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Abstract

of TIM-3 and PD-1 antibodies.

Immunotherapy using immune checkpoint inhibitors (ICls) has become a prominent strategy for cancer treatment
over the past ten years. However, the efficacy of ICls remains limited, with certain cancers exhibiting resistance

to these therapeutic approaches. Consequently, several immune checkpoint proteins are presently being thoroughly
screened and assessed in both preclinical and clinical studies. Among these candidates, T cell immunoglobulin

and mucin-domain containing-3 (TIM-3) is considered a promising target. TIM-3 exhibits multiple immunosuppres-
sive effects on various types of immune cells. Given its differential expression levels at distinct stages of T cell dys-
function in the tumor microenvironment (TME), TIM-3, along with programmed cell death protein 1 (PD-1), serves

as indicators of T cell exhaustion. Moreover, it is crucial to carefully evaluate the impact of TIM-3 and PD-1 expression
in cancer cells on the efficacy of immunotherapy. To increase the effectiveness of anti-TIM-3 and anti-PD-1 thera-
pies, it is proposed to combine the inhibition of TIM-3, PD-1, and programmed death-ligand 1 (PD-L1). The efficacy
of TIM-3 inhibition in conjunction with PD-1/PD-L1 inhibitors is being evaluated in a number of ongoing clinical trials
for patients with various cancers. This study systematically investigates the fundamental biology of TIM-3 and PD-1,
as well as the detailed mechanisms through which TIM-3 and PD-1/PD-L1 axis contribute to cancer immune eva-
sion. Additionally, this article provides a thorough analysis of ongoing clinical trials evaluating the synergistic effects
of combining PD-1/PD-L1 and TIM-3 inhibitors in anti-cancer treatment, along with an overview of the current status
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Introduction

Cancer treatment has witnessed the rise of a crucial
approach-immunotherapy, making significant progress
in the field. The identification and targeting of immune
checkpoint molecules address the limitations of tradi-
tional treatments. Both stimulatory and inhibitory mol-
ecules are essential for maintaining the delicate immune
system’s balance [1]. Immune checkpoint inhibitors (ICls)
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have successfully transferred from experimental research
to clinical application, demonstrating promising efficacy
in treating specific cancers. Ipilimumab, the first ICI
that targets cytotoxic T lymphocyte antigen 4 (CTLA4),
was authorized by the Food and Drug Administration
(FDA) in 2011. FDA subsequently approved inhibitors
targeting programmed cell death protein-1 (PD-1), pro-
grammed death-ligand 1 (PD-L1), and lymphocyte acti-
vation gene 3 (LAG-3). However, despite these significant
advancements, the clinical response rate to ICIs remains
suboptimal.

Inhibitory immune checkpoint molecules, includ-
ing PD-1, CTLA4, LAG-3, T cell immunoglobulin
and mucin-domain containing-3 (TIM-3), and T cell
immunoreceptor with immunoglobulin and immu-
noreceptor tyrosine-based inhibitory motif (ITIM)
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domain (TIGIT), primarily exert immunosuppression
function. In contrast, stimulatory immune checkpoint
molecules such as CD28, CD137, and OX40 play piv-
otal roles in the activation of immune response. The
unrestricted T cell activation is suppressed by the up-
regulation of inhibitory checkpoint molecules. ICIs are
therefore designed to block inhibitory receptors, and
reactivated T cells. The presence of additional immune
checkpoint molecules significantly contributes to
the currently suboptimal response rates to immuno-
therapy, thereby highlighting the critical need for new
therapeutic approaches and combination strategies
[2-4].

TIM-3 represents a novel and highly promising
inhibitory checkpoint molecule in the field of can-
cer immunotherapy [5-8]. In diverse cancer, TIM-3
expression is upregulated as a result of PD-1 inhibi-
tion. A strong correlation has been established between
TIM-3 overexpression and resistance to PD-1 therapy
[3, 9—12]. TIM-3 inhibits T and natural killer (NK) cell
responses by interacting with its ligands, thereby facili-
tating tumor cells’ evasion of immune surveillance [13].
Research has shown that inhibiting TIM-3 can effec-
tively restore the activity of T and NK cells [14-16].
Additionally, it has been established that tumor cells
express TIM-3 [17-19], playing a pivotal role in modu-
lating their malignant behaviors [18]. It is worth noting
that most leukemic stem cells in acute myeloid leuke-
mia (AML) express TIM-3 [20-23]. Blocking TIM-3
exerts dual effects on both immune cells and tumor
cells [19]. The investigation of TIM-3 monoclonal
antibodies (mAbs), including MBG453, TSR-022, and
Sym023, is now underway in early-stage clinical trials
[6].

