Cancer Immunology, Immunotherapy (2023) 72:3405-3425
https://doi.org/10.1007/500262-023-03516-1

REVIEW q

Check for
updates

TIM-3 as a promising target for cancer immunotherapy in a wide range
of tumors

Natalia Sauer’ - Natalia Janicka' - Wojciech Szlasa? - Barttomiej Skinderowicz® - Katarzyna Kotodzinska3 -
Wioletta Dwernicka®* - Matgorzata Oslizto? - Julita Kulbacka®® - Vitalij Novickij>” - Katarzyna Kartowicz-Bodalska®

Received: 30 June 2023 / Accepted: 2 August 2023 / Published online: 11 August 2023
© The Author(s) 2023

Abstract

T-cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) expression has been a trending topic in recent years
due to its differential expression in a wide range of neoplasms. TIM-3 is one of the key immune checkpoint receptors that
interact with GAL-9, PtdSer, HMGB1 and CEACAMI. Initially identified on the surface of T helper 1 (Th1) lymphocytes
and later on cytotoxic lymphocytes (CTLs), monocytes, macrophages, natural killer cells (NKs), and dendritic cells (DCs),
TIM-3 plays a key role in immunoregulation. Recently, a growing body of evidence has shown that its differential expres-
sion in various tumor types indicates a specific prognosis for cancer patients. Here, we discuss which types of cancer TIM-3
can serve as a prognostic factor and the influence of coexpressed immune checkpoint inhibitors, such as LAG-3, PD-1, and
CTLA-4 on patients' outcomes. Currently, experimental medicine involving TIM-3 has significantly enhanced the anti-tumor
effect and improved patient survival. In this work, we summarized clinical trials incorporating TIM-3 targeting monoclonal
and bispecific antibodies in monotherapy and combination therapy and highlighted the emerging role of cell-based therapies.
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TIM-3 structure and function

T-cell immunoglobulin and mucin domain-containing pro-

tein 3 (TIM-3) is identified as an immune checkpoint that is

expressed in various kinds of immune cells and plays a key

54 Julita Kulbacka role in immunoregulation. TIM-3 belongs to the TIM family,

julita.kulbacka@umw.edu.pl which includes three members in humans (TIM-1, TIM-3

and TIM-4) and eight members in mice (TIM-1 to TIM-8).

Members of the TIM family are type I surface glycoproteins

that share similar molecular structures containing a mucin

domain, amino-terminal immunoglobulin variable domain

(V domain) with five noncanonical cysteines, a transmem-
brane domain and a cytoplasmic tail [1, 2].

The IgV Tim-3 domain is formed of antiparallel beta
sheets. A disulfide bond formed by four non-canonical
cysteines binds the front and back sheets together to sta-
bilize the IgV domain [3]. These two bonds form a unique
"cleft" in Tim-3 and a small associated channel. The cleft
formed by the CC’ and FG loops is stabilized by two non-
canonical disulfide bonds, as well as a series of conserved
ionic interactions and hydrogen bonds. It is a response site
for ligand binding, such as phosphatidylserine. These unique
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conformational surface features may be involved in Tim-3's
biological function of ligand recognition [4].

The IgV domain is stabilized by two hydrogen bonds,
which are present in almost all IgSF domains—an inter-
chain hydrogen bond formed by Trp-53 and a hydrogen bond
formed by Tyr-109. There is also a salt bridge, which is a
common feature of IgSF domains. TIM-3 contains the small-
est mucin domain in the TIM family. This region contains
an abundance of proline, serine, and threonine. The Tim
protein enters the cell membrane through a tail made mostly
of hydrophobic amino acids, which is embedded in the lipid
layer and passes into the cell interior [5].

TIM-3 protein is involved in the regulation of the immune
response and immune tolerance. It is expressed on Thl,
Th17, monocytes, dendritic cells, and macrophages and is
involved in CD8(+) T-cell depletion [6-9]. TIM-3 protein
also plays a role in efferocytosis [5, 10, 11]. A key feature is
its ability to bind specific ligands, which activate biochemi-
cal pathways. These include galectin-9 (Gal-9), cancer-
embryonic antigen cell adhesion molecule 1 (CEACAM1),
phosphatidylserine (PtdSer), high mobility group protein 1
(HMGB-1) [12, 13]. Figure 1 illustrates the structure and
function of TIM-3 and its ligands.

Studies have shown that Galectin-9 bound to Tim-3
induces TH1 cell death by intracellular calcium flow, which

A) B)

Impaired TLR signaling
Th-1 cells death

Fig.1 a Human TIM-3 N-terminal variable immunoglobulin (IgV)
domain (PDB: 6DHB); b TIM-3 structure consists of mucin domain,
V domain, transmembrane domain, and cytoplasmic tail. The binding
of TIM-3 and HMGB-1 leads to impaired TLR signaling. Galectin-9
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induces apoptosis. Consequently, this causes induction
of immune tolerance and suppression of TH1 and TH17
responses [12]. Carcinoembryonic antigen cell adhesion
molecule 1 (CEACAMI) also induces immune tolerance,
via heterodimer formation with TIM-3 [14]. They can bind
in cis- and transforms, both of which regulate immune tol-
erance and can participate in CD8 + T cell depletion [15].
Another ligand of TIM-3 is phosphatidylserine (PtdSer), to
which it binds via FG loops in the IgV domain. It is believed
that the role of this binding may be related to the recognition
of apoptotic cells [4, 16]. Furthermore, phosphatidylserine
stimulates NF-«xB signaling and IL-2 secretion [17].

The binding of TIM-3 by HMGB1 impairs nucleic acid
binding to dendric cells endosomes, contributing to the
inhibition of activation of the innate immune response [18].
Moreover, the binding of HMGB1 by TIM-3 results in the
inhibition of immune response activation. TIM-3 competes
with tumor cell-derived nucleic acids and binds HMGB-1.
HMGB-1 bound to TIM-3 cannot participate in nucleic acid
uptake into the cell, inhibiting TLR signaling activation in
dendritic cells [18].

Bat3 is an adaptor protein that binds to the TIM-3 tail,
preventing galectin-9-mediated T helper type 1 (TH1) cell
death and promoting both proliferation and production of
pro-inflammatory cytokines. Studies have shown that a lack

Mucin domain

/ V domain

Transmembrane domain

/ Cytoplasmic tail

Recognition of apoptotic cells,
NF-kB signaling, IL-2 secretion

CD38(+) cells depletion

binding induces Th-1 cells death. CEACAM1 with TIM-3 interaction
leads to CD8(+) cells depletion and finally, interaction with PtdSer
enables the recognition of apoptotic cells, NF-kB signaling and IL-2
secretion
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of Bat3 expression results in impaired autoimmunity and
accelerated tumor growth. It is associated with a decrease
in the number of TH1 I TH17 cells and cytotoxic effector
cells, while it increases the number of regulatory T cells and
depletes CD8 + cells infiltrating the tumor [19, 20].

Tim-3 is a negative regulator of TLR-induced immune
responses. It has been shown that overexpression of Tim-3 in
macrophages significantly reduced TLR-induced production
of pro-inflammatory cytokines. TLR4 is an important ligand
for TIM-3, as Tim-3 negatively regulates the LPS/TLR4-
induced pro-inflammatory response by inhibiting NF-xB
activation [21]. Meanwhile, overexpression of TIM-3 on
dendritic cells in the tumor area suppresses innate immune
responses through recognition of nucleic acids by TLR
receptors and cytosolic sensors in a galectin-9-independent
mechanism [21, 22].

