14 % 1
CAR VST, Advanced HER2" Solid Tumors (VISTA)

NCT04650451 Safety and Activity Study of HER2-Targeted Dual Switch CAR-T Cells (BPX- HER2 2020-12-07 ° 1
603) in Subjects with HER2" Solid Tumors

NCT05681650 HER2 Targeted hypoxia-stimulated CAR-T Cells in HER2" Advanced HER2 2023-02-01 % 12
Solid Tumors

NCT05631899 Combination of CAR-DC cell Vaccine and Anti-PD-1 Antibody in Local EphA2 2023-02-03 ¥ 1
Advanced/Metastatic Solid Tumors

NCT05631886 Combination of CAR-DC cell Vaccine and Anti-PD-1 Antibody in EphA2 2023-02-06 § 1
Malignant Tumors

NCT05477927 Dual-targeting VEGFR1 and PD-L1 CAR-T cells for cancer patients with Pleural VEGFR1 2022-10-30 ° 1
or Peritoneal Metastases

NCT02706392 © Genetically Modified T Cell Therapy in Treating Patients with Advanced ROR1 2016-03-16 % 1
RORI" Malignancies 2021-09-28 ©

U, Unknown (status); T, Terminated (status); S, Started (date); C, Completed (date).

investigation into the efficacy of 2nd and 3rd-generation c-MET-
CARs has reaffirmed their potential. The study reveals that both
generations of c-MET-specific CAR-T cells, bearing intracellular
domains of 4-1BB or CD28, stably expressed on T cell membranes,
effectively target c-MET™ HCC cells in vitro and in vivo. However,
the 3rd generation, featuring a combination of 4-1BB and CD28
intracellular domains, emerges as the frontrunner, producing
higher levels of IFN-y and IL-2 and exhibiting greater cytokine
secretion when co-cultured with MET"®" HCC cells (117).

The c-MET-targeted CAR immunotherapy extends its reach to
primary NK cells, where a c-MET-specific CAR construct,
incorporating the CD80.-4-1BB-DAP12 sequence, has taken center
stage. This construct capitalizes on CD8c: expression in CD8" T cells,
4-1BB’s presence in both T and NK cells, and DAP12’s association with
NK cells. The study evaluates the efficacy of c-MET-CAR-NK cells
against MET"#" HepG2 HCC and MET"" H1299 lung cancer cells,
with striking results observed, particularly in the context of HepG2 cells
(126). Another facet of this research delves into the diversification of c-
MET-CAR-NK cells through the construction of four distinct c-MET-
CARs, each featuring different combinations of NK-specific signaling
domains, such as NKG2 transmembrane domains and intracellular
domains of 2B4, 4-1BB, and DAPI10. These tailored c-MET-CARSs,
CCl1-4 and a control CD19-CAR, are then transfected into CD56"
CD16™ NK-92 cells. Their effectiveness is tested against various lung
cancer cell lines in vitro and H1299 xenograft tumors in vivo.
Impressively, CCN4 NK cells, fortified with DAP10, emerge as the
most potent, exerting significant cytotoxicity on tumor cells in vitro and
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in vivo. This breakthrough study underscores the efficacy of c-MET-
specific CARs in fortifying NK cells against ¢-MET" lung
adenocarcinoma (10) (Figure 6B).

Nonetheless, the potent immunosuppressive tumor
microenvironment (TME) poses a challenge. CAR-T cells unleash
IFN-y secretion, leading to the expression of PD-L1 in tumor cells,
culminating in compromised CAR efficacy (127, 128). PD-1/CD28
chimeric switch receptors (CSR) have emerged, featuring PD-1
extracellular and CD28 intracellular domains, effectively
transforming inhibitory PD-1 signals into stimulatory CD28
signals. This ingenious approach seeks to bolster the efficacy of c-
MET-CARs, employing a fusion of c-MET/CD28-CAR-T and PD-1/
CD28-CSR. In vitro and in vivo investigations yield promising results,
marked by the downregulation of PD-L1 and enhanced efficacy of c-
MET-CARs. Additionally, c-MET-CAR-T cells are found to elevate
CD3" CD8" T cells and CD62L" CCR7" memory T cells, further
enhancing their therapeutic potential (Figures 7A, B) (130).

6 Anti-MET diabodies

Diabodies, smaller engineered fragments, comprise two
connected scFvs and can be bispecific, allowing them to bind to
two distinct antigens or epitopes. In contrast to antibodies, which
are mainly monospecific and widely used across various
applications, diabodies provide better tissue penetration and dual-
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particular hEx16-Db. The HL-type domain arrangement exhibited greater growth inhibitory effects than the LH-type (129). Created in BioRender.

Jabbarzadeh Kaboli, P. (2024) https://BioRender.com/q16b038.

targeting abilities, which are especially useful in targeted cancer
treatments (Figure 7C). Previous research highlighted the impact of
domain order on the function of humanized bispecific diabodies
targeting EGFR on cancer cells and CD3 on T cells, noting potential
steric hindrance (131, 132). Bispecific diabodies can have their
domains arranged in four distinct ways. However, the impact of
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domain order on the cytotoxicity of bispecific diabodies that
redirect immune cells to attack tumor cells had not been
previously examined (132). New studies on humanized bispecific
diabodies targeting EGFR and CD16 on NK cells (hEx16-Dbs)
predicted minimal steric effects due to CD16’s lack of accessory
molecules (129) (Figures 7C-E).
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The development of single-chain bispecific diabodies targeting
¢-MET and PD-1 for solid tumors has yielded notable effects,
particularly in suppressing HGF/c-MET signaling, migration, and
invasion of ¢-MET" lung cancer and HCC cell lines such as A549
and MHCC-97H, respectively. Simultaneously, by blocking PD-1,
these diabodies also direct T cells toward c-MET™" tumor cells.
These diabodies, which target both ¢-MET" tumor cells and PD-1"*
immune cells, demonstrate efficacy across cell lines expressing
varying levels of c-MET. The efficacy of c-MET/PD-1 diabodies is
more significant than ¢-MET and PD-1 monotherapies such as
capmatinib (an anti-c-MET monotherapy), toripalimab (an anti-
PD-1 monotherapy), and the combination of capmatinib and
toripalimab (17).

7 Conclusion and future direction

To understand the role of c-MET in cancer therapy, it’s crucial
to recognize its multifaceted impact on targeted therapy and
immunotherapy. Several studies have spotlighted how ¢-MET
overexpression and hyperactivity correlate with PD-L1 expression,
facilitating cancer cells’” evasion of the immune system’s anticancer
defenses (12, 133). Conversely, ¢-MET activation promotes the
transition of TAMs from the M1 to M2 phenotype and elevates
immunosuppressive T cells in the TME (51). This intricate interplay
underscores c-MET’s direct link to compromised treatment
responses, including immunotherapy.

A review of single-cell analysis studies underscores c-MET’s
pivotal role as a tumorigenic and metastatic driver, evident in the
immunosuppressive TME and blood plasma (134, 135). However,
amidst these challenges, a beacon of promise emerges as the bispecific
c-MET/EGEFR antibody, amivantamab. This innovative therapy has
amplified the immune system’s antitumor efficacy through an Fc-
dependent mechanism. Amivantamab’s Fc domain engages Fc
gamma receptor (FcyR)-IIIa/CD16a on immune cells (136),
triggering Fcy activation in NK cells, monocytes, and macrophages.
This, in turn, instigates ADCC, cytokine production, and antibody-
dependent cellular trogocytosis (ADCT) (137). Significantly, this
study reveals that monoclonal antibodies targeting RTKs like c-
MET and EGFR possess dual functionality: they primarily inhibit
RTKs and, in parallel, activate humoral and innate antitumor
immunity (136). Amivantamab has garnered U.S. FDA approval
for adult patients with locally advanced or metastatic NSCLC
harboring EGFR Exon 20 insertion mutations (138).
Encouragingly, a phase I clinical trial is underway, investigating the
combination of amivantamab with an iPSC-derived CAR-NK cell
product candidate (FT536) (NCT05395052).