TIM-3 and PD-1 are expressed at distinct phases
of the differentiation process of exhausted T cells in
cancer. They have a major impact on the efficacy of
immunotherapy and are essential in controlling T cell
exhaustion [24]. Patients diagnosed with advanced
solid tumors treated with combination therapy com-
prising spartanzumab (anti-PD-1 mAb) and sabezumab
(anti-TIM-3 mAb) have shown a decent safety profile
and encouraging anti-tumor benefits in phase I/II clini-
cal studies [2, 25]. It is anticipated that TIM-3 blocking
combined with anti-PD-1/PD-L1 therapy will signifi-
cantly improve therapeutic efficacy and overcome drug
resistance [26].

This review comprehensively overviews the biologi-
cal characteristics and function of TIM-3 and PD-1 in
cancer immunology, elucidates the underlying mecha-
nisms, examines the combined effects of co-inhibiting
PD-1/PD-L1 and TIM-3, and evaluates ongoing clinical
studies involving this combination treatment.
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TIM-3 and PD-1: basic biology

TIM-3

First identified in 2002, TIM-3 exists in CD4* T helper
1 (Th1) and CD8™ cytotoxic T lymphocytes (CTLs) that
produces interferon-gamma (IFNy) [27]. Subsequently,
its expression in various other immune cell types has
been documented, including activated NK cell [28], Th17
cell [29], gamma delta (y8) T cell [30-33], regulatory T
cell (Treg) [34], macrophages [27], dendritic cells (DCs)
[35], and mast cell [36].

TIM-3 refers to the TIM family, which comprises three
members in human: TIM-1, TIM-3, and TIM-4, and they
are each encoded by the genes HAVCRI, HAVCR2, and
TIMD4. TIM-1 through TIM-8 are the eight distinct
members of the mouse TIM family [37]. Among these,
TIM-3 holds a distinct position due to its pivotal role in
modulating immunological responses, especially in the
setting of cancer [38, 39].

TIM-3 structure and its ligands

The TIM-3 gene is situated at locus 5p33.3 in the human
genome [40] and chromosome 11B1.1 in the mouse
genome. The human TIM-3 protein consists of 301
amino acid residues, while its murine counterpart com-
prises 281 amino acid residues. There is a 63% sequence
homology between the two species [13]. One immuno-
globulin variable (IgV) domain, a mucin stalk domain,
a single transmembrane domain, and a cytoplasmic tail
domain constitute the usual structure of TIM-3, a type I
transmembrane protein (Fig. 1) [6, 41, 42]. The N-linked
glycosylation sites and FG-CC’ loop are features of IgV
domain. The mucin stalk domain region contains both
N-linked and O-linked glycosylation sites.

Four TIM-3 ligands interact with TIM-3 IgV domain
(Fig. 1 and Table 1): (1) galectin-9 (Gal-9) [43], which
is considered the most relevant, induces apoptosis of
Th 1 cells through intracellular calcium; (2) phosphati-
dylserine (PtdSer) [44], a major membrane phospho-
lipid often found on the cell membrane’s inner leaflet
but becomes exposed to outside leaf during apoptosis,
is necessary for the apoptotic particle clearance and
facilitates antigen cross-presentation [45]; (3) high-
mobility group box 1 protein (HMGB-1) [35] triggers
innate immune responses through DCs by binding to
nucleic acids released by dying tumor cells. By compet-
ing with nucleic acids for binding to HMGB-1, TIM-3
reduces the amount of nucleic acids that are delivered
to the nucleosome and thus inhibits the innate immune
response that tumor-associated nucleic acids trigger
[35]; and (4) carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM-1) [46], which serves as
a self-ligand on T cells, exerts negative modulation on T
cell responses [37, 41].
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Fig. 1 Schematic diagram of the TIM-3 molecular structure. a TIM-3
comprises four distinct domains: the IgV domain, Mucin domain,
Transmembrane region, and Cytoplasmic region. b TIM-3 on immune
cells interacts with various ligands, including Gal-9, CEACAM-1,
PtdSer, and HMGB-1. Gal9: galectin-9; CEACAM-1: carcinoembryonic
antigen-related cell adhesion molecule 1; HMGB-1: high-mobility
group box 1 protein; PtdSer: phosphatidylserine