TIM-3 expression

The T-cell immunoglobulin and mucin domain (TIM) gene
family includes three genes in humans (TIM-1, TIM-3
and TIM-4 (T cell immunoglobulin and mucin-domain
containing-4) [23]. Human TIM-3 is located on chromo-
some 5g33.3. It includes a large number of SNPs (single
nucleotide polymorphisms), which affects the expression
and activity of TIM-3 [24]. The analyses found that certain
TIM-3 polymorphisms (—1516G/T, —574G/T, + 4259 T/G
and four haplotypes) increase cancer risk in humans [24,
25]. TIM-3 was first identified on the surface of T helper 1
(Th1) cells, and afterward on cytotoxic lymphocytes (CTLs),
monocytes, macrophages, natural killer cells (NKs) and also
dendritic cells (DCs) [26, 27]. Expression of this molecule
mainly involves IFNy-producing CD4 4T cells, CD8+T
cells, NK cells, and FoxP3 + Treg cells [28]. However, it is
also found on Th17 cells in reduced amounts than on Th1
cells [9]. TIM-3 expression on T cells depends on various
inducers. The study by Anderson et al. indicates that the
expression of this membrane protein on Thl lymphocytes
is regulated by the transcription factor T-bet, which binds
to the Tim-3 promoter [29]. T-bet is a major Th1 transcrip-
tion factor induced in inflammation by IL-12, leading to the
expression of TIM-3. However, in immunomodulatory or
exhausted states, IL-27 mediated by T-bet and NFIL3 is
responsible for increasing TIM-3 transcription [28]. Another
transcription factor is the signal transducer and activator of
transcription 3 (STAT3). IL-10 and IL-27 together may be
associated with the development of epigenetic changes at the
Havcr 2 locus [30]. IFN-b can induce TIM-3 production on
the surface of Thl cells in the absence of APCs [31]. Up-
regulation of TIM-3 expression on CD4 +T cells is mediated
by stimulation of the T cell receptor signaling pathway using

antibodies against CD3 and CD28 or by chemicals such as
forbol-micric acid (PMA) and ionophores [9].

Expression of Tim-3 at elevated levels on effector T cells
is associated with the phenomenon of T-cell exhaustion dur-
ing, e.g., viral infection, as well as negatively correlating
with the proliferation and secretion of TNF-a and IFN-y
[27]. Carcinoembryonic antigen cell adhesion molecule 1
(CEACAM1) promotes TIM-3 expression in T cells [14].
Coexpression of these two molecules results in the up-reg-
ulation of TIM-3 expression on Jurkat T cells [32]. A study
by Gautron et al. confirmed that TIM-3 expression on human
Treg cells occurs after TCR stimulation. They also proved
that TIM-3" Treg cells suppress Thl, specifically Th17 cells,
while TIM-3~ Treg cells inhibit only Th1. TIM-3" Treg cells
showed increased expression of FoxP3, lymphocyte-activa-
tion gene 3 (LAG-3), programmed death receptor-1 (PD-1),
and cytotoxic T lymphocyte antigen-4 (CTLA-4) [33].

A study by Meggyes et al. demonstrates that in preg-
nant women, cytotoxic T cells, NK cells and subsets of NK
cells with TIM-3 surface expression produce cytokines in
an altered manner, which is reflected in cytotoxicity. Gal-9
levels in peripheral blood increase as pregnancy progresses,
which has relevance to the interaction between Gal-9 and
Tim-3 and the subsequent suppressive function [34]. Wang
et al. observed that there is an increase in both the frequency
of decidual CD8+ T (dCD8+T) cells coexpressing TIM-3
and CTLA-4 in response to trophoblast, as well as cytokine
production by this subgroup of lymphocytes [35]. It can
be suggested that the pathways of these two molecules are
significant in maintaining pregnancy. The PD-1 pathway
is also important. PD-1*Tim-3*CD8* T cells show higher
expression of Th2-type cytokines than Tim-3"PD-1"CD8* T
cells. The Th2-type cytokines are involved in maternal—fetal
tolerance [36].

The regulation of TIM-3 expression on CD8+T cells also
depends on a variety of factors. It has been investigated that
IL-2, and especially IL-15, strongly induces the expression
of this receptor [37]. Lake et al. noted that TIM-3 is mainly
expressed on the plasma membrane rapidly after activation
of effector CD8 + T cells, while it is located mostly intracel-
lularly in the late stages of these cells [32]. This protein is
recruited to the immune synapse upon CD8 + T cell activa-
tion, which has a significant role in regulating the immune
response [38]. TIM-3 is also involved in differentiating
human antigen-specific CD8 T cells via the mammalian tar-
get of rapamycin complex 1 (mTORC1). Evidence for this
differentiation by activation of mTOR pathway is enhanced
levels of phosphorylated S6 protein and rhebll transcript
[39].

High surface expression of TIM-3 on resting NK cells is
increased upon activation. Gleason et al. examined that when
comparing 2 subsets of CD56P™ NK cells and CD565rie
NK cells, greater resting HAVCR2 gene expression
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characterizes the former. The expression of this receptor is
induced by recombinant human IgG1 Fc multimer, monoclo-
nal antibody (mAb) opsonized tumors or a number of inter-
leukins (ILs) such as IL-2, IL-15, IL-12 and IL-18 [40-42].
Mentioned interleukins proportionally upregulate TIM-3
mRNA expression and T-bet mRNA expression. It can be
assumed that the induction of NK and T cells is related to
the same transcription factor. It was observed that during
low concentrations of IL-12 and IL-18, the expression in
CD5651eM NK cells was markedly enhanced compared to
CD56P™ NK cells [40]. Studies indicate that NK cell func-
tion depends on the inducer of TIM-3 expression [42].

Soo-Jin Yoon et al. investigated that the induction of
TIM-3 transcription on Jurkat T cells stimulated with anti-
CD3 and anti-CD28 antibodies and in HMC-1 human mast
cells treated with TGF-f is affected by mitogen-activated
protein kinase (MAPK) activation [43]. Mast cells also
express TIM-3 in a constitutive manner, which potenti-
ates FceRI-proximal signaling, leading to activation of
these cells. The signaling pathways are largely similar to
T cells [44]. The study by Jung Sik Kim et al. shows that
TIM-3 transcript levels upregulate after TGF-p1 stimula-
tion of HMC-1 cells. In addition, they localized TIM-3 pro-
moter activity in mast cells, which includes a region from
—349 to+ 144 bp [45]. This transmembrane protein is also
expressed on unstimulated peripheral blood CD14 +mono-
cytes, however down-regulation occurs after TLR stimula-
tion. This leads to the regulation of cytokine production,
which affects the pro- and anti-inflammatory response of
the immune system [46]. TIM-3 is also a regulator of mac-
rophage function. Notably, it occurs in peritoneal exuda-
tive macrophages but has not been identified in peritoneal
resident macrophages [5]. TIM-3 function is affected by
cell type or expression level. Interestingly, CD8 + DCs have
TIM-3 expression levels three times higher than CD8-DCs
[16]. It should be emphasized that the mechanisms of regu-
lation of TIM-3 expression on immune cells are still not
thoroughly explored.

TIM-3 in neoplasms

Expression of TIM-3 in a wide range of neoplasms has
been a trending topic in recent years. The analysis of TIM-3
expression in the TCGA (The Cancer Genome Atlas, NIH,
Center for Cancer Genomics) dataset indicated broad expres-
sion profiles in different types of cancer. Recently, a grow-
ing body of evidence has shown that its differential expres-
sion in various tumor types indicates a specific prognosis
for patients [47-50]. Due to this, TIM-3 appears to have
the potential to serve as a prognostic marker and valuable
therapeutic target in solid tumors [51]. TIM-3 is currently of
great interest due to its demonstrated efficacy in a number of
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preclinical cancer models, thus, it is important to understand
its expression profile in tumors [52].

Glioma

Gliomas are the most common type of malignant brain
tumor [53]. The inflammatory microenvironment intensifies
during glioma progression and promotes tumor growth and
chemoresistance [54]. As the inflammatory microenviron-
ment and immune escape are hallmarks of glioma progres-
sion, in many tumors, these mechanisms are interrelated and
cooperate in the malignant transformation of cancer [55-57].
During glioma progression, tumor cells modulate the expres-
sion profile of immune checkpoint molecules and their
ligands [58]. TIM-3 receptor modulates microglia function
and regulates the interaction of microglia with nerve cells
[59]. Recent studies revealed that TIM-3 is a representative
immune checkpoint molecule significantly overexpressed in
gliomas [60]. It was shown that TIM-3 expression is highly
enriched in the phenotype of known malignant molecules,
mostly in glioblastoma (the most common and aggressive
type of brain tumor) and IDH-wildtype glioma [61]. Clini-
cally, high expression of TIM-3 is an independent indicator
of poor prognosis.