The potential of ¢-MET as a therapeutic target takes center
stage, offering the tantalizing prospect of dual inhibition against
tumorigenesis and immunosuppression with a single c-MET
inhibitor. Moreover, given c-MET’s diverse tumorigenic functions
and its pivotal role in the invasiveness of aggressive tumors like
NSCLC, the advent of c-MET-specific CAR-immune cells kindles
hope for treating patients grappling with malignant tumors through
more precisely tailored immunotherapeutic strategies targeting the
formidable c-MET receptor. However, clinical trials underscore
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the need for personalized approaches, contingent on cancer
type and phosphorylated ¢-MET status and emphasize that the
role of c-MET-targeted therapy in immune cells warrants
further exploration.

Nonetheless, there are inherent limitations in the
immunotherapeutic targeting of c-MET. Activation of c-MET has
been implicated in conferring resistance to immunotherapies,
remarkably immune checkpoint blockade, by upregulating PD-L1,
which dampens T cell activity. Consequently, solely targeting c-
MET may not suffice to overcome this resistance. Additionally,
clinical trials combining c-MET inhibitors with immunotherapies
have yielded variable outcomes dependent on factors such as cancer
subtype and patient demographics. This suggests that the efficacy of
c¢-MET inhibition alongside immunotherapy might differ
depending on the cancer type. Unfortunately, some clinical trials
targeting ¢-MET with immunotherapy faced premature
termination due to low enrollment rates, underscoring the
challenges in conducting such trials and obtaining conclusive
results. Furthermore, ¢c-MET inhibition can affect various
immune components within the tumor microenvironment,
including TANs, TAMs, and Tregs. While these effects hold
therapeutic potential, they also underscore the intricate web of
interactions between c-MET and the immune system.

In conclusion, the intricate interplay between c-MET, targeted
therapy, and immunotherapy offers promise in cancer treatment.
However, it also presents a complex landscape with resistance
mechanisms, variable clinical outcomes, and intricate immune
interactions. Navigating these complexities is imperative in
pursuing effective c-MET-targeted immunotherapies for
cancer patients.

Author contributions

PJK: Conceptualization, Supervision, Writing - original draft,
Writing - review & editing. GR: Visualization, Writing - original
draft. RF: Writing - review & editing. ZE: Writing - review &
editing. AZ: Funding acquisition, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. AZ and PJK
were supported by the National Science Centre, Poland. Grant
#2020/39/NZ6/03513 was awarded to AZ. Additionally, the authors
express their gratitude for the support from the Medical University
of Warsaw and the National Science Centre, Poland.

Acknowledgments

The authors would like to acknowledge that Grammarly and
GPT-40 were utilized solely for English language checking and
editing purposes, not for writing and literature search, during the
preparation of this review paper. The figures presented in this article

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

were created using BioRender.com (accessed in September 2024)
with a licensed account purchased by Dr. PJK.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Koeppen H, Rost S, Yauch RL. Developing biomarkers to predict benefit from
HGF/MET pathway inhibitors. J Pathol. (2014) 232:210-8. doi: 10.1002/path.4268

2. Kato T. Biological roles of hepatocyte growth factor-Met signaling from
genetically modified animals. BioMed Rep. (2017) 7:495-503. doi: 10.3892/br.2017.1001

3. Lai L, Chen J, Wei X, Huang M, Hu X, Yang R, et al. Transplantation of MSCs
overexpressing HGF into a rat model of liver fibrosis. Mol Immaging Biol. (2016) 18:43—
51. doi: 10.1007/s11307-015-0869-x

4. Wang Z, Nie Y, Zhang K, Xu H, Ramelot TA, Kennedy MA, et al. Solution
structure of SHIP2 SH2 domain and its interaction with a phosphotyrosine peptide
from c-MET. Arch Biochem Biophys. (2018) 656:31-7. doi: 10.1016/j.abb.2018.08.012

5. Jabbarzadeh Kaboli P, Chen HF, Babaeizad A, Roustai Geraylow K, Yamaguchi H,
Hung MC. Unlocking ¢-MET: A comprehensive journey into targeted therapies for
breast cancer. Cancer Lett. (2024) 588:216780. doi: 10.1016/j.canlet.2024.216780

6. Wang Q-W, Sun L-H, Zhang Y, Wang Z, Zhao Z, Wang Z-L, et al. MET
overexpression contributes to STAT4-PD-L1 signaling activation associated with
tumor-associated, macrophages-mediated immunosuppression in primary
glioblastomas. | Immunother Cancer. (2021) 9:e002451. doi: 10.1136/jitc-2021-002451

7. XuR, Liu X, Li A, Song L, Liang J, Gao J, et al. c-Met up-regulates the expression
of PD-LI through MAPK/NF-kBp65 pathway. ] Mol Med (Berl). (2022) 100:585-98.
doi: 10.1007/s00109-022-02179-2

8. Ahn HK, Kim S, Kwon D, Koh J, Kim YA, Kim K, et al. MET receptor tyrosine
kinase regulates the expression of co-stimulatory and co-inhibitory molecules in tumor
cells and contributes to PD-L1-mediated suppression of immune cell function. Int |
Mol Sci. (2019) 20:4287. doi: 10.3390/ijms20174287

9. Sun X, Li C-W, Wang W-J, Chen M-K, Li H, Lai Y-, et al. Inhibition of c-MET
upregulates PD-L1 expression in lung adenocarcinoma. Am ] Cancer Res. (2020)
10:564-71.

10. Peng Y, Zhang W, Chen Y, Zhang L, Shen H, Wang Z, et al. Engineering c-Met-
CAR NK-92 cells as a promising therapeutic candidate for lung adenocarcinoma.
Pharmacol Res. (2023) 188:106656. doi: 10.1016/j.phrs.2023.106656

11. Zhang Z-S, Yang R-H, Yao X, Cheng Y-Y, Shi H-X, Yao C-Y, et al. HGF/c-MET
pathway contributes to cisplatin-mediated PD-L1 expression in hepatocellular
carcinoma. Cell Biol Int. (2021) 45:2521-33. doi: 10.1002/cbin.11697

12. Chun H-W, Hong R. Significance of PD-L1 clones and C-MET expression in
hepatocellular carcinoma. Oncol Lett. (2019) 17:5487-98. doi: 10.3892/01.2019.10222

13. ChaJ-H, Chan L-C, Li C-W, Hsu JL, Hung M-C. Mechanisms controlling PD-L1
expression in cancer. Mol Cell. (2019) 76:359-70. doi: 10.1016/j.molcel.2019.09.030

14. Sabarwal A, Chakraborty S, Mahanta S, Banerjee S, Balan M, Pal S. A Novel
Combination Treatment with Honokiol and Rapamycin Effectively Restricts c-Met-
Induced Growth of Renal Cancer Cells, and also Inhibits the Expression of Tumor Cell
PD-LI Involved in Immune Escape. Cancers (Basel). (2020) 12:1782. doi: 10.3390/
cancers12071782

15. Lee J-C, Wu ATH, Chen J-H, Huang W-Y, Lawal B, Mokgautsi N, et al.
HNCO0014, a multi-targeted small-molecule, inhibits head and neck squamous cell
carcinoma by suppressing c-Met/STAT3/CD44/PD-L1 oncoimmune signature and
eliciting antitumor immune responses. Cancers (Basel). (2020) 12:3759. doi: 10.3390/
cancers12123759

16. Wu Y, Yu M, Sun Z, Hou W, Wang Y, Yuan Q, et al. Generation and
characterization of a bispecific antibody targeting both PD-1 and c¢-MET. Protein
Pept Lett. (2018) 24:1105-12. doi: 10.2174/0929866524666171017143753

17. Yuan Q, Liang Q, Sun Z, Yuan X, Hou W, Wang Y, et al. Development of
bispecific anti-c-Met/PD-1 diabodies for the treatment of solid tumors and the effect of
c-Met binding affinity on efficacy. Oncoimmunology. (2021) 10:1914954. doi: 10.1080/
2162402X.2021.1914954

18. Kubo Y, Fukushima S, Inamori Y, Tsuruta M, Egashira S, Yamada-Kanazawa S,
et al. Serum concentrations of HGF are correlated with response to anti-PD-1 antibody
therapy in patients with metastatic melanoma. J Dermatol Sci. (2019) 93:33-40.
doi: 10.1016/j.jdermsci.2018.10.001

Frontiers in Immunology

10.3389/fimmu.2024.1498391

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

19. Glodde N, Bald T, van den Boorn-Konijnenberg D, Nakamura K, O’Donnell JS,
Szczepanski S, et al. Reactive neutrophil responses dependent on the receptor tyrosine
kinase ¢-MET limit cancer immunotherapy. Immunity. (2017) 47:789-802.e9.
doi: 10.1016/j.immuni.2017.09.012