TIM-3’s ligands recognize distinct areas of its extra-
cellular IgV domain. The FG-CC’ loops specifically
serve as binding sites for PtdSer, CEACAM-1, and
HMGB-1 [35, 48]. On the other side of TIM-3’s FG-CC’
face, the binding site for Gal-9 is different and is
expected to be made up of N-linked glycans.

Table 1 Basic characteristics of TIM-3 and PD-1 receptors [42, 47]
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Signal transduction of TIM-3

In the battle against cancer, the effective activation of the
immune system is crucial, particularly the potent effector
function of cytotoxic CD8* T cells. These T cells initiate
an immunological response through two distinct signal-
ing pathways: the T cell receptor (TCR) signaling pathway
and the costimulatory signaling pathway. The activation
of CD8" T cells involves the interaction between the
major histocompatibility complex (MHC)-antigen pep-
tide complex presented on antigen-presenting cells
(APCs) and the T cell receptor (TCR). Additionally, B7
ligands (B7.1/CD80 and B7.2/CD86) expressed on APCs
engage with the primary co-stimulatory molecule CD28
on T cells, which is essential for the initiation of T cell
response [49]. This activation results in T cell expansion,
improved functional capabilities, and the establishment
of long-term memory [50].

TIM-3, a coinhibitory molecule, interacting with its
ligands mediates T cell inhibition. In contrast to other
immune receptors, such as PD-1 [42, 51] and TIGIT
[5], TIM-3 lacks the typical inhibitory immunoreceptor
tyrosine-based inhibition motifs (ITIMs) or immunore-
ceptor tyrosine-based switch signaling motifs (ITSMs).
Notably, the cytoplasmic tail of TIM-3 has five tyros-
ine residues. Although the exact intracellular signaling
mechanisms of TIM-3 remain incompletely elucidated,
it has been established that in humans, the downstream
signaling pathway hinges on the Y265 and Y272 tyros-
ine residues. These two tyrosine residues are surrounded
by conserved peptide sequences in both humans and
mice, serving as Src homology 2 (SH2) domains binding
sites. Several kinases harboring SH2 domains have been
reported to bind to these sequences, including Src kinase
Fyn and Lck, interleukin-induced T cell kinase (Itk), and
the phosphatidylinositol 3-kinase (PI3K) p85 adaptor
protein [13, 40, 52]. A functional connection between
the TCR pathway and TIM-3 is suggested by the fact that
many of these molecules are essential components within
the TCR signaling pathway [13].

The tyrosine residues Y265 and Y272 (Y256 and Y263
in mice) of TIM-3 are phosphorylated by Itk and Src
family kinases upon their interaction with the ligands
Gal-9 or CEACAM-1. This results in the detachment
of human leukocyte antigen B (HLA-B)-associated

Checkpoint Alternative name Signaling motif Ligand Associated
phosphatase
TIM-3 CD366, HAVCR2 Tyrosine Y265 and Y272 in human; Y256 Gal-9, PtdSer, HMGB-1, —
and Y263 in mice CEACAM-1
PD-1 CD279, PDCD1 [TIM, ITSM PD-L1 (CD274; B7-H1), SHP-2

PD-L2 (CD273;B7-DC)
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transcript 3 (Bat3) from the TIM-3 protein complex.
Following this release, TIM-3 binds to Fyn, a Src family
kinase that shares the same binding site as Bat3 [42, 53].
This interaction promotes Fyn-mediated recruitment and
phosphorylation of phosphoprotein associated with gly-
cosphingolipid microdomains 1 (PAG1), a phosphoryla-
tion-sensitive adaptor protein that recruits C-terminal
Src kinase (Csk). Csk subsequently phosphorylates Lck’s
C-terminal tyrosine residues, thereby suppressing Lck
kinase activity and dampen TCR signaling [6, 40, 42, 54,
55]. Additionally, by attenuates B7/CD28 co-stimulation
signals, this regulatory cascade significantly inhibits T
cell activation and cytokine production.