The activation of TIM-3 occurs primarily through its
ligand Gal-9 [12]. The binding between Tim-3 and Gal-9
promotes tumor growth and suppresses the adaptive immune
system [62]. A study by Simet al. found that the Tim-3/Gal-9
axis association with the NLRC4 inflammasome contributes
to glioma development [58]. Tim-3/Gal-9 regulation was
positively correlated with NLRC4 inflammasome, NLRC4,
and caspase-1 expression. What is more, Tim-3/Gal-9
expression was strongly positively correlated with caspase-1
activity as it induced programmed cell death in glioma
cells. A protein—protein interaction analysis proved that the
FYN-JAK1-ZNF384 pathways are bridges in regulating the
NLRC4 inflammasome by Tim-3/Gal-9 pathway. Another
study revealed that Tim-3 might be specifically upregulated
on microglia by stimulation of adenosine 50-triphosphate
disodium salt (ATP), which is released from damaged neural
cells or lipopolysaccharide (LPS)—the bacterial endotoxin
[63]. These data suggest that the level of Tim-3 expression
on microglia is altered by pathological factors, confirming
that Tim-3 plays an important role in response to environ-
mental factors. The same study showed that Tim-3 stimula-
tion triggers microglia into an anti-inflammatory state. Anti-
body-mediated activation of TIM-3 increases the expression
of TGF-B, TNF-a, and IL-1f in microglia. Furthermore,
upregulation of Tim-3 may increase the interaction between
Tim-3 and Gal-9 and activate the Toll-like receptor 4 (TLR-
4) pathway [64].

In glioblastoma, which shares signaling pathways
between glioma and immune cells, TIM-3 is one of tumor
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and non-tumor cells' most common co-inhibitory immune
checkpoints [64]. Glioma cell-intrinsic TIM-3 is involved
in inducing macrophage migration and transition to anti-
inflammatory/pro-tumorigenic phenotype by a TIM-3/
interleukin 6 (IL6) signal. In mechanism, as one of the key
regulators of IL6, TIM-3 regulates its expression through
NF-«B activation. An in vivo study by Guo et al. proved that
inhibiting this loop by antibodies prolonged the survival of
tumor-bearing mice [65]. In a similar study in glioblastoma
models, the blockade of Gal-9/Tim-3 signaling inhibited
M2 macrophage polarization and suppressed tumor growth
[66]. In advanced solid tumors, it is widely thought that
macrophages polarized toward the M2-like phenotype are
associated with tumor progression and suppression of tumor-
specific immunity [67]. Thus, targeting TIM-3 may provide
a new therapeutic opportunity for glioblastoma. Taken
together, these data support the hypothesis that modulation
of TIM-3 signaling may have therapeutic value in treating
a range of clinical disorders, from autoimmunity to cancer.

Thyroid cancer

TIM-3 and its ligand galectin-9 expression differ in thyroid
cancer than in normal thyroid tissues [68]. The expression
profile varies significantly in different pathological stages. In
papillary thyroid carcinoma (PTC), which is the most com-
mon form of well-differentiated thyroid cancer, most check-
point molecules, including LAG-3, PD-1, ICOS, and IDO1,
are significantly reduced compared to TIM-3, whose expres-
sion is significantly enriched [69]. In lymph node metastasis,
overexpression of TIM-3 is associated with the coexpression
of PD-L2, TIGIT, ICOS, PD-L1, and CD27 checkpoints. In
samples with the BRAFV600E mutation, TIM-3 is over-
expressed, as well as both PD-L2, TIGIT, ICOS, PD-LI,
and LAG3, while CD27 is only repressed. Merely in radi-
ation-induced PTC, TIM-3, and CD27 are downregulated
compared to non-radiation-treated ECR. It was shown that
in patients with regionally metastatic differentiated thyroid
cancer, PD-1+Tim-3 4+ CD8 + T cells are variably deficient
in their ability to produce IL2, TNFa, and IFNy [70]. Moreo-
ver, even though PD-14Tim-34+CD8+T cells can degranu-
late, their cytotoxic potential may be reduced.

In medullary thyroid carcinomas, expression of TIM-3,
CTLA-4, and coexpression of PD-1/PD-L1 are related to
poorer structural recurrence-free survival [71]. In thyroid
tumors, a significant effect was observed on tumor-associ-
ated macrophages (TAM), where induction of their activa-
tion toward a pro-cancer phenotype was observed along with
elevation of the checkpoint marker TIM-3 [72]. It was con-
firmed that TIM-3 induces tumor-promoting M2-like mac-
rophage polarization [70]. Interestingly, experiments using
TIM-3-blocking antibodies partly reversed these effects,
suggesting a role for this receptor in the activation and

pro-tumorigenic effects of TAMs in thyroid cancer in vitro
[72]. In the study by Pani et al., analysis performed within
the thyroidal immune infiltrate revealed that anti-TIM-3
treatment was associated with a significant change in the
expression of 9167 genes compared to animals treated with
isotype control [73]. Another study showed that PD-1 and
Tim-3 blocking could effectively enhance the NK function
in ATC patients. Interestingly, PD-1 and Tim-3 blockade
was effective at reinvigorating both the more impaired NK
cells (CD56hiCD16hi/lo) and the less impaired NK cells
(CD5610CD16hi) [74].

Lung cancer

In patients with lung cancer, TIM-3 is characterized by a
relatively high positive expression rate on both CD4(+)
and CD8(+) TILs from human lung cancer tissues [75, 76].
Significantly, TIM-3 expression on CD4 + T cells correlates
with nodal metastasis and advanced cancer stage [76]. Thus,
patients with TIM-3-positive tumor cells present a signifi-
cantly shorter survival time than patients with TIM-3-neg-
ative tumors [77]. TIM-3 expression in non-small cell lung
cancers (NSCLC) tumor cells is related to the histologic type
and pathologic T classification of the disease [50]. Some
studies have shown that TIM-3 is detected on tumor cells in
86.7% of patients with primary NSCLC [50]. The expres-
sion profile of inhibitory coreceptors on tumor-infiltrating
T cells from patients with NSCLC shows a clear correlation
between PD-1, Tim-3, CTLA-4, LAG-3, and BTLA expres-
sion on intratumoral CD8(+) T cells [78, 79]. The correla-
tion between increased expression of these inhibitory core-
ceptors is associated with the progressively impaired ability
of T cells to respond to polyclonal activation and disease
progression [80]. Interestingly, in EGFR-mutant adenocar-
cinomas, expression of TIM-3, PD-1, and LAG-3 is lower
and shows limited association with tumor mutational burden
[80]. TIM-3 is overexpressed in NK cells and macrophages,
while PD-1 and LAG-3 are mainly localized on T/NKT cells.
Co-expression of PD-1, LAG-3, and TIM-3 has been linked
to marked T-cell activation (CD69/CD137), effector function
(Granzyme-B), and proliferation (Ki-67), but also enhanced
levels of proapoptotic markers (FAS/BIM). A recent study
revealed that PD-1 interacts with Gal-9 and TIM-3 to atten-
uate Gal-9/TIM-3-induced apoptosis of PD-1+TIM-3+T
cells in cancers and demonstrates that Gal-9 is upregulated
by the inflammatory cytokines IFNP and y [81]. The potent
inhibition of human Gal-9 by neutralizing antibodies may
open new avenues for lung cancer immunotherapy [81-83].

Colorectal cancer

Colorectal carcinoma is a malignant neoplasm that is closely
related to inflammation [84]. Immune dysfunction with
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T-cell exhaustion has been postulated as the main cause,
where CD4 + and CD8 + T-cells residing in tumor tissues
express TIM-3 and PD-1 on their surface [85, 86]. As
CD8+T cells migrate to tumor sites to eliminate tumor cells
[87], an increase in the number of tumor-infiltrating CD8+T
cells in the tumor microenvironment correlates with bet-
ter clinical outcomes in human cancers [88-91]. Tumor-
infiltrating CD8 + T cells express co-inhibitory molecules
such as TIM-3. In colorectal cancer, a key role in immune
regulation is played by both TIM-3 and its three ligands—
galectin 9 (Gal9), HMGB1, and CEACAM1 [92]. Since an
increase in the number of tumor-infiltrating CD8 + T cells
improves the clinical outcome of human colorectal cancer,
the removal of tumor-infiltrating T cells with apoptosis may
cause immune dysfunction [93-95]. Kang et al. have shown
that the percentage of TIM-3 +cells in tumor-resident tis-
sues is significantly higher compared to CD8 + T cells from
peripheral blood in the same patients [96]. When compared
to the TIM-3- population, TIM-3 + CD8 + T cells secrete
more effector cytokines such as IIFN-y, TNF-a, and IL-2.
The number of apoptotic cells is elevated in CD8+ T cells
infiltrating the tumor compared to TIM-3 + cells in the
spleen. Tumor cells secrete Gal-9, which, in interaction
with TIM-3 on infiltrating CD8 + T cells, induces apoptosis
in functionally active, tumor-infiltrating TIM-3+CD8+T
cells.