20. Balan M, Mier y Teran E, Waaga-Gasser AM, Gasser M, Choueiri TK, Freeman
G, et al. Novel Roles of c-Met in the Survival of Renal Cancer Cells through the
Regulation of HO-1 and PD-L1 Expression *. ] Biol Chem. (2015) 290:8110-20.
doi: 10.1074/jbc.M114.612689

21. Kumai T, Matsuda Y, Ohkuri T, Oikawa K, Ishibashi K, Aoki N, et al. c-Met is a
novel tumor associated antigen for T-cell based immunotherapy against NK/T cell
lymphoma. Oncoimmunology. (2015) 4:€976077. doi: 10.4161/2162402X.2014.976077

22. Benkhoucha M, Molnarfi N, Schneiter G, Walker PR, Lalive PH. The
neurotrophic hepatocyte growth factor attenuates CD8+ cytotoxic T-lymphocyte
activity. J Neuroinflamm. (2013) 10:154. doi: 10.1186/1742-2094-10-154

23. Yang R, Sun L, Li C-F, Wang Y-H, Yao J, Li H, et al. Galectin-9 interacts with
PD-1 and TIM-3 to regulate T cell death and is a target for cancer immunotherapy. Nat
Commun. (2021) 12:832. doi: 10.1038/s41467-021-21099-2

24. Yang R-Y, Rabinovich GA, Liu F-T. Galectins: structure, function and
therapeutic potential. Expert Rev Mol Med. (2008) 10:el17. doi: 10.1017/
$1462399408000719

25. Marifio KV, Cagnoni AJ, Croci DO, Rabinovich GA. Targeting galectin-driven
regulatory circuits in cancer and fibrosis. Nat Rev Drug Discovery. (2023) 22:295-316.
doi: 10.1038/541573-023-00636-2

26. Porebska N, Pozniak M, Matynia A, Zukowska D, Zakrzewska M, Otlewski J, et al.
Galectins as modulators of receptor tyrosine kinases signaling in health and disease. Cytokine
Growth Factor Rev. (2021) 60:89-106. doi: 10.1016/j.cytogfr.2021.03.004

27. Horm TM, Bitler BG, Broka DM, Louderbough JM, Schroeder JA. MUCI drives
c-met-dependent migration and scattering. Mol Cancer Res. (2012) 10:1544-54.
doi: 10.1158/1541-7786.MCR-12-0296

28. Inagaki Y, Higashi K, Kushida M, Hong YY, Nakao S, Higashiyama R, et al.
Hepatocyte growth factor suppresses profibrogenic signal transduction via nuclear
export of Smad3 with galectin-7. Gastroenterology. (2008) 134:1180-90. doi: 10.1053/
j.gastro.2008.01.014

29. Pinto NA, Abba MC, Laporte L, Pérez Saez JM, Blidner AG, Torres NI, et al.
Galectin-7 reprograms skin carcinogenesis by fostering innate immune evasive
programs. Cell Death Differ. (2023) 30:906-21. doi: 10.1038/s41418-022-01108-7

30. Han R-L, Wang J, Zhang F-], Zhao N, Gao B-L. Ultrasound risk assessment
combined with molecular markers of galectin-3, c-MET, HBME-1 and CK19 for
diagnosis of Malignant and benign thyroid nodules. Pathol Oncol Res. (2019) 25:1075-
81. doi: 10.1007/s12253-018-0485-6

31. Ideo H, Tsuchida A, Takada Y, Kinoshita J, Inaki N, Minamoto T. Suppression
of galectin-4 attenuates peritoneal metastasis of poorly differentiated gastric cancer
cells. Gastric Cancer. (2023) 26:352-63. doi: 10.1007/s10120-023-01366-5

32. Kaboli PJ, Zhang L, Xiang S, Shen J, Li M, Zhao Y, et al. Molecular markers of
regulatory T cells in cancer immunotherapy with special focus on acute myeloid
leukemia (AML) - A systematic review. Curr Med Chem. (2020) 27:4673-98.
doi: 10.2174/0929867326666191004164041

33. Jung YY, Chinnathambi A, Alahmadi TA, Alharbi SA, Kumar AP, Sethi G, et al.
Fangchinoline targets epithelial-mesenchymal transition process by modulating
activation of multiple cell-signaling pathways. J Cell Biochem. (2022) 123:1222-36.
doi: 10.1002/jcb.30279

34. Mekapogu AR, Xu Z, Pothula S, Perera C, Pang T, Hosen SMZ, et al. HGF/c-Met
pathway inhibition combined with chemotherapy increases cytotoxic T-cell infiltration
and inhibits pancreatic tumour growth and metastasis. Cancer Lett. (2023) 568:216286.
doi: 10.1016/j.canlet.2023.216286

35. Zhou ], Zhang X-C, Xue S, Dai M, Wang Y, Peng X, et al. SYK-mediated
epithelial cell state is associated with response to c-Met inhibitors in c-Met-
overexpressing lung cancer. Signal Transduct Target Ther. (2023) 8:185.
doi: 10.1038/s41392-023-01403-w

frontiersin.org


https://BioRender.com
https://doi.org/10.1002/path.4268
https://doi.org/10.3892/br.2017.1001
https://doi.org/10.1007/s11307-015-0869-x
https://doi.org/10.1016/j.abb.2018.08.012
https://doi.org/10.1016/j.canlet.2024.216780
https://doi.org/10.1136/jitc-2021-002451
https://doi.org/10.1007/s00109-022-02179-2
https://doi.org/10.3390/ijms20174287
https://doi.org/10.1016/j.phrs.2023.106656
https://doi.org/10.1002/cbin.11697
https://doi.org/10.3892/ol.2019.10222
https://doi.org/10.1016/j.molcel.2019.09.030
https://doi.org/10.3390/cancers12071782
https://doi.org/10.3390/cancers12071782
https://doi.org/10.3390/cancers12123759
https://doi.org/10.3390/cancers12123759
https://doi.org/10.2174/0929866524666171017143753
https://doi.org/10.1080/2162402X.2021.1914954
https://doi.org/10.1080/2162402X.2021.1914954
https://doi.org/10.1016/j.jdermsci.2018.10.001
https://doi.org/10.1016/j.immuni.2017.09.012
https://doi.org/10.1074/jbc.M114.612689
https://doi.org/10.4161/2162402X.2014.976077
https://doi.org/10.1186/1742-2094-10-154
https://doi.org/10.1038/s41467-021-21099-2
https://doi.org/10.1017/S1462399408000719
https://doi.org/10.1017/S1462399408000719
https://doi.org/10.1038/s41573-023-00636-2
https://doi.org/10.1016/j.cytogfr.2021.03.004
https://doi.org/10.1158/1541-7786.MCR-12-0296
https://doi.org/10.1053/j.gastro.2008.01.014
https://doi.org/10.1053/j.gastro.2008.01.014
https://doi.org/10.1038/s41418-022-01108-7
https://doi.org/10.1007/s12253-018-0485-6
https://doi.org/10.1007/s10120-023-01366-5
https://doi.org/10.2174/0929867326666191004164041
https://doi.org/10.1002/jcb.30279
https://doi.org/10.1016/j.canlet.2023.216286
https://doi.org/10.1038/s41392-023-01403-w
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

36. Mertz JL, Sripathi SR, Yang X, Chen L, Esumi N, Zhang H, et al. Proteomic and
phosphoproteomic analyses identify liver-related signaling in retinal pigment epithelial
cells during EMT. Cell Rep. (2021) 37:109866. doi: 10.1016/j.celrep.2021.109866

37. Okunishi K, Dohi M, Nakagome K, Tanaka R, Mizuno S, Matsumoto K, et al. A novel
role of hepatocyte growth factor as an immune regulator through suppressing dendritic cell
functionl. J Immunol. (2005) 175:4745-53. doi: 10.4049/jimmunol.175.7.4745

38. Saigi M, Alburquerque-Bejar JJ, Mc Leer-Florin A, Pereira C, Pros E, Romero
OA, et al. MET-oncogenic and JAK2-inactivating alterations are independent factors
that affect regulation of PD-L1 expression in lung cancer. Clin Cancer Res. (2018)
24:4579-87. doi: 10.1158/1078-0432.CCR-18-0267