In the absence of a ligand or in the presence of TIM-3
inhibitors, TIM-3 residues Y265 and Y272 bind with Bat3
[40, 53]. This interaction results in the recruitment of the
catalytically active Lck (Fig. 2a) [6, 42]. Afterwards, clus-
tered Lck phosphorylates the CD3 domain of the TCR,
which in turn recruits and activates 70-kDa zeta-asso-
ciated protein kinase (ZAP70) [56]. Next, ZAP70 phos-
phorylates linker for activation of T cells (LAT) [57, 58],
leading to the recruitment and activation of phospholi-
pase Cyl (PLCyl). PLCyl is a critical signaling effector
that contributes to the generation of second messengers,
which in turn trigger the nuclear factor of activated T
cells (NFAT), MEK/ERK, and nuclear factor kappa B
(NF«kB) pathways, thereby promoting T cell activity [42].
TIM-3 facilitates T cell activation in this situation [52]. T
cell activity is reportedly inhibited when TIM-3 co-local-
izes at the immunological synapse with CD45 and CD148
(59, 60].

Recently, studies have demonstrated that the interac-
tion between PtdSer and TIM-3 modulates the produc-
tion of interleukin-2 (IL-2) and regulates the activity of
the NFkB pathway in TCR-activated Jurkat cells [61].
The engagement of CEACAM-1 with TIM-3 suppresses
NF«B signaling in macrophages [62]. The binding of
HMGB-1 to TIM-3 inhibits the activation of CD4* T
cells [63] and DC cells [35] by suppressing NFkB signal-
ing. Additionally, the interaction of PtdSer with TIM-3
attenuates PI3K/AKT/mTORC1 signaling pathways,
thereby diminishing cytotoxin capability of NK cells [64].

The physiological functions and roles of TIM-3 in immune
cells

TIM-3 plays a significant role in modulating both
innate and adaptive immunological responses by act-
ing as a negative regulator of immune cells. It promotes
immunological tolerance by inducing T cells apoptosis
or impeding the activation of innate immune cells [65,
66]. Dysregulation or malfunction of TIM-3 has been
connected to the exacerbation of autoimmune dis-
eases in various preclinical models [5, 13], including
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inflammatory bowel disease [67], experimental auto-
immune encephalomyelitis (EAE) [27, 68], and diabe-
tes [69]. Clinical research has demonstrated that the
expression of TIM-3 on T cells is markedly reduced
in patients diagnosed with ulcerative colitis [70], mul-
tiple sclerosis (MS) [71, 72], and psoriasis [73] than in
healthy controls.

TIM-3’s unique binding patterns with its ligands
in different cell types result in several significant bio-
logical outcomes (Table 2). Specifically, TIM-3 and
Gal-9 interaction causes Thl cells and CD8" CTLs
to undergo apoptosis [24, 76]. Furthermore, TIM-3’s
interaction with either Gal-9 or CEACAM-1 enhances
Treg cell activity while simultaneously weakening CD8*
T and Th1 cell function, leading to T cell exhaustion. It
has been shown in recent research that TIM-3 suppress
y8 T cell’s activity in cancers [31, 33].

DCs also express TIM-3, with Type 1 conventional
DC (cDC1) exhibiting the highest level of TIM-3
expression [87, 88]. The binding PtdSer to TIM-3 effi-
ciently facilitates the removal of apoptotic cells, thereby
enabling TIM-3-positive DCs to engage in antigen
cross-presentation [44]. The interaction between-
TIM-3 and the HMGB-1 mediates the suppression of
tumor-infiltrating DCs by competing with nucleic acid
for binding to HMGB-1 [35]. Additionally, TIM-3 pro-
motes the polarization of M2-like macrophages [11,
80-82, 89]. Research has demonstrated that suppress-
ing the TIM-3/Gal-9 signaling can effectively restrain
macrophage M2 polarization in glioblastoma models
[81].