Tim-3 expression levels affect tumor size, tumor node
metastasis staging, and distant metastasis [47]. Moreover,
TIM-3 is co-expressed and forms a heterodimer with its
ligand CEACAMI1 [97]. The presence of CEACAMI1 con-
fers an inhibitory function to TIM-3. CEACAMI promotes
the expression of TIM-3 on the cell surface and matura-
tion, thus T cells lacking CEACAMI1 are hyperactive, with
reduced expression of TIM-3 and regulatory cytokines on
the cell surface. It was shown that coexpression is correlated
with advanced stage and could be an independent risk fac-
tor for colorectal cancer [98]. Importantly, in vivo studies
revealed that co-blockade of CEACAMI1 and TIM-3 leads
to enhanced anti-tumor immune responses with improved
elimination of colon cancer tumors [97].

Head and neck cancer

Head and neck cancer (HNC) is a heterogeneous group of
malignancies. HNC often occurs in the upper neck, such as
the tongue, pharynx, nasopharynx and lip. The most com-
mon histological subtype is referred to as head and neck
squamous cell carcinoma (HNSCC), which is mainly associ-
ated with tobacco and alcohol consumption [99].

In HNSCC, TIM-3 expression has been observed in
inflammatory cells, especially CD8+ T cells and MDSCs
[100]. This expression is elevated compared to normal
mucosa and dysplasia. Enhanced expression of TIM-3 is
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closely related to tumor size, and recurrence, lymph node
metastasis and stage. In contrast, there is no association with
gender, age, tumor location, degree of tumor differentiation,
or history of smoking or alcohol consumption [101]. Both
the expression of TIM-3 and its ligand Gal-9 are upregulated
not only on tumor cells but also on immune cells such as
Tregs and M2 macrophages in the tumor stroma [102]. When
TIM-3 is coexpressed with CEACAMI1 or PD-1, T-cell
depletion is observable [103]. T cells lacking CEACAMI are
hyperinflammatory with reduced expression of cell surface
TIM-3 and regulatory cytokines, but this effect is reversed
when T cells specifically express CEACAMI1 [97]. Thus,
TIM-3 and CEACAMI form an axis that can inhibit immune
responses and thereby reduce their anti-tumor immunity.
Correlated PD-1 and TIM-3 antigens reflect the immune
status of CD8+ T cells in the tumor microenvironment. A
study by Jie et al. showed that during cetuximab therapy, an
increased population of CD8 + TILs co-occurred with gran-
zyme B/perforin and PD-1/TIM-3, suggesting a regulatory
role for these checkpoint receptors in promoting cytolytic
activity [104].

In vivo studies using anti-TIM-3 monoclonal antibodies
have shown that it is possible to effectively inhibit tumor
growth by restoring effector T cell function and reducing
the recruitment of myeloid-derived suppressor cells to tumor
microenvironment in a CXCL1-dependent manner [105].
A study in mouse orthotopic models of HNSCC showed
that Anti-TIM-3 treatment concomitantly with anti-PD-L1
and radiotherapy led to a significant delay in tumor growth,
increased T-cell cytotoxicity, reduced Tregs, and improved
survival [106]. However, this effect was not permanent. The
solution was found to be targeted Treg depletion, which
restored anti-tumor immunity in mice treated with RT and
dual immune checkpoint blockade and induced tumor rejec-
tion and induction of immune memory. Interestingly, the
same study also showed that in tumors treated with radio-
therapy and anti-PD-L1 triggered overexpression of TIM-3
on CD8 T cells and Tregs.

Gastric cancer

In gastric cancer, TIM-3 expression is positively correlated
with a worse prognosis [48, 107]. Interestingly, TIM-3
expression is significantly lower in the tumor mucosa than
in the mucosa of controls [107, 108]. However, it increases
markedly in patients with lymphovascular invasion. It was
noted that the expression profile significantly impacts patient
survival—high Gal-9 expression and low Tim-3 expression
were particularly associated with longer overall survival.
However, a study by Wang et al. demonstrated that a high
level of Gal-9 was negatively correlated with poor prognosis
[48]. The role of Gal-9 is therefore controversial, and the
discrepancy may be due to its different functions in different
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immune states of patients [109]. Since the function and
tumorogenic role of gal-9 in gastric cancer remains poorly
understood, it is TIM-3 that is thought to be a relatively
promising biomarker and therapeutic target.

Tim-3 plays an important role in the development and
progression of gastric cancer, while its level of expression
on CD4 +T cells influences clinicopathological parameters
such as tumor size, lymph node metastasis, and depth of
tumor invasion [108]. CD8 + T cells positive for both Tim-3
and for PD-1 produce significantly less IFN-y, TNF-a, IL-2,
and the increased number of these cells is closely associ-
ated with impaired CD8 4T cell function in gastric cancer
patients [110]. In contrast, CD8 + T-cell dysfunction is asso-
ciated with impaired response to chemotherapies and worse
disease-free survival [111]. The study by Chen et al. found
that subgroups of tumor-infiltrating TIM-3 + cells predicted
poorer therapeutic responsiveness to fluorouracil-based adju-
vant chemotherapy [112]. Tim-3 expression by monocytes/
macrophages may also be an important mechanism in gastric
cancer progression, as Gal-9/Tim-3 signaling can signifi-
cantly stimulate monocytes to secrete IL-6, IL-8, and IL-10,
the expression of which in the tumor microenvironment is
strongly associated with poor treatment outcome [113, 114].
Clinical analyses have shown that NK cells obtained from
gastric cancer patients also exhibit significantly higher lev-
els of TIM-3 than healthy control cells, which is associated
with the advanced tumor stage [115]. In studies conducted
in a tumor-bearing mouse model, Tim-3 levels in NK cells
increased with tumor growth, indicating that tumor progres-
sion can induce Tim-3 expression in NK cells [115].

Liver cancer

In liver cancer, TIM-3 is an independent indicator of poor
prognosis and may play an essential role in the progression,
invasion, and metastasis [116]. Elevated TIM-3 expression
occurs substantially on CD4 +and CD8 + T cells infiltrat-
ing tumor tissues compared to cells infiltrating adjacent
tissues [117]. It was shown that hepatocyte-specific Tim-3
overexpression enhances tumor cell growth through IL-6
autosecretion, and it increases the metastasis-forming abil-
ity of HCC cells by promoting the epithelial-mesenchymal
transition [118]. Furthermore, this expression is also induced
on immune cells as a result of chronic stimulation and the
cytokine environment (IL-4, TGF-f, and IL-6) in the tumor
microenvironment [118]. Expression levels of TIM-3 are
dependent on disease severity and positively correlated with
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), total bilirubin (TB), and international normalized
ratio (INR) [13]. T cells expressing TIM-3 are highly cou-
pled to PD-1 and exhibit the lowest levels of granzyme B,
IFN-y, and TNF-a, implicating a suppressive role for these
immune checkpoints in liver cancer [119].

The cause of most cases of cirrhosis and primary liver
cancer is hepatitis B (HBV) infections, which are responsi-
ble for immune system dysfunction [120]. In patients with
HBY, there is increased expression of Tim-3 on circulat-
ing monocytes, which activates the inflammatory response
through the promotion of inflammatory cytokine production
and Th17 responses [121]. In addition, patients with chronic
HBYV infection have been observed to have elevated Tim-3
expression in many other immune cell types, such as cyto-
toxic T cells, T helper cells, dendritic cells, macrophages,
and natural killer cells [1]. Since increased Tim-3 expres-
sion inhibits the antiviral immune response, Tim-3 may be
a potential target to control infection in HBV patients [122].
Indeed, recent studies have shown that blocking Tim-3
signaling with anti-Tim-3 antibodies results in markedly
improved proliferation and release of antiviral cytokines by
CD8+T cells in response to HBV-specific antigenic peptides
[123]. Another study proved that Tim-3 blockade promotes
a-Galcer-induced inhibition of HBV replication by invariant
NKT cells [124]. Dual blockade of Tim-3 plus PD-1 also
has shown positive results in that they enable inhibition of
hepatocellular carcinoma cell growth into senescence, sug-
gesting that their modulation may be a rational target for new
immunotherapeutic approaches [125].