39. Sun Z, Gu C, Wang X, Shang A, Quan W, Wu J, et al. A novel bivalent anti-c-
MET/PD-1 bispecific antibody exhibits potent cytotoxicity against c-MET/PD-L1-
positive colorectal cancer. Invest New Drugs. (2023) 41:737-50. doi: 10.1007/s10637-
023-01381-4

40. Yen BL, Yen M-L, Hsu P-], Liu K-J, Wang C-J, Bai C-H, et al. Multipotent
human mesenchymal stromal cells mediate expansion of myeloid-derived suppressor
cells via hepatocyte growth factor/c-Met and STAT3. Stem Cell Rep. (2013) 1:139-51.
doi: 10.1016/j.stemcr.2013.06.006

41. Palle], Hirsch L, Lapeyre-Prost A, Malka D, Bourhis M, Pernot S, et al. Targeting
HGF/c-met axis decreases circulating regulatory T cells accumulation in gastric cancer
patients. Cancers (Basel). (2021) 13:5562. doi: 10.3390/cancers13215562

42. Naguib BH, Elsebaie HA, Nafie MS, Mohamady S, Albujuq NR, Samir Ayed A,
et al. Fragment-based design and synthesis of coumarin-based thiazoles as dual c-MET/
STAT-3 inhibitors for potential antitumor agents. Bioorg Chem. (2024) 151:107682.
doi: 10.1016/j.bioorg.2024.107682

43. Chen W, Wu J, Shi H, Wang Z, Zhang G, Cao Y, et al. Hepatic stellate cell
coculture enables sorafenib resistance in huh7 cells through HGF/c-Met/Akt and Jak2/
Stat3 pathways. BioMed Res Int. (2014) 2014:764981. doi: 10.1155/2014/764981

44. Ning T, Li D, Deng T, Bai Y, Chen Y, Wang Z, et al. Anti-PD-L1 antibody
TQB2450 combined with tyrosine kinase receptor inhibitor AL2846 for
immunotherapy-refractory advanced hepatocellular carcinoma and esophageal
squamous cell carcinoma: A prospective phase 1b cohort study. Cancer. (2024)
130:3137-46. doi: 10.1002/cncr.35377

45. Thomann S, Weiler SME, Marquard S, Rose F, Ball CR, Toth M, et al. YAP
orchestrates heterotypic endothelial cell communication via HGF/c-MET signaling in
liver tumorigenesis. Cancer Res. (2020) 80:5502-14. doi: 10.1158/0008-5472.CAN-20-
0242

46. Cheng HS, Marvalim C, Zhu P, Law CLD, Low ZYJ, Chong YK, et al. Kinomic
profile in patient-derived glioma cells during hypoxia reveals c-MET-PI3K dependency
for adaptation. Theranostics. (2021) 11:5127-42. doi: 10.7150/thno.54741

47. Sun S, Lee D, Lee NP, Pu JKS, Wong STS, Lui WM, et al. Hyperoxia resensitizes
chemoresistant human glioblastoma cells to temozolomide. J Neurooncol. (2012)
109:467-75. doi: 10.1007/s11060-012-0923-3

48. He Z, Zhang S. Tumor-associated macrophages and their functional
transformation in the hypoxic tumor microenvironment. Front Immunol. (2021)
12:741305. doi: 10.3389/fimmu.2021.741305

49. Chen L, Shi Y, Zhu X, Guo W, Zhang M, Che Y, et al. IL-10 secreted by cancer-
associated macrophages regulates proliferation and invasion in gastric cancer cells via
c-Met/STATS3 signaling. Oncol Rep. (2019) 42:595-604. doi: 10.3892/0r.2019.7206

50. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage
polarization in rheumatoid arthritis synovitis. Front Immunol. (2022) 13:867260.
doi: 10.3389/fimmu.2022.867260

51. Nishikoba N, Kumagai K, Kanmura S, Nakamura Y, Ono M, Eguchi H, et al.
HGF-MET signaling shifts M1 macrophages toward an M2-like phenotype through
PI3K-mediated induction of arginase-1 expression. Front Immunol. (2020) 11:2135.
doi: 10.3389/fimmu.2020.02135

52. Choi W, Lee ], Lee J, Lee SH, Kim S. Hepatocyte growth factor regulates
macrophage transition to the M2 phenotype and promotes murine skeletal muscle
regeneration. Front Physiol. (2019) 10:914. doi: 10.3389/fphys.2019.00914

53. Huang X, Gan G, Wang X, Xu T, Xie W. The HGF-MET axis coordinates liver
cancer metabolism and autophagy for chemotherapeutic resistance. Autophagy. (2019)
15:1258-79. doi: 10.1080/15548627.2019.1580105

54. Huang X, Chen Z, Zhang N, Zhu C, Lin X, Yu ], et al. Increase in CD4(+)FOXP3
(+) regulatory T cell number and upregulation of the HGF/c-Met signaling pathway
during the liver metastasis of colorectal cancer. Oncol Lett. (2020) 20:2113-8.
doi: 10.3892/01.2020.11785

55. Liang Q,Lan Y, LiY, Cao Y, Li]J, Liu Y. Crizotinib prodrug micelles co-delivered
doxorubicin for synergistic immunogenic cell death induction on breast cancer chemo-
immunotherapy. Eur J Pharm Biopharm. (2022) 177:260-72. doi: 10.1016/
j.€jpb.2022.07.006

56. Masucci MT, Minopoli M, Carriero MV. Tumor associated neutrophils. Their
role in tumorigenesis, metastasis, prognosis and therapy. Front Oncol. (2019) 9:1146.
doi: 10.3389/fonc.2019.01146

57. Zhao Y, Rahmy S, Liu Z, Zhang C, Lu X. Rational targeting of
immunosuppressive neutrophils in cancer. Pharmacol Ther. (2020) 212:107556.
doi: 10.1016/j.pharmthera.2020.107556

Frontiers in Immunology

10.3389/fimmu.2024.1498391

58. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization of
tumor-associated neutrophil phenotype by TGF-B: “N1” versus “N2” TAN. Cancer
Cell. (2009) 16:183-94. doi: 10.1016/j.ccr.2009.06.017

59. Piccard H, Muschel R], Opdenakker G. On the dual roles and polarized
phenotypes of neutrophils in tumor development and progression. Crit Rev Oncol
Hematol. (2012) 82:296-309. doi: 10.1016/j.critrevonc.2011.06.004

60. Moore KW, de Waal Malefyt R, Coffman RL, O&apos;Garra A. Interleukin-10
and the interleukin-10 receptor. Annu Rev Immunol. (2001) 19:683-765. doi: 10.1146/
annurev.immunol.19.1.683

61. Zhang S, Sun L, Zuo ], Feng D. Tumor associated neutrophils governs tumor
progression through an IL-10/STAT3/PD-L1 feedback signaling loop in lung cancer.
Transl Oncol. (2024) 40:101866. doi: 10.1016/j.tranon.2023.101866

62. Barbosa-Matos C, Borges-Pereira C, Liborio-Ramos S, Fernandes R, Oliveira M,
Mendes-Frias A, et al. Deregulated immune cell recruitment orchestrated by c-MET
impairs pulmonary inflammation and fibrosis. Respir Res. (2024) 25:257. doi: 10.1186/
s12931-024-02884-1

63. Finisguerra V, Di Conza G, Di Matteo M, Serneels J, Costa S, Thompson AAR,
et al. MET is required for the recruitment of anti-tumoural neutrophils. Nature. (2015)
522:349-53. doi: 10.1038/nature14407

64. You W-K, Lee DH, Sung E-S, Ahn J-H, An S, Huh J. Development of antibody-
based c-Met inhibitors for targeted cancer therapy. Immunotargets Ther. (2015) 4:35—
44. doi: 10.2147/itt.s37409

65. Zhu M, Doshi S, Gisleskog PO, Oliner KS, Perez Ruixo JJ, Loh E, et al
Population pharmacokinetics of rilotumumab, a fully human monoclonal antibody
against hepatocyte growth factor, in cancer patients. ] Pharm Sci. (2014) 103:328-36.
doi: 10.1002/jps.23763

66. Van Cutsem E, Eng C, Nowara E, Swieboda-Sadlej A, Tebbutt NC, Mitchell E,
et al. Randomized phase Ib/II trial of rilotumumab or ganitumab with panitumumab
versus panitumumab alone in patients with wild-type KRAS metastatic colorectal
cancer. Clin Cancer Res. (2014) 20:4240-50. doi: 10.1158/1078-0432.CCR-13-2752