The cytotoxic capability and IFNy production exhib-
ited by NK cells are essential to effectively combat can-
cers. TIM-3 is constitutively expressed on NK cells and
is especially abundant in mature CD56%™CD16* NK
cells, making it a reliable marker of maturity [28]. The
elevated expression of TIM-3 enhances the NK cell’s
cytotoxic activity; however, prolonged stimulation can
lead to abnormal or excessive TIM-3 expression, result-
ing in a subset of exhausted or dysfunctional NK cells
[90]. Therefore, TIM-3 is used as a marker for exhaustion
in cancer-infiltrating NK cells, and its blockade effec-
tively restores their functionality [16]. Although the pre-
cious role of TIM-3/Gal-9 pathway in NK cells remains
largely unexplored, blocking this pathway can revive their
impaired function. Research has shown that engagement
of TIM-3 with agonist antibodies or target cells express-
ing Gal-9 significantly reduces the cytotoxicity produced
by the NKL (a human NK-cell line) and human primary
peripheral blood NK cells [28, 78]. TIM-3 inhibition has
been shown to increase peripheral blood NK cell’s cyto-
toxic activity to kill K562 target cells [91], as well as to
boost effector activity in patients with bladder cancer.
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Fig. 2 TIM-3 and PD-1 pathways and their inhibitors. a TIM-3 pathway and its inhibitor. T cell activation requires two distinct signals. Upon

the antigen-presenting cell (APC) presenting the MHC-peptide complex to the TCR, a primary activation signal is generated. Subsequently,
lymphocyte-specific protein tyrosine kinase (Lck) phosphorylates TCR's CD3, activating the 70-kDa zeta-associated protein kinase (ZAP70).
Phosphorylated linker for activation of T cells (LAT) then binds and activates phospholipase Cy1 (PLCy1), a signaling effector crucial

for the generation of second messengers. The B7 ligand on APC interacts with CD28 on T cells to provide a costimulatory signal. In response

to both primary and costimulatory signals, essential transcription factors are activated and translocated to nucleus, facilitating target gene
transcription. TIM-3 interacts with its ligands mediate immune suppression. When TIM-3 on T cells interacts its ligand Gal-9 or CEACAM-1

on APCs, intramembrane residues Y265 and Y272 of TIM-3 are phosphorylated by Itk, resulting in the release of human leukocyte antigen

B (HLA-B)-associated transcript 3 (Bat3) from TIM-3 and subsequent recruitment of Fyn and C-terminal c-Src kinase (Csk). Csk subsequently
phosphorylates Lck’s C-terminal tyrosine residues, thereby suppressing Lck kinase activity and dampen TCR and B7/CD28 signaling. TIM-3 inhibitor
obstructs the interaction between TIM-3 and its ligands. This prevents the phosphorylation of TIM-3's intramembrane motif. In the presence

of TIM-3 inhibitors or in the absence of a ligand, TIM-3's Y265 and Y272 interact with Bat3, recruiting the catalytically active form of Lck, which
phosphorylates TCR and CD28 to restore their activation. b PD-1 pathway and its inhibitor. PD-L.1/2 on APCs or tumor cells interact with PD-1 on T
cells, inhibiting T cell function. Upon PD-1 activation, the tyrosine residue in PD-1's ITSM became phosphorylated, leading to recruitment of Src
homology 2 domain-containing protein tyrosine phosphatase 2 (SHP-2). SHP-2 subsequently dephosphorylates of crucial molecules involved

in CD3¢, ZAP70, and phosphatidylinositol 3-kinase (PI3K) and protein kinase C-theta (PKCB), downregulating TCR, CD28, PI3K-AKT, RAS-MEK-ERK,
and PKCO-NFkB pathways. PD-1/PD-L1/2 inhibitors prevent these cascade reactions, thereby enhancing T cell activation. Specifically, PD-1/PD-L1/2
inhibitors prevent the intramembrane motif of PD-1 from being phosphorylated by Lck, thus blocking the recruitment of SHP-2 and preventing
the dephosphorylation of downstream pathways. NFAT =nuclear factor of activated T cells; AP-1 =activator protein 1; NFkB=nuclear factor-kappa B

PD-1

PD-1 (CD279), which PDCD1 encodes, was first isolated
in 1992 [92]. PD-1 belongs to CD28 superfamily [93].
PD-1 expresses in various immune cell types, including
T cells, DCs, B lymphocytes, NK cells, macrophages,
monocytes, and myeloid cells. It delivers inhibitory sig-
nals by interacting with its ligands, which is important
for avoiding over-activation and reducing the chances of

autoimmune diseases [94]. PD-1 expression is upregu-
lated following the activation of T cells. Tumors use the
PD-1-mediated inhibitory pathway to reduce anti-tumor
immunity and avoid immune system destruction, which
increases tumor survival and growth [95, 96]. PD-1
signaling induces T cell exhaustion, and the inhibition
of PD-1 can effectively reverse this exhaustion, thereby
restoring a normal anti-tumor immune response [97].
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Table 2 The interaction and function of TIM-3 and its ligands in immune cells