Pancreatic cancer

Tim-3 expression in pancreatic cancer tissues has been
observed to be substantially higher compared to peri-pan-
creatic and normal tissues. In contrast, no statistically sig-
nificant difference was observed between Tim-3 expression
in peri-pancreatic and normal tissues [126]. It was demon-
strated that the amount of Tim-3 expression in pancreatic
cancer is influenced by smoking, fasting, blood glucose lev-
els, tumor size, and TNM stage. Features that did not affect
changes in expression appeared to be gender, age, tumor
location, pathologic type, or degree of tumor differentiation.

Interestingly, the study by Nakayama et al. found that
TIM-3 had no statistical association with patient survival
[127]. The investigation showed that the ratio of PD-1
expression to CD8 +T cells was more significant in prog-
nosis. Accordingly, no correlation was observed between the
Tim-3/Galectin-9 and CD155/TIGIT pathways and patient
prognosis. However, a study by Bai et al. showed that after
blocking PD-1 and TIM-3, CD8 + T-cell functions improved,
thereby increasing disease-free survival in pancreatic can-
cer patients after tumor resection. This study identified that
CD8+ CXCRS5+T cells were a potent subset of CD8§+T
cells that were highly enriched in pancreatic cancer patients
and could respond to anti-PD-1/anti-TIM-3 blockade by fur-
ther regulating function [128]. To date, there are still few
studies involving TIM-3 expression in pancreatic cancers,
making the topic controversial. The mechanisms involved in
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the TIM-3-mediated immune response have not been fully
explored.

Breast cancer

Since the currently available immune checkpoint inhibitors
seem to benefit only a small number of women with breast
cancer, the great hope is TIM-3, which is a new target for
immunotherapy [129]. Interestingly, contrary to previously
discussed cancers, the presence of TIM-3 on TILs in breast
cancer is an independent favorable prognostic factor [130,
131]. Unfortunately, the mechanism underlying this effect
is not yet known.

In early breast tumors, TIM-3 expression is correlated
with improved breast cancer-specific survival [130]. These
findings were also supported in a study on triple-negative
breast cancer, where TIM-3 was associated with improved
durability, despite its association with poor clinical and path-
ologic features [132]. In invasive ductal breast cancer (IDC),
the observations were similar in the fact that TIM-3 +/
CD8+T cells were correlated with lymph node metasta-
sis, histologic grade [133]. TIM-3 expression is found in
all infiltrating cells present in breast cancer and correlates
with other immune checkpoint inhibitors such as LAG-3,
CTLA-4, and PD-1, which may underscore the importance
of their interaction in the microenvironment [131, 134]. It
was shown that TIM-3 exhibits strong overexpression on
CD8+T cells, T cells (general), B cells, monocytes, and
TAM. In tumors with TIM-3 overexpression correlated with
CTLA-4 and LAG-3, high levels of infiltrating NK cells and
DCs were observed, indicating the regulatory capacity of
immune checkpoints in the infiltration of these cells.

In vitro study conducted by Saleh et al. revealed that
PD-1 and PD-L1 co-blockade additionally elevates TIM-3
and LAG-3 coexpression on CD4 + CD25 + T cells, includ-
ing Tregs [135]. However, patients with high levels of TIM-3
treated with adjuvant chemotherapy had more favorable sur-
vival than those whose expression was lower [131]. TIM-3
expression by intratumoral CD103 4 dendric cells has been
proven to regulate chemokine expression during paclitaxel
treatment, and by administering an anti-TIM-3 antibody, it
is possible to increase granzyme B expression by CD8+T
cells and effectuate the immune response to chemotherapy
[136]. I another study, it was shown that patients in advanced
TNBC with elevated plasma Tim-3 or CTLA-4 expression
responded more to treatment with camrelizumab (an anti-
PD-1 immune checkpoint inhibitor) with lapatinib (a vas-
cular endothelial growth factor receptor-2 inhibitor) [137].
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Renal cancer

Analysis using the TCGA database pointed to a higher
frequency of TIM-3 gene amplification in Renal cell car-
cinoma (RCC) compared to other cancer types. The reason
may be that the TIM-3 gene is located on chromosome
5q, which undergoes frequent amplification in RCC [138].
RCC is a heterogeneous tumor in which immune check-
points are differentially expressed between primary and
metastatic tumors [139]. Multivariate analysis showed that
TIM-3 expression in metastases is significantly higher than
in primary tumors and may be more indicative of patients'
prognosis. Therefore, Zhang et al. suggest that more atten-
tion should be given to evaluating metastatic sites in clini-
cal practice and research to improve the efficacy of mRCC
immunotherapy [140]. High TIM-3 expression is a factor
directly associated with poor prognosis in ccRCC, affect-
ing cancer-specific survival as well as progression-free
survival [141]. Furthermore, TIM-3 undergoes differen-
tial expression between sunitinib-resistant and sensitive
groups and is associated with the benefit of sunitinib
treatment in patients with metastatic renal cell carcinoma
[142]. In patients with upregulated Tim-3 expression, a
higher frequency of IL-10-producing tumor-infiltrating B
cells is widespread [143]. Besides, the tumor-infiltrating
B-cell supernatant has been proven to suppress the inflam-
mation of autologous blood T cells, indicating the exist-
ence of immunosuppressive activity of tumor-infiltrating
B cells. Elevated Tim-3 levels on both TIL CD4 +T cells
and TIL CD8 + T cells are associated with higher stages
of cancer [144]. Further, analysis of the mechanism of
CD8 + TIL Tim-3 cells showed impairment of the Stat5
and p38 signaling pathways. Blocking the Tim-3 pathway
restores cell proliferation and increases IFN-y production
in TIL CD4 4+ and CD8 + T RCC cells.

Recent studies have shown that disrupting Tim-3
expression in clear cell renal cell carcinoma can reduce
cancer invasion by enhancing anoikis (a form of pro-
grammed cell death), identifying Tim-3 as a potential
therapeutic target [145]. In vivo, suppression of RCC
tumor growth was observed by anti-TIM-3 mAb treat-
ment. Further, in the group receiving additive monocytes,
the treatment reduced the infiltration of M2 macrophages
expressing CD163, suggesting that TIM-3 may promote
the differentiation of protumor myeloid cells in the tumor
microenvironment [146].

Kato et al., in their study, presented that TIM-3 expres-
sion on cancer cells could be a potential predictor of
the efficacy of anti-PD-1 therapy [147]. However, they
emphasize that TIM-3 alone may not be sufficient to pre-
dict efficacy, but simultaneous evaluation of both TIM-3
and its ligand, HMGB1, may be sufficient. This is because
HMGBI1 is a necrosis-associated ligand, and HMGB1
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release from the nucleus was only found in the area of
tumor necrosis after anti-PD-1 therapy.

Melanoma

Tim-3 expression is elevated on the surface of NK cells,
monocytes, and mDCs in melanoma patients and healthy
donors [148]. Importantly, there is no significant differ-
ence in the Tim-3 expression profile across these cells
between healthy donors and melanoma patients. A study by
Fourcade et al. found that Tim-3 expression is elevated on
tumor-induced NY-ESO-1-specific CD8 + T cells of patients
with advanced-stage melanoma [148]. Moreover, the vast
majority of Tim-3+CD8+ T cells specific for NY-ESO-1,
upregulate PD-1 expression, and the Tim-3 +PD-1+NY-
ESO-1-specific CD8 + T cell subtype represents a highly
dysfunctional tumor-induced T cell population.