67. Zhang Y, Kuchimanchi M, Zhu M, Doshi S, Hoang T, Kasichayanula S.
Assessment of pharmacokinetic interaction between rilotumumab and epirubicin,
cisplatin and capecitabine (ECX) in a Phase 3 study in gastric cancer. Br J Clin
Pharmacol. (2017) 83:1048-55. doi: 10.1111/bcp.13179

68. D’Arcangelo M, Cappuzzo F. Focus on the potential role of ficlatuzumab in the
treatment of non-small cell lung cancer. Biologics. (2013) 7:61-8. doi: 10.2147/
BTT.S28908

69. Patnaik A, Weiss GJ, Papadopoulos KP, Hofmeister CC, Tibes R, Tolcher A,
et al. Phase i ficlatuzumab monotherapy or with erlotinib for refractory advanced solid
tumours and multiple myeloma. Br J Cancer. (2014) 111:272-80. doi: 10.1038/
bjc.2014.290

70. Mok TSK, Park K, Geater SL, Agarwal S, Han M, Credi M, et al. 1198P - A
randomized phase (PH) 2 study with exploratory biomarker analysis of ficlatuzumab
(F) A humanized hepatocyte growth factor (HGF) inhibitory MAB in combination
with gefitinib (G) versus G in Asian patients (PTS) with lung adenocarcinoma (LA).
Ann Oncol. (2012) 23:ix391. doi: 10.1016/S0923-7534(20)33782-0

71. Bauman JE, Saba NF, Roe D, Bauman JR, Kaczmar J, Bhatia A, et al. Randomized
phase II trial of ficlatuzumab with or without cetuximab in pan-refractory, recurrent/
metastatic head and neck cancer. ] Clin Oncol. (2023) 41:3851-62. doi: 10.1200/
JCO.22.01994

72. Okamoto W, Okamoto I, Tanaka K, Hatashita E, Yamada Y, Kuwata K, et al.
TAK-701, a humanized monoclonal antibody to hepatocyte growth factor, reverses
gefitinib resistance induced by tumor-derived HGF in non-small cell lung cancer with
an EGFR mutation. Mol Cancer Ther. (2010) 9:2785-92. doi: 10.1158/1535-7163.MCT-
10-0481

73. Houghton PJ, Kurmasheva RT, Kolb EA, Wu J, Gorlick R, Maris JM, et al. Initial
testing (Stage 1) of TAK-701, a humanized hepatocyte growth factor binding antibody,
by the pediatric preclinical testing program. Pediatr Blood Cancer. (2014) 61:380-2.
doi: 10.1002/pbc.24756

74. Merchant M, Ma X, Maun HR, Zheng Z, Peng J, Romero M, et al. Monovalent
antibody design and mechanism of action of onartuzumab, a MET antagonist with
anti-tumor activity as a therapeutic agent. Proc Natl Acad Sci. (2013) 110:E2987-96.
doi: 10.1073/pnas.1302725110

75. Spigel DR, Ervin TJ, Ramlau RA, Daniel DB, Goldschmidt JH, Blumenschein
GR, et al. Randomized phase II trial of onartuzumab in combination with erlotinib in
patients with advanced non-small-cell lung cancer. J Clin Oncol. (2013) 31:4105-14.
doi: 10.1200/JCO.2012.47.4189

76. Spigel DR, Edelman M]J, O’Byrne K, Paz-Ares L, Mocci S, Phan S, et al. Results
from the phase III randomized trial of onartuzumab plus erlotinib versus erlotinib in
previously treated stage IIIB or IV non-small-cell lung cancer: METLung. J Clin Oncol.
(2016) 35:412-20. doi: 10.1200/JCO.2016.69.2160

77. Cloughesy T, Finocchiaro G, Belda-Iniesta C, Recht L, Brandes AA, Pineda E,
et al. Randomized, double-blind, placebo-controlled, multicenter phase II study of
onartuzumab plus bevacizumab versus placebo plus bevacizumab in patients with
recurrent glioblastoma: efficacy, safety, and hepatocyte growth factor and O6-
methylguanine-DNA methyltransferase biomarker analyses. J Clin Oncol. (2016)
35:343-51. doi: 10.1200/JC0O.2015.64.7685

frontiersin.org


https://doi.org/10.1016/j.celrep.2021.109866
https://doi.org/10.4049/jimmunol.175.7.4745
https://doi.org/10.1158/1078-0432.CCR-18-0267
https://doi.org/10.1007/s10637-023-01381-4
https://doi.org/10.1007/s10637-023-01381-4
https://doi.org/10.1016/j.stemcr.2013.06.006
https://doi.org/10.3390/cancers13215562
https://doi.org/10.1016/j.bioorg.2024.107682
https://doi.org/10.1155/2014/764981
https://doi.org/10.1002/cncr.35377
https://doi.org/10.1158/0008-5472.CAN-20-0242
https://doi.org/10.1158/0008-5472.CAN-20-0242
https://doi.org/10.7150/thno.54741
https://doi.org/10.1007/s11060-012-0923-3
https://doi.org/10.3389/fimmu.2021.741305
https://doi.org/10.3892/or.2019.7206
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.3389/fimmu.2020.02135
https://doi.org/10.3389/fphys.2019.00914
https://doi.org/10.1080/15548627.2019.1580105
https://doi.org/10.3892/ol.2020.11785
https://doi.org/10.1016/j.ejpb.2022.07.006
https://doi.org/10.1016/j.ejpb.2022.07.006
https://doi.org/10.3389/fonc.2019.01146
https://doi.org/10.1016/j.pharmthera.2020.107556
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1016/j.critrevonc.2011.06.004
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1016/j.tranon.2023.101866
https://doi.org/10.1186/s12931-024-02884-1
https://doi.org/10.1186/s12931-024-02884-1
https://doi.org/10.1038/nature14407
https://doi.org/10.2147/itt.s37409
https://doi.org/10.1002/jps.23763
https://doi.org/10.1158/1078-0432.CCR-13-2752
https://doi.org/10.1111/bcp.13179
https://doi.org/10.2147/BTT.S28908
https://doi.org/10.2147/BTT.S28908
https://doi.org/10.1038/bjc.2014.290
https://doi.org/10.1038/bjc.2014.290
https://doi.org/10.1016/S0923-7534(20)33782-0
https://doi.org/10.1200/JCO.22.01994
https://doi.org/10.1200/JCO.22.01994
https://doi.org/10.1158/1535-7163.MCT-10-0481
https://doi.org/10.1158/1535-7163.MCT-10-0481
https://doi.org/10.1002/pbc.24756
https://doi.org/10.1073/pnas.1302725110
https://doi.org/10.1200/JCO.2012.47.4189
https://doi.org/10.1200/JCO.2016.69.2160
https://doi.org/10.1200/JCO.2015.64.7685
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

78. Sheridan C. Genentech to salvage anti-MET antibody with subgroup analysis.
Nat Biotechnol. (2014) 32:399-400. doi: 10.1038/nbt0514-399

79. Han K, Chanu P, Jonsson F, Winter H, Bruno R, Jin J, et al. Exposure-response
and tumor growth inhibition analyses of the monovalent anti-c-MET antibody
onartuzumab (MetMADb) in the second- and third-line non-small cell lung cancer.
AAPS J. (2017) 19:527-33. doi: 10.1208/s12248-016-0029-5

80. LiuL, Zeng W, Wortinger MA, Yan SB, Cornwell P, Peek VL, et al. LY2875358, a
neutralizing and internalizing anti-MET bivalent antibody, inhibits HGF-dependent
and HGF-independent MET activation and tumor growth. Clin Cancer Res. (2014)
20:6059-70. doi: 10.1158/1078-0432.CCR-14-0543

81. Rosen LS, Goldman JW, Algazi AP, Turner PK, Moser B, Hu T, et al. A first-in-
human phase I study of a bivalent MET antibody, emibetuzumab (LY2875358), as
monotherapy and in combination with erlotinib in advanced cancer. Clin Cancer Res.
(2017) 23:1910-9. doi: 10.1158/1078-0432.CCR-16-1418