Receptor/Ligands Cell types Biological function of Receptor-Ligand interaction
TIM-3/Gal-9 Thi Negatively regulates IFNy secretion [43];
Suppresses Th1 effector function [74];
Gal-9 controls differentiated TIM-3*Th1 cells in vivo [75]
Treg Enhances suppressive capacity of Treg cells [65, 74]
cD8*' T Induces CD8* CTLs apoptosis [24, 76];
Mediate CD8* T cell exhaustion caused by MDSCs [77]
NK Induces NK cell exhaustion [78, 79]
Macrophages Regulate pro-tumor M2-like polarization [11, 80-82]
TIM-3/PtdSer costT TIM-3*APCs interacts with PtdSer on CD8* TILs and tumor antigen-specific CD8" T cells, limiting antitumor immu-
nity through T cell trogocytosis [83]
DCs Aids in TIM-3*DCs' function in improving antigen cross-presentation and promoting apoptotic body elimination
[44]
TIM-3/HMGB1 DCs Suppresses the innate immunological responses mediated by nucleic acids [35];
Suppresses HMGB1-dependent DNA sensing in intra-tumoral dendritic cells through the cGAS-STING pathway [84]
TIM-3/CEACAM1 cDs*'T Mediate tolerance and T cell exhaustion [46, 85, 86]

CTLs Cytotoxic T lymphocytes, APCs Antigen-presenting cells, MDSCs Myeloid-derived suppressor cells, TILs Tumor-infiltrating lymphocytes

This treatment method has proven to be effective in can-
cer immunotherapy.

Structure of PD-1 and its ligands

There are 288 amino acid residues in both human and
mouse PD-1. There is a 60.1% homology between the two
species. PD-1is a type I transmembrane protein, char-
acterized by an extracellular immunoglobulin variable
(IgV)-like domain, a hydrophobic region across the mem-
brane, and an intracellular tail in the cytoplasm. PD-1
contains two common inhibitory motifs known as ITIM
(VDY223GEL) and ITSM (TEY248ATI) in its cytoplas-
mic tail [42, 51], functioned as possible phosphorylation
sites [98]. The activated ITSM is crucial in suppressing T
cell function [99, 100].

Two ligands are recognized by PD-1’s IgV-like domain,
namely PD-L1 and PD-L2 (Table 1), both of which are
members of the B7 family. PD-L1 was initially found
in 1999 [101] and serves as PD-1’s main ligand. The
PDCDLI1 gene encodes this type I transmembrane
protein. PD-L1 contains two extracellular structural
domains, IgV and IgC [96]. Numerous tissues express
PD-L1, including the lungs, heart, placenta, and skeletal
muscles [101]. T cells, DC cells, B cells, macrophages,
non-hematopoietic cells like keratinocytes, and non-
parenchymal cells constitutively express PD-L1 [101,
102]. Researchers have discovered that PD-1 receptor
on T cells can engage with the PD-L1 on cancer cells.
Because of this interaction, T cell activation is suppressed
[103] and apoptosis is induced [104]. This process con-
sequently suppresses anti-tumor immunity [95, 105].
PD-L2 displays a more limited expression pattern and

primarily expressed by APCs [106]. It exhibits a higher
binding affinity for PD-1.

Signal transduction of PD-1

Upon interaction with PD-L1 or PD-L2, the tyrosine
residue in PD-1’s ITSM became phosphorylated, lead-
ing to recruitment of Src homology 2 domain-contain-
ing protein tyrosine phosphatase 2 (SHP-2). SHP-2 is
a key dephosphorylase. It subsequently dephosphoryl-
ates of essential molecules involved in TCR and CD28
signals pathways, such as CD3e and ZAP70. Conse-
quently, this inhibits both TCR and CD28 signaling,
eventually suppressing T cell-associated signaling
(Fig. 2b) [51, 107-109]. Through SHP2, PD-1 exerts a
directly inhibitory effect on PI3K-AKT signaling, lead-
ing to reduction in T cell activation [110-113]. Addi-
tionally, SHP2 dephosphorylates the cytoplasmic tail of
CD28, thereby counter-regulating PI3K-AKT activity
[109].