In the surrounding melanoma mast cells, expressions of
GAL-9 and TIM-3 are highly elevated [149]. Interestingly, it
was shown that in the tumor environment, mast cells express
GAL-9 at levels about 1000 times higher than melanoma
cells. This dependence may result in reduced adhesion prop-
erties of tumor cells. Also, it has been proven that upregu-
lation of TIM-3 by TGF-fI can inhibit the local immune
response against tumor cells. In endothelial cells, Tim-3 may
be expressed after stimulation with its ligand TLR4, which is
released by cancer cells [150, 151]. The interaction of Tim-3
expressed by endothelial cells with the non-galectin-9 recep-
tor on melanoma cells activates a distinct signaling pathway.
This results in activation of NF-xB, which promotes cell pro-
liferation and increases resistance to apoptosis through the
upregulation of Bcl-2 and Bel-xL and the downregulation of
Bax proteins. These interactions' effects include increased
survival of melanoma cells in the bloodstream, arrested in
the lungs, and more metastatic nodules.

The study by Silva et al. demonstrated that NK cells
from patients with metastatic melanoma were functionally
impaired, and TIM-3 expression correlated with disease
stage and poor prognostic clinical outcomes [152]. Tim-3
blockade reversed this depleted phenotype and improved
their cytotoxicity. Combination therapy with Anti-Gal-9
did not have the same effect, suggesting other natural Tim-3
ligands may be involved. In an in vivo study, Ab-mediated
blockade of Tim-3 inhibited the growth of immunogenic
mouse melanomas in hosts with T-competent cells [153].
However, administration of Tim-3 Ab in T-cell-deficient
mice induced tumorigenesis of highly and less immuno-
genic mouse and human melanomas. Thus, it was noted
that melanoma-Tim-3 activation inhibited, while its block-
ade increased, the phosphorylation of proliferative mediators
of MAPK signaling. Importantly, pharmacological inhibi-
tion of MAPK allowed Tim-3 Ab-induced tumorigenesis to
be reversed in T-cell-deficient mice, enhancing anti-tumor

activity. These results demonstrate that targeting MAPKSs
may be a key combination strategy to circumvent the adverse
implications of melanoma treatment.

Anti-TIM-3 antibody-based therapies

Dysregulated Tim-3 expression is associated with immune
exhaustion in cancer and viral infections. The mechanism
by which Tim-3 mediates inhibitory signaling remains
unclear, and several mechanisms are suggested that Tim-3
may promote tumor progression, including facilitating tumor
cell migration and invasion, activation of the IL-6-STAT3
pathway leading to direct suppression of CD4 +T cells to
inhibit Th1 polarization or activation of mTOR function in
AML cells. TIM-3 can regulate both the innate and adaptive
immune response due to its inhibitory function of Treg and
the function of myeloid-derived suppressor cells, contribut-
ing to the improvement of the immune response. Blocking
Tim3 with mAb increases T-cell proliferation and immune
function [154].

A newly developed Tim-3 antibody with therapeutic
potential against Tim-3-associated immune disorders was
studied by investigating its effects on PBMCs, T cells, and
monocytes/macrophages. The new monoclonal antibody
(L3G) against human Tim-3 increases STAT1 phospho-
rylation in both T cells and monocytes/macrophages and
enhances IL-2 and type I interferon expression; in addition,
L3G inhibited HIN1 viral infection in immune cells, as
shown by Ge Li et al. [155].

The study by Koyama et al. observed, in a mouse model
of lung adenocarcinoma, an upregulation of alternative
immune checkpoints, particularly TIM-3, in T cells bound
to the PD-1 antibody and demonstrated a survival advan-
tage when a TIM-3 blocking antibody was added after PD-1
blockade failed. These data suggest that the upregulation of
TIM-3 and other immune checkpoints may be target bio-
markers associated with adaptive resistance to PD-1 block-
ade [156].

However, monoclonal therapy has no spectacular thera-
peutic effect and mechanism, as confirmed in the testing
of anti-mouse mAb TIM-3 activity against experimental
and carcinogen-induced tumors. However, comparative and
combination studies of anti-TIM-3 with anti-CTLA-4 and
anti-PD-1 against experimental and induced tumorigen-
esis suggested that these agents could be well tolerated and
highly effective in combination [157]. Therefore, blockade
of co-inhibitory receptors has emerged as an effective treat-
ment option for many human cancers. Monoclonal TIM-3
antibodies in clinical trials inhibit only some, but not all,
ligands. We can distinguish PD-1, CTLA-4, TIM-3, LAG-
3, and TIGIT as Co-inhibitory receptors by their important
role in activated T cells, regulatory T cells, and exhausted T
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cells. These receptors suppress T cell function in the tumor
microenvironment, causing T cell dysfunction [158].

As mentioned, the increased production of Galectin-9
(Gal9) molecules induces the binding of Tim-3 molecules
expressed on Tim-3 expressing effector CD8 +T cells in the
tumor microenvironment, which lead to apoptosis of effec-
tor T cells. This results in the ligation of PDL1 with PD1
(programmed cell death protein 1) and galectin9 with Tim-3
molecules, causing suppression of anti-tumor immunity due
to the downregulation of T-cell function, essentially creating
a negative feedback loop. Monotherapy produces a partial
response, while combined therapy with anti-PD-1 and Tim-3
may effectively achieve a complete response [159]. Ongoing
clinical trials have already confirmed the safety and efficacy
of combination therapy. The Curigliano study enrolled 133
patients treated with sabatolimab and 86 patients on sabato-
mimab in combination with spartalizumab [160]. Sabatoli-
mab is mAb that binds TIM-3 with subnanomolar affinity,
blocks interaction with its ligand, phosphatidylserine, and
partially blocks the interaction of TIM-3 with Galectin-9 and
Spartalizumab blocks interaction with programmed death-
ligand 1/2 by binding PD-1 with subnanomolar activity. The
results supported that dual blockade of TIM-3 and PD-1 is
more effective than targeting each of these pathways sepa-
rately, as no response was observed in patients receiving a
single sabatolimab.

In preclinical studies in mice with solid tumors,
CD8 + TILs co-expressing TIM-3 and PD-1 show a profound
defect in T cell effector function. The combined targeting of
these pathways was shown to be highly effective in control-
ling tumor growth and restoring IFN production by T cells
[129, 161].

Bispecific Abs, which can simultaneously target two
oncogenic antigens or epitopes, show promising efficacy.
They are mainly divided into two subtypes—the first
includes those with an Fc region, while the second lacks an
Fc region. In the first category, the IgG-like antibody, with
Fc-mediated effector functions, binds the tumour antigen,
forming a membrane attack complex, resulting in tumour
lysis. The second alters biological responses and may trig-
ger apoptosis by inducing this effect solely on the binding of
Ab to the tumor antigen [129]. The successfully developed
bispecific antibodies BP1210 and BP1212 against TIM-3
and CD39, negative regulators of anti-tumor immunity, over-
come immunosuppression in the tumor microenvironment.
Expression of TIM-3 and CD39 is simultaneously induced in
deprived T cells and DCs and inhibits the antitumor activity
of T cells and DCs. Anti-tumor immunity is synergistically
enhanced by inhibiting CD39 in combination with TIM-3
blockade [162].

Furthermore, in the research of Jing Chen et al. effect
of dual immune checkpoint blockade and its potential in
targeted cancer immunotherapy is based on the recombinant
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sP1T3 fusion protein. With PD-1 and TIM-3 ligands pre-
sented on the cancer cell surface, a recombinant fusion pro-
tein is connected and successfully constructed that can bind
to both. Designated as sP1T3, indicates specific binding to
these ligand-expressing cancer cells, which is confirmed by
comparison with negative control using cell lysate without
sP1T3 [163]. Figure 2 shows a graphical representation
highlighting the TIM-3-associated pathway of immunosup-
pressive signaling.

Experimental medicine involving TIM-3—
clinical trials

A number of clinical trials regarding anti-TIM-3 antibod-
ies have been conducted up to date. Therapies consist of
monoclonal antibodies both in monotherapy and combina-
tion treatment and bispecific, the majority of which are anti-
TIM-3/anti-PD-1 antibodies. According to clinicaltrials.gov,
there are currently 110 study trials for TIM-3-related drugs.