82. Camidge DR, Moran T, Demedsts I, Grosch H, Mileham K, Molina J, et al. Open-
label phase II study evaluating emibetuzumab plus erlotinib and emibetuzumab
monotherapy in MET immunohistochemistry positive NSCLC patients with
acquired resistance to erlotinib. Clin Lung Cancer. (2022) 23:300-10. doi: 10.1016/
j.cllc.2022.03.003

83. Hultberg A, Morello V, Huyghe L, De Jonge N, Blanchetot C, Hanssens V, et al.
Depleting MET-expressing tumor cells by ADCC provides a therapeutic advantage
over inhibiting HGF/MET signaling. Cancer Res. (2015) 75:3373-83. doi: 10.1158/
0008-5472.CAN-15-0356

84. Jin H, Yang R, Zheng Z, Romero M, Ross ], Bou-Reslan H, et al. MetMADb, the
one-armed 5D5 anti-c-met antibody, inhibits orthotopic pancreatic tumor growth and
improves survival. Cancer Res. (2008) 68:4360-8. doi: 10.1158/0008-5472.CAN-07-
5960

85. Gonzalez A, Broussas M, Beau-Larvor C, Haeuw J-F, Boute N, Robert A, et al. A
novel antagonist anti-cMet antibody with antitumor activities targeting both ligand-
dependent and ligand-independent c-Met receptors. Int | Cancer. (2016) 139:1851-63.
doi: 10.1002/ijc.30174

86. Wang]J, Goetsch L, Tucker L, Zhang Q, Gonzalez A, Vaidya KS, et al. Anti-c-Met
monoclonal antibody ABT-700 breaks oncogene addiction in tumors with MET
amplification. BMC Cancer. (2016) 16:105. doi: 10.1186/s12885-016-2138-z

87. Strickler JH, LoRusso P, Salgia R, Kang Y-K, Yen CJ, Lin C-C, et al. Phase I dose-
escalation and -expansion study of telisotuzumab (ABT-700), an anti-c-met antibody,
in patients with advanced solid tumors. Mol Cancer Ther. (2020) 19:1210-7.
doi: 10.1158/1535-7163.MCT-19-0529

88. Yin Y, Guo J, Teng F, Yu L, Jiang Y, Xie K, et al. Preparation of a novel one-
armed anti-c-met antibody with antitumor activity against hepatocellular carcinoma.
Drug Des Devel Ther. (2019) 13:4173-84. doi: 10.2147/DDDT.S224491

89. Huang L, Xie K, Li H, Wang R, Xu X, Chen K, et al. Suppression of c-met-
overexpressing tumors by a novel c-met/cd3 bispecific antibody. Drug Des Devel Ther.
(2020) 14:3201-14. doi: 10.2147/DDDT.S254117

90. Sun Z-J, Wu Y, Hou W-H, Wang Y-X, Yuan Q-Y, Wang H-J, et al. A novel
bispecific c-MET/PD-1 antibody with therapeutic potential in solid cancer. (2017).
Available online at: www.impactjournals.com/oncotarget.

91. Qi X, Li F, Wu Y, Cheng C, Han P, Wang J, et al. Optimization of 4-1BB
antibody for cancer immunotherapy by balancing agonistic strength with FcyR affinity.
Nat Commun. (2019) 10:2141. doi: 10.1038/s41467-019-10088-1

92. Marra F, Smolders EJ, El-Sherif O, Boyle A, Davidson K, Sommerville AJ, et al.
Recommendations for dosing of repurposed COVID-19 medications in patients with
renal and hepatic impairment. Drugs R D. (2021) 21:9-27. doi: 10.1007/540268-020-
00333-0

93. Zhang H, Wang Q, Yalavarthi S, Pekar L, Shamnoski S, Hu L, et al. Development
of a ¢-MET x CD137 bispecific antibody for targeted immune agonism in cancer
immunotherapy. Cancer Treat Res Commun. (2024) 39:100805. doi: 10.1016/
j.ctarc.2024.100805

94. LiJ, Niu'Y, Xing Y, Liu F. A novel bispecific c-MET/CTLA-4 antibody targetting
lung cancer stem cell-like cells with therapeutic potential in human non-small-cell lung
cancer. Biosci Rep. (2019) 39:BSR20171278. doi: 10.1042/BSR20171278

95. Jarantow SW, Bushey BS, Pardinas JR, Boakye K, Lacy ER, Sanders R, et al.
Impact of cell-surface antigen expression on target engagement and function of an
epidermal growth factor receptor x c-MET bispecific antibody*. J Biol Chem. (2015)
290:24689-704. doi: 10.1074/jbc.M115.651653

96. Grugan KD, Dorn K, Jarantow SW, Bushey BS, Pardinas JR, Laquerre S, et al. Fc-
mediated activity of EGFR x c-Met bispecific antibody JNJ-61186372 enhanced killing
of lung cancer cells. MAbs. (2017) 9:114-26. doi: 10.1080/19420862.2016.1249079

97. Zheng S, Moores S, Jarantow S, Pardinas J, Chiu M, Zhou H, et al. Cross-arm
binding efficiency of an EGFR x c-Met bispecific antibody. MAbs. (2016) 8:551-61.
doi: 10.1080/19420862.2015.1136762

98. Kaboli PJ, Shabani S, Sharma S, Nasr MP, Yamaguchi H, Hung M-C. Shedding
light on triple-negative breast cancer with Trop2-targeted antibody-drug conjugates
(2022). Available online at: www.ajcr.us/. (accessed June 25, 2024).

99. Ogitani Y, Hagihara K, Oitate M, Naito H, Agatsuma T. Bystander killing effect
of DS-8201a, a novel anti-human epidermal growth factor receptor 2 antibody-drug
conjugate, in tumors with human epidermal growth factor receptor 2 heterogeneity.
Cancer Sci. (2016) 107:1039-46. doi: 10.1111/cas.12966

Frontiers in Immunology

27

10.3389/fimmu.2024.1498391

100. Doronina SO, Toki BE, Torgov MY, Mendelsohn BA, Cerveny CG, Chace DF,
et al. Development of potent monoclonal antibody auristatin conjugates for cancer
therapy. Nat Biotechnol. (2003) 21:778-84. doi: 10.1038/nbt832

101. Wang J, Anderson MG, Oleksijew A, Vaidya KS, Boghaert ER, Tucker L, et al.
ABBV-399, a c-Met Antibody-Drug Conjugate that Targets Both MET-Amplified and
c-Met-Overexpressing Tumors, Irrespective of MET Pathway Dependence. Clin
Cancer Res. (2017) 23:992-1000. doi: 10.1158/1078-0432.CCR-16-1568

102. Camidge DR, Morgensztern D, Heist RS, Barve M, Vokes E, Goldman JW, et al.
Phase I study of 2- or 3-week dosing of telisotuzumab vedotin, an antibody-drug
conjugate targeting c-met, monotherapy in patients with advanced non-small cell lung
carcinoma. Clin Cancer Res. (2021) 27:5781-92. doi: 10.1158/1078-0432.CCR-21-0765

103. Strickler JH, Weekes CD, Nemunaitis J, Ramanathan RK, Heist RS,
Morgensztern D, et al. First-in-human phase I, dose-escalation and -expansion study
of telisotuzumab vedotin, an antibody-drug conjugate targeting c-met, in patients with
advanced solid tumors. J Clin Oncol. (2018) 36:3298-306. doi: 10.1200/
JCO.2018.78.7697

104. Jin Y, Zhang Z, Zou S, Li F, Chen H, Peng C, et al. A novel c-MET-targeting
antibody-drug conjugate for pancreatic cancer. Front Oncol. (2021) 11:634881.
doi: 10.3389/fonc.2021.634881

105. Yang C, Wang L, Sun X, Tang M, Quan H, Zhang L, et al. SHR-A1403, a novel
c-Met antibody-drug conjugate, exerts encouraging anti-tumor activity in c-Met-
overexpressing models. Acta Pharmacol Sin. (2019) 40:971-9. doi: 10.1038/s41401-
018-0198-0

106. Tong M, Gao M, Xu Y, Fu L, Li Y, Bao X, et al. SHR-A1403, a novel c-
mesenchymal-epithelial transition factor (c-Met) antibody-drug conjugate, overcomes
AZD9291 resistance in non-small cell lung cancer cells overexpressing c-Met. Cancer
Sci. (2019) 110:3584-94. doi: 10.1111/cas.14180