Furthermore, SHP2 prevents RAS activation, which
subsequently suppresses the RAS-MEK-ERK path-
way, thereby inhibiting T cell proliferation [114, 115].
The primary mechanisms by which PD-1 inhibits
the RAS-MEK-ERK cascade are dephosphorylation
of PLCyl and direct inhibition of RAS. SHP-2 also
inhibits protein kinase C-theta (PKCO), which causes
PKCO-mediated NFkB activity to be downregulated
[51, 116]. Moreover, PD-1 ligation inhibits the produc-
tion of IL-2 and interferon, as well as the expression
of the cell survival factor B-cell lymphoma-extra-large
(Bcl-xL) in T cells, which affects cellular survival and
proliferation [110, 117]. These modifications ulti-
mately result in the suppression of immune effector
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cells’ cytotoxic activity, cell proliferation, and cytokine
generation, thereby facilitating the tumor evasion from
the immune system. PD-1/PD-L1 inhibitors block the
interaction between PD-L1 and PD-1, thereby restor-
ing the effector function of T cells [118].

The physiological function and roles of PD-1 in immune cells
The inhibitory signals conveyed by PD-1during its
interaction with PD-L1 or PD-L2 are crucial for the
regulation of T cell activation. This signaling is essen-
tial not only for facilitating immune tolerance but also
for maintaining immune homeostasis. Under typical
physiological conditions, PD-L1 and PD-1 play pivotal
roles in maintaining this intricate equilibrium within
the immune system [95]. Their engagement prevents
excessive autoimmune responses against self-tissues
and matains immune equilibrium by suppressing T cell
hyperactivation [119, 120]. PD-1/PD-L1 axis disrup-
tion has been associated with autoimmune diseases in
both murine models [121, 122] and humans [123, 124].

Activated T cells, NK cells, B cells, macrophages,
DC cells, monocytes cells, and tumor-specific T
cells express PD-1, therefore it is essential for sup-
pressing both innate and adaptive immune responses.
PD-1 inhibitors mainly modulate the activity of the
CTLs. When PD-L1 binds CD8*' T cell’s PD-1 recep-
tors, downstream signaling is activated, which eventu-
ally results in T cell exhaustion or death [125]. DCs are
essential to effectiveness of anti-PD-1 treatment [126,
127].
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The function of TIM-3 and PD-1/PD-L1 in cancer
immune evasion

The TME plays a pivotal role in influencing tumor devel-
opment and progression. Immune dysfunction, which
results from intricate interactions between the immune
system and malignant cells, helps create a TME that ena-
bles cancer cells to evade immune surveillance. Within
this context, PD-1 and TIM-3 play crucial roles in con-
trolling immunological exhaustion [128]. Beyond their
extrinsic roles, the functional significance of PD-1/PD-L1
and TIM-3’s intrinsic expression in cancer cells has
been investigated. This section will explore the function
of TIM-3 and PD-1 in T cell exhaustion as well as their
internal effects on cancer cells.

TIM-3 and PD-1 mark different stages of exhausted T cell

In response to an acute immunological assault, CD8* T
cells typically exhibit a transitory response. After antigen
clearance, most effector cells undergo apoptosis, while
a small percentage differentiate into a population with
long-lasting memory [129]. Prolonged expose to high
antigen level results in sustained CD8" T cell activation,
ultimately resulting in their exhaustion [130]. This state
of is characterized by restricted proliferation ability, ele-
vated levels of inhibitory receptors (PD-1, TIM-3, TIGIT,
and LAG-3), weakened effector function, and increased
susceptibility to apoptosis (Fig. 3) [131].

Tumor progression is mainly caused by the exhaustion
of TILs [129]. The overexpression of TIM-3 and PD-1
within the TME profoundly influences tumor-specific T
cell response. Usually, the PD-1 typically inhibits CD8"
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Fig. 3 Exhausted T cells in cancer.T cell exhaustion is characterized by a

progressive decline in proliferative capacity, the upregulation

of co-inhibitory molecules (such as PD-1, TIM-3, LAG-3, and TIGIT), and an increased rate of apoptosis. Two distinct subsets