Anti-TIM-3 monoclonal antibodies

The majority of assessed treatments are combination thera-
pies of monoclonal anti-TIM-3 antibodies with anti-LAG-3
and anti-PD-1 antibodies. Studies show that targeting TIM-3
and PD-1 simultaneously is more effective than targeting
either pathway alone. The synergistic effect of the PD-1/
TIM-3 coblockade was found in preclinical cancer models
[52]. Sabatolimab (MBG453) is a monoclonal, T-cell immu-
noglobulin domain and mucin domain-3 (TIM-3) binding
antibody. Phase I/II clinical trial assessing the safety and
effectiveness of sabatolimab as single-agent and in com-
bination with spartalizumab (anti-PD-1 mAb) in patients
with advanced solid tumors. Therapy was well tolerated.
Furthermore, sabatolimab monotherapy was not effective,
while patients receiving combination treatment showed
preliminary signs of antitumor activity [164]. Furthermore,
anti-TIM-3 antibodies, including MBG453, combined with
other checkpoint inhibitors, can be a promising path in leu-
kemia immunotherapy [165]. The examples of clinical trials
involving anti-TIM-3 monoclonal antibodies in monotherapy
and combined therapy are shown in Table 1.

Anti-TIM-3 bispecifics

Majority of study trials regarding anti-TIM-3 bispecific
focus on monotherapy. Bispecific antibodies share targets
with monoclonal antibody combination therapies but differ
in working mechanism. One antibody can bind two anti-
gens and increase antitumor effectiveness [129]. LY3415244
is an anti-TIM-3/anti-PD-L1 bispecific antibody. Phase
I study of the mentioned antibody revealed unexpected
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immunogenicity, which led to early study termination.
Immunogenicity risk can be related to the presence of antid-
rug antibodies (ADA). Therefore, ADAs analysis should
become part of the novel antibodies risk assessment [181].
Several phase I clinical trials of bispecific antibodies target-
ing TIM-3 are to be conducted. The examples of clinical
trials involving anti-TIM-3 bispecific are shown in Table 2.

Anti-TIM-3 cell-based therapies

Cell-based therapies are one of the latest treatments achiev-
ing tremendous therapeutic successes, making them the
potential for treating many currently intractable diseases
through extremely potent mechanisms of action [187].
Adoptive cell therapy offers significant possibilities for
effective cancer immunotherapy. Chimeric antigen receptor
(CAR) T cells are intensively researched to overcome the
limitations in anti-tumor treatment, especially solid tumors.

In the study by He et al., bispecific for CD13 and TIM-3
CAR T cells (BissCAR T cells) were prepared using nan-
obodies obtained with the Sequentially Tumor-Selected
Antibody and Antigen Retrieval (STAR) system [188].

The purpose of the developed cells was to eliminate acute
myeloid leukemia (AML), which is characterized by the
increased expression of CD13 and TIM-3. BissCAR T
cells successfully killed CD13 4+ TIM-3 + AML stem cells
with reduced toxicity in vitro and in vivo. The authors
suspect that CD19 and TIM-3 BissCAR T are sufficient
to eliminate AML, which also minimizes the sacrifice of
the tissue with only CD13 expression. However, it was
proven that TIM-3 CAR T failed to eradicate NB4-TIM-3
cells CD13 + TIM-3 + (AML stem cells model) in vivo.
Research carried out by Jafarzadeh et al. proved that
TIM-3 knockdown significantly increased the effective-
ness of CAR T cell therapy [189]. The study investigated
fully human second-generation anti-mesothelin CAR T
cells, encoded short hairpin RNA (shRNA) sequences
anti-TIM-3. Increased cytotoxicity and cytokine pro-
duction (IFN-y, TNF-a, and IL-2) during tested CAR T
therapy were observed in ovarian and cervical cancer cell
lines in vitro. The stable knockdown of TIM-3 reduced
its expression, thus minimizing the negative impact on
the progress in therapy. Therefore, the anti-tumor effec-
tiveness of anti-mesothelin CAR T cells was considerably

@ Springer



Cancer Immunology, Immunotherapy (2023) 72:3405-3425

3416

sIown) PIjos jueuSiew paouLApe

s syuaned ur uonosfur (17-Ad-DUV) 0S#CdOL uonoafur 0sHzaOL 1'1-ad (L1l
I PAUIqUIOd uonod(ur (¢-NII-DUY) 8197dOL  pue uonoafur §19zg0L 51 ¢ INIL Jowrn} pIjos paSueApY Sunmuay LTl STESYISOLON
(1-ad-nuv) Z1000VOIN
-DNI + (E-INIL-PUY) 06ECONDOVINI +(€-OV'T
-NUY) G8EZONDVINI PUe (€-INLL-IUY) ZI000VOIANDNI :8niq
06ECONDVOINI + (€-OVT-0UV) S8ETONDVONI :s5n1p 06ECONDVONI :3nIq €DOVI [¥L1]
Apws jo suoneurquiod urmor[o oy Jo Apms | aseyd sy, S8ECONOVONI 801  [-AdE-INIL RWOUB[IA Sunmiooy 9%1  $0LOLEYOLON
sjowmn)
prjos A1ojoe1jar/pasdefal paourape yiim sjuedronted ur
(1T7-dd-"uv) ¥S000EE AT WiM UORUIQUIOD UL 10 SUO[® $S000€EXT 301 1'1-dad [eLT]
pardISIUTWpE (g-NLL-DUY) L9ETTEEXT JO Aprus [ oseyd L9ETTEEAT Bn1q ¢-NIL Iowm) prjog  SUNINIOAI 10U “OANOY SLT 601660€0LON
100ued JoAI] Arewirid
I0JUBD IOAI] JNJBISEIOW J[Npe 9[qeIOISAIUN PIZI[BIO]
10 pasueApe A[Teoo] i sjuanjed Sunean ur (Apoqnue I90UBd
Surpuiq [-(d ‘qeWIIeISop) 70-YSL Pue (Apoqnue [-ad ToAT[ Arewtid yinpe paoueApy [zL1l
SuIpuIq ¢-JNIL ‘QEWII0qod) Z0-JSL JO UoneuIquo)  ZHO-YSL PUt ¢Z0-YSL :Snid €-INIL 1ooued 1oA1] Arewrtid ynpy Sunmoy < 80S089€0LON
(uoneuIquod) 7z0-YSL pue
ewoue[ow J[qerado (2#0-4S.L) qewrprelso :3niq
s syuaned ur (720-YSL / TH0-YSL) UONBUIqUIOd (A[3urs) 1-ad (re1l
€-INIL-DUE/[-(d-DUE 10 (THO-YSL) I0NqIyul [-[d-0uy  (T0-YSL) qewrreisoq :n1q  [-IdE-NIL AI PUE [[] 95e1S BWOUB[IN Sunmay 9¢  T066£TY0LON
BWOUTOIRD [0 snowrenbs [ea3
-eydoso m pue sewourdIed joen Arerfiq yim sjuened  9pLIO[Yo0IpAH uedoULI :3nI
U1 UBdRIOULIL + ¢ZOWAS + [ZOWAS “(€-NLL-DUY) €TowAg 3nig
£TOWAS pue [ZQWAS (€-DVT-DUY) TTOWAS pue TeowAg :8niq €-OV'T ourmn prjos loL1]
(1-4d-nuy) [ZOWAS :SUONEUIqUIOd ¢ Jo Aprus [ aseyd [Z0wWAS :Sniq  [-AdE-NLL 100UED JNEISLION  SUDINIOAT 0U ‘DAY 8% 1L81+970LON
SOON PUe PedH 9Y) JO BwIoUIdIe))
112D snowrenbg oneIseIN ALY (] < SJD) 2ANI 0qgaoelq :3niq
-S0d-T"T-Ad UMM siuedionred ur jJuounear], our-IsIg 06£CONDVONI 301
se (¢-INLL-BUY) 06ECONDVONI PUe (¢-DVT-DuY) S8ECONDVONI 8301 €-DV1 (6911
S8ECONDVONI UM UoleuIqUIOT) Ul qetuluejnoy qewnuenay Sniq €-IIL 193UED 3jo9uU pue peoH Sunmoy 91  €IT1L8TSOLON
Adexayjouowr [891]
ur Apoquue (¢-IIIL-DUV) 8197OL Jo Apmis T aseyq uonoo(ur 79740, :SnIq €-INIL SIOWN) PI[OS PISUBAPY umouu[y 0S  T68ETIYOION
(Sam)
sowoIpuAs onse[dsApojoAw 3unean ur ‘Apoqnue [eu [£91]
-0[ooUOW pazruewiny ® ‘cSH-OGIA JO Apnis [T aseyd €SPOGIN :Sniq ¢-INILL sowoIpuAs onse[dsApoeAN 3unINnIoaI 14 J0N 07 +29€Z8TOION
sewoydwA| 10 serouruIIRW ewoydwAT
Jown) PI[oS O1)BISLIOW IO J[qeIOSAIUN/PIJUBAPE A[[BIO] Jown) pIjos [991]
s syuaned 1o (¢-INLL-DUY) £20WAS Jo Apmis | aseyq €zowAg :Sniq €-IIL 193Ued JNEISeIN pajerduio) YT €re687E0LON
Ioquunu
uondrosap 110yg 1000jo1d Aderayy, 1oS1e], 9SBASIP JO UOHIPUO))  SMILIS JUQUNINIOYY — Sjuaned Iaynuapy