107. Yang C, Zhao X, Sun X, Li J, Wang W, Zhang L, et al. Preclinical
pharmacokinetics of a novel anti-c-Met antibody-drug conjugate, SHR-A1403, in
rodents and non-human primates. Xenobiotica. (2019) 49:1097-105. doi: 10.1080/
00498254.2018.1534030

108. Gymnopoulos M, Betancourt O, Blot V, Fujita R, Galvan D, Lieuw V, et al.
TR1801-ADC: a highly potent cMet antibody-drug conjugate with high activity in
patient-derived xenograft models of solid tumors. Mol Oncol. (2020) 14:54-68.
doi: 10.1002/1878-0261.12600

109. Cazes A, Betancourt O, Esparza E, Mose ES, Jaquish D, Wong E, et al. A MET
targeting antibody-drug conjugate overcomes gemcitabine resistance in pancreatic
cancer. Clin Cancer Res. (2021) 27:2100-10. doi: 10.1158/1078-0432.CCR-20-3210

110. Groothuis PG, Jacobs DCH, Hermens IAT, Damming D, Berentsen K, Mattaar-
Hepp E, et al. Preclinical profile of BYON3521 predicts an effective and safe MET
antibody-drug conjugate. Mol Cancer Ther. (2023) 22:765-77. doi: 10.1158/1535-
7163.MCT-22-0596

111. Oh SY, Lee YW, Lee EJ, Kim JH, Park Y, Heo SG, et al. Preclinical study of a
biparatopic METXxMET antibody-drug conjugate, REGN5093-M114, overcomes MET-
driven acquired resistance to EGFR TKIs in EGFR-mutant NSCLC. Clin Cancer Res.
(2023) 29:221-32. doi: 10.1158/1078-0432.CCR-22-2180

112. DaSilva JO, Yang K, Surriga O, Nittoli T, Kunz A, Franklin MC, et al. A
biparatopic antibody-drug conjugate to treat MET-expressing cancers, including those
that are unresponsive to MET pathway blockade. Mol Cancer Ther. (2021) 20:1966-76.
doi: 10.1158/1535-7163.MCT-21-0009

113. Han Y, YuY, Miao D, Zhou M, Zhao J, Shao Z, et al. Targeting MET in NSCLC:
an ever-expanding territory. JTO Clin Res Rep. (2024) 5:100630. doi: 10.1016/
j.jtocrr.2023.100630

114. Gera N, Fitzgerald KM, Ramesh V, Patel P, Kanojia D, Colombo F, et al.
MYTX-011: a pH-dependent anti-cMET antibody-drug conjugate designed for
enhanced payload delivery to cMET expressing tumor cells. Mol Cancer Ther. (2024)
23(9):1282-93. doi: 10.1158/1535-7163.MCT-23-0784

115. Fujita R, Blot V, Wong E, Stewart C, Lieuw V, Richardson R, et al. A novel non-
agonist c-Met antibody drug conjugate with superior potency over a c-Met tyrosine
kinase inhibitor in c-Met amplified and non-amplified cancers. Cancer Biol Ther.
(2020) 21:549-59. doi: 10.1080/15384047.2020.1737490

116. Dong Q, Du Y, Li H, Liu C, Wei Y, Chen M-K, et al. EGFR and c-MET
cooperate to enhance resistance to PARP inhibitors in hepatocellular carcinoma.
Cancer Res. (2019) 79:819-29. doi: 10.1158/0008-5472.CAN-18-1273

117. Huang X, Guo J, Li T, Jia L, Tang X, Zhu J, et al. c-Met-targeted chimeric
antigen receptor T cells inhibit hepatocellular carcinoma cells in vitro and in vivo. J
BioMed Res. (2021) 36:10-21. doi: 10.7555/JBR.35.20200207

118. Kang CH, Kim Y, Lee SM, Choi SU, Park CH. Development of antigen-specific
chimeric antigen receptor KHYG-1 cells for glioblastoma. Anticancer Res. (2021)
41:1811-9. doi: 10.21873/anticanres.14947

119. Mathieu LN, Larkins E, Akinboro O, Roy P, Amatya AK, Fiero MH, et al. FDA
approval summary: capmatinib and tepotinib for the treatment of metastatic NSCLC
harboring MET exon 14 skipping mutations or alterations. Clin Cancer Res. (2022)
28:249-54. doi: 10.1158/1078-0432.CCR-21-1566

120. Yuan X, Sun Z, Yuan Q, Hou W, Liang Q, Wang Y, et al. Dual-function
chimeric antigen receptor T cells targeting c-Met and PD-1 exhibit potent anti-tumor
efficacy in solid tumors. Invest New Drugs. (2021) 39:34-51. doi: 10.1007/s10637-020-
00978-3

frontiersin.org


https://doi.org/10.1038/nbt0514-399
https://doi.org/10.1208/s12248-016-0029-5
https://doi.org/10.1158/1078-0432.CCR-14-0543
https://doi.org/10.1158/1078-0432.CCR-16-1418
https://doi.org/10.1016/j.cllc.2022.03.003
https://doi.org/10.1016/j.cllc.2022.03.003
https://doi.org/10.1158/0008-5472.CAN-15-0356
https://doi.org/10.1158/0008-5472.CAN-15-0356
https://doi.org/10.1158/0008-5472.CAN-07-5960
https://doi.org/10.1158/0008-5472.CAN-07-5960
https://doi.org/10.1002/ijc.30174
https://doi.org/10.1186/s12885-016-2138-z
https://doi.org/10.1158/1535-7163.MCT-19-0529
https://doi.org/10.2147/DDDT.S224491
https://doi.org/10.2147/DDDT.S254117
http://www.impactjournals.com/oncotarget
https://doi.org/10.1038/s41467-019-10088-1
https://doi.org/10.1007/s40268-020-00333-0
https://doi.org/10.1007/s40268-020-00333-0
https://doi.org/10.1016/j.ctarc.2024.100805
https://doi.org/10.1016/j.ctarc.2024.100805
https://doi.org/10.1042/BSR20171278
https://doi.org/10.1074/jbc.M115.651653
https://doi.org/10.1080/19420862.2016.1249079
https://doi.org/10.1080/19420862.2015.1136762
http://www.ajcr.us/
https://doi.org/10.1111/cas.12966
https://doi.org/10.1038/nbt832
https://doi.org/10.1158/1078-0432.CCR-16-1568
https://doi.org/10.1158/1078-0432.CCR-21-0765
https://doi.org/10.1200/JCO.2018.78.7697
https://doi.org/10.1200/JCO.2018.78.7697
https://doi.org/10.3389/fonc.2021.634881
https://doi.org/10.1038/s41401-018-0198-0
https://doi.org/10.1038/s41401-018-0198-0
https://doi.org/10.1111/cas.14180
https://doi.org/10.1080/00498254.2018.1534030
https://doi.org/10.1080/00498254.2018.1534030
https://doi.org/10.1002/1878-0261.12600
https://doi.org/10.1158/1078-0432.CCR-20-3210
https://doi.org/10.1158/1535-7163.MCT-22-0596
https://doi.org/10.1158/1535-7163.MCT-22-0596
https://doi.org/10.1158/1078-0432.CCR-22-2180
https://doi.org/10.1158/1535-7163.MCT-21-0009
https://doi.org/10.1016/j.jtocrr.2023.100630
https://doi.org/10.1016/j.jtocrr.2023.100630
https://doi.org/10.1158/1535-7163.MCT-23-0784
https://doi.org/10.1080/15384047.2020.1737490
https://doi.org/10.1158/0008-5472.CAN-18-1273
https://doi.org/10.7555/JBR.35.20200207
https://doi.org/10.21873/anticanres.14947
https://doi.org/10.1158/1078-0432.CCR-21-1566
https://doi.org/10.1007/s10637-020-00978-3
https://doi.org/10.1007/s10637-020-00978-3
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jabbarzadeh Kaboli et al.