SOIpOqIIUE [BUO[O0UOW ¢-INTI Uy SUIA[OAUT STRLL], [edotul]D) Jo sojdwexq | 3jqelL

pringer

Qs



3417

Cancer Immunology, Immunotherapy (2023) 72:3405-3425

slown) prjos

pasueape yym sjuaned ur (Aderoyjowayd) aurqeirosq QuIqeIR(J :3niQg
10 (1-Ad-1uy) 1004Ad Wi syuoned npe ut yim uon 1009Ad :3niq 1-ad [osT1]
-eurquod ut 1o Aderoyjouowr ur (¢-IWLL-DUV) €SHOIIN £SPOEIN 3niQ - NIL SQIOURUSI[EUI PAJUBAPY pojeuIULIS], ST 897809CO.LON
BIWAYNA] O} AO0UOWOAW OTUOIYD)
SoseasIp d130[0jewoH
SOSBASIP MOLIBW QUOY
BIWAYNJ[IJ
1009 Ad Ym 2uIqeirod( jo uorn uipnoezy :3nig sowoIpuAs onsedsApo[eAN
-BUIQUIOD pUE dUIqeIdS( pue [00¥dd 10 (1-Ad-"uV) £SPOEIN :Snig QInoe “profaAu ‘erwayna |
1004 Ad “SUIPNIORZY “SUIqRIdd( YIS YIim uoneu 100JAd :8n1q I-ad projoAur ‘eruroyna| l6L1]
-IqUIoo ur 10 JudSe o[SuIs © st (¢-INLL-DUY) ¢SHOaIN auIqeIa( 8nIq - NIL BIWAYNOT  SUNINIOAI OU “DANOY e 8¥9990€0LON
unerdoqgre) :3niq
unerdst) :Sniq
paxanewed :Sni
[9xe1000( :Snig
£€0-4SL :8nIq
(JAGINV) s10wnf, prog paOUBAPY IA THO-YSL :3niq
sjuaned Ul S3nIp JOYI0 YIm pauIquod pue Aderoyio qewn[oAIN :Sniq [8L1]
-uowr ut Apoqnue (¢-NII-DUV) TTO-YSL JO Apmis [ aseyd TTO-JSL Sniq €-IL swsedoaN Sunmioy SLY  €€9L18TOLON
dsin
SLI JoMO[ [Jim sjuanied ur qewununyeued + ¢SO
pue €6/ SIN + £SFOFIA JO SUONBUIqUIOD Ul pue sjudde qewnunyeued :3niqg J1-11
a[3uts se (¢]-1I-nuy) qeunupieued (g-401-1uY) €6LSIN 3n1q g-401 [Le]
€6LSIN “(E-WILIUY) ESYOIIN Jo Aprs | aseyd £SPOEN 3n1q €-IL sawo1puAs onse[dsApojaA N 3unniody 06 119018¥0LON
sjown) prjos
pasueApe |im sjuaned ut ([-qd-DUY) qewnzia[sn L00-T19T :3n1Q 1-ad
s (€-DVT-IUY) L00-TdT 10/Pue (¢-INLL-NUY) QuunZI[a[sIL, :3niq €-DOV1 [oL1]
STyV-dDO4d Jo suoleuIquiod snoLeA JO uohen[eayq STyv-4o4 Snig €-NIL Joum) prjos padueApy Suniniooy 86¢  89YPYLEOLON
Joquinu
uondrosep 110ys [0o0joxd AderoyJ, 1a81e], JSBISIP IO UONIPUO)) SNILIS JUOUNINIOY  Sjudned _Ynuap[

(ponunuoo) | sjqey

pringer

a's



3418

Cancer Immunology, Immunotherapy (2023) 72:3405-3425

Table 2 Examples of clinical trials involving Anti-TIM-3 bispecific

Identifier Patients Recruitment status Condition or disease Target Therapy protocol ~ Short description
number
NCT03708328 134 Active, not recruiting Solid tumors TIM-3/PD-1  Drug: RO7121661 Phase I study of single agent
[182] Metastatic melanoma RO7121661 (Anti-PD-1/
Non-small cell lung cancer Anti-TIM-3) consists of 2
(NSCLC) parts: dose escalation and
Small cell lung cancer expansion
(SCLC)
Esophageal squamous cell
carcinoma (ESCC)
NCT04931654 81 Recruiting Carcinoma, non-small-cell TIM-3/PD-1  Drug: AZD7789  Phase I/Ila study of
[183] lung AZD7789 (Anti-PD-1/
Anti-TIM-3) antibody in
participants with advanced
solid tumors
NCT05357651 100 Recruiting Solid tumor TIM-3/PD-1  Drug: LB1410 Phase I study of a bispecific
[184] Lymphoma antibody LB1410 (Anti-
TIM-3/Anti-PD-1)
NCT05216835 180 Recruiting Relapsed or refractory TIM-3/PD-1  Drug: AZD7789  Phase I/II study of
[185] classical Hodgkin lym- AZD7789 in patients with
phoma relapsed/refractory classi-
cal Hodgkin Lymphoma.
Study consists of 2 parts:
Dose Escalation and
Expansion
NCTO03752177 12 Terminated Solid tumor PD-L1/TIM-3 Drug: LY3415244 Study of LY3415244
[186] (Anti-PD-L1/Anti-TIM-3)
bispecific antibody in
patients with advanced
solid tumors
enhanced, promoting their usage in further research, espe- Conclusions

cially in solid tumors.

The genetic ablation of TIM-3, PD-1, and LAG-3 in
CD8 +T cells by the CRISPR/Cas9 system has been suc-
cessfully used as an adoptive T cell therapy in derived
murine melanoma cell line transfected with the ovalbu-
min protein (B16-OVA). The immune checkpoint recep-
tors blockade has not affected cytokine expression in vitro
or increased toxicity. Moreover, an extended lifetime of
modified CD8 + T cells was observed compared to unmod-
ified ones, which is related to improved anti-tumor activity
[190].

Likewise, simultaneous knockdown of PD-1, Tim-3,
and Lag-3 by shRNA cluster in Her2-specific CAR T cells
(PTL-Her2-CAR-T) enhanced CAR T infiltration and anti-
tumor effect. Furthermore, PTL-Her2-CAR-T presence
intensified CD56 expression, consequently increasing its
interaction. To investigate the effectiveness of downregu-
lation, particular inhibitory receptors in various combina-
tions (single or double) of Her2-CAR-T cells were tested.
Based on the cytokines production and cytotoxicity, the
most satisfying results were demonstrated for the syner-
gistic effect of all three genes' knockdown [191].

@ Springer

The immune checkpoint inhibitor TIM-3 is considered a
highly promising target in novel anti-cancer therapeutic
strategies that could soon provide a breakthrough in can-
cer treatment. Clinical studies indicate that anti-TIM-3
targeted therapies have gained great research interest in
recent years as a tool to overcome certain limitations of
conventional therapies potentially. As understanding of the
functional properties of TIM-3 is still limited and requires
further research, we reviewed the current state of knowl-
edge on the structure, function, and expression of TIM-3
in various types of cancer, together with its correlation
with overall prognosis. In light of a long-term perspec-
tive, identifying the role of TIM-3 in different types of
tumors dependent on their microenvironment would cre-
ate the possibility of applying a personalized therapeutic
approach to cancer treatment.
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