121. Ruppel KE, Fricke S, Kohl U, Schmiedel D. Taking lessons from CAR-T cells
and going beyond: tailoring design and signaling for CAR-NK cells in cancer therapy.
Front Immunol. (2022) 13:822298. doi: 10.3389/fimmu.2022.822298

122. Li H, Song W, Li Z, Zhang M. Preclinical and clinical studies of CAR-NK-cell
therapies for Malignancies. Front Immunol. (2022) 13:992232. doi: 10.3389/
fimmu.2022.992232

123. Pan K, Farrukh H, Chittepu VCSR, Xu H, Pan C-X, Zhu Z. CAR race to cancer
immunotherapy: from CAR T, CAR NK to CAR macrophage therapy. J Exp Clin
Cancer Res. (2022) 41:119. doi: 10.1186/s13046-022-02327-z

124. Kang CH, Kim Y, Lee DY, Choi SU, Lee HK, Park CH. c-met-specific chimeric
antigen receptor T cells demonstrate anti-tumor effect in c-met positive gastric cancer.
Cancers (Basel). (2021) 13:5738. doi: 10.3390/cancers13225738

125. Jiang W, Li T, Guo J, Wang J, Jia L, Shi X, et al. Bispecific c-met/PD-L1 CAR-T
cells have enhanced therapeutic effects on hepatocellular carcinoma. Front Oncol.
(2021) 11:546586. doi: 10.3389/fonc.2021.546586

126. Liu B, Liu Z-Z, Zhou M-L, Lin J-W, Chen X-M, Li Z, et al. Development of c-
MET-specific chimeric antigen receptor-engineered natural killer cells with cytotoxic
effects on human liver cancer HepG2 cells. Mol Med Rep. (2019) 20:2823-31.
doi: 10.3892/mmr.2019.10529

127. Abiko K, Hamanishi J, Matsumura N, Mandai M. Dynamic host immunity and
PD-L1/PD-1 blockade efficacy: developments after “IFN-y from lymphocytes induces
PD-LI expression and promotes progression of ovarian cancer. Br J Cancer. (2022)
128:461-7. doi: 10.1038/s41416-022-01960-x

128. AnZ,HuY, Bai Y, Zhang C, Xu C, Kang X, et al. Antitumor activity of the third
generation EphA2 CAR-T cells against glioblastoma is associated with interferon
gamma induced PD-L1. Oncoimmunology. (2021) 10:1960728. doi: 10.1080/
2162402X.2021.1960728

129. Kuwahara A, Nagai K, Nakanishi T, Kumagai I, Asano R. Functional domain
order of an anti-egfr x anti-cd16 bispecific diabody involving nk cell activation. Int |
Mol Sci. (2020) 21:1-13. doi: 10.3390/ijms21238914

Frontiers in Immunology

28

10.3389/fimmu.2024.1498391

130. Chen C, Gu Y-M, Zhang F, Zhang Z-C, Zhang Y-T, He Y-D, et al. Construction of
PD1/CD28 chimeric-switch receptor enhances anti-tumor ability of c-Met CAR-T in gastric
cancer. Oncoimmunology. (2021) 10:1901434. doi: 10.1080/2162402X.2021.1901434

131. Asano R, Nagai K, Makabe K, Takahashi K, Kumagai T, Kawaguchi H, et al.
Structural considerations for functional anti-EGFR x anti-CD3 bispecific diabodies in
light of domain order and binding affinity. (2018). Available online at: www.
impactjournals.com/oncotarget/.

132. Asano R, Kumagai T, Nagai K, Taki S, Shimomura I, Arai K, et al. Domain
order of a bispecific diabody dramatically enhances its antitumor activity beyond
structural format conversion: the case of the hEx3 diabody. Protein Engineering Design
Selection. (2013) 26:359-67. doi: 10.1093/protein/gzt009

133. Albitar M, Sudarsanam S, Ma W, Jiang S, Chen W, Funari V, et al. Correlation
of MET gene amplification and TP53 mutation with PD-L1 expression in non-small
cell lung cancer. Oncotarget. (2018) 9:13682-93. doi: 10.18632/oncotarget.24455

134. Wang B, Liu W, Liu C, Du K, Guo Z, Zhang G, et al. Cancer-associated fibroblasts
promote radioresistance of breast cancer cells via the HGF/c-met signaling pathway. Int ]
Radiat Oncol Biol Phys. (2022) 116(3):640-54. doi: 10.1016/j.ijrobp.2022.12.029

135. Tolaney SM, Ziehr DR, Guo H, Ng MR, Barry WT, Higgins M]J, et al. Phase II
and biomarker study of cabozantinib in metastatic triple-negative breast cancer
patients. Oncologist. (2017) 22:25-32. doi: 10.1634/theoncologist.2016-0229

136. Vijayaraghavan S, Lipfert L, Chevalier K, Bushey BS, Henley B, Lenhart R, et al.
Amivantamab (JNJ-61186372), an Fc enhanced EGFR/cMet bispecific antibody,
induces receptor downmodulation and antitumor activity by monocyte/macrophage
trogocytosis. Mol Cancer Ther. (2020) 19:2044-56. doi: 10.1158/1535-7163.MCT-20-
0071

137. Taylor RP, Lindorfer MA. Fcy-receptor-mediated trogocytosis impacts mAb-
based therapies: historical precedence and recent developments. Blood. (2015) 125:762—
6. doi: 10.1182/blood-2014-10-569244

138. Syed YY. Amivantamab: first approval. Drugs. (2021) 81:1349-53. doi: 10.1007/
540265-021-01561-7

frontiersin.org


https://doi.org/10.3389/fimmu.2022.822298
https://doi.org/10.3389/fimmu.2022.992232
https://doi.org/10.3389/fimmu.2022.992232
https://doi.org/10.1186/s13046-022-02327-z
https://doi.org/10.3390/cancers13225738
https://doi.org/10.3389/fonc.2021.546586
https://doi.org/10.3892/mmr.2019.10529
https://doi.org/10.1038/s41416-022-01960-x
https://doi.org/10.1080/2162402X.2021.1960728
https://doi.org/10.1080/2162402X.2021.1960728
https://doi.org/10.3390/ijms21238914
https://doi.org/10.1080/2162402X.2021.1901434
http://www.impactjournals.com/oncotarget/
http://www.impactjournals.com/oncotarget/
https://doi.org/10.1093/protein/gzt009
https://doi.org/10.18632/oncotarget.24455
https://doi.org/10.1016/j.ijrobp.2022.12.029
https://doi.org/10.1634/theoncologist.2016-0229
https://doi.org/10.1158/1535-7163.MCT-20-0071
https://doi.org/10.1158/1535-7163.MCT-20-0071
https://doi.org/10.1182/blood-2014-10-569244
https://doi.org/10.1007/s40265-021-01561-7
https://doi.org/10.1007/s40265-021-01561-7
https://doi.org/10.3389/fimmu.2024.1498391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	c-MET and the immunological landscape of cancer: novel therapeutic strategies for enhanced anti-tumor immunity
	1 Introduction
	2 c-MET signaling and dual inhibition of c-MET/PD-L1 pathways
	3 Advanced insights into c-MET signaling from immunological perspectives
	3.1 Therapeutic potential of galectin family and c-MET signaling
	3.2 Crosstalk between c-MET and TGF-β
	3.3 c-MET-targeted therapy: insights from immune single-cell analysis

	4 Anti-MET antibody therapies
	4.1 Anti-MET/HGF monoclonal antibodies
	4.1.1 Rilotumumab (AMG102, Amgen)
	4.1.2 Ficlatuzumab (AV-299; SCH 900105, AVEO Pharmaceuticals)
	4.1.3 TAK-701 (Galaxy Biotech)
	4.1.4 Onartuzumab (MetMAb&trade;)
	4.1.5 Emibetuzumab (LY-2875358; Eli Lilly)
	4.1.6 ARGX-111 (arGEN-X)
	4.1.7 Telisotuzumab (ABT-700)

	4.2 Anti-MET bispecific antibodies
	4.2.1 BsAb targeting c-MET and CD3
	4.2.2 BsAbs targeting c-MET and PD-1/PD-L1
	4.2.3 BsAb targeting c-MET and CD137
	4.2.4 BsAb targeting c-MET and CTLA-4
	4.2.5 BsAb targeting c-MET and EGFR

	4.3 Anti-MET antibody-drug conjugates
	4.3.1 ABBV-399 (telisotuzumab vedotin, Teliso-V)
	4.3.2 SHR-A1403 (HTI-1066)
	4.3.3 TR1801-ADC
	4.3.4 BYON3521
	4.3.5 REGN5093-M114
	4.3.6 RC108
	4.3.7 MYTX-011
	4.3.8 P3D12-vc-MMAF


	5 Anti-MET chimeric antigen receptors T/NK cell therapy
	6 Anti-MET diabodies
	7 Conclusion and future direction
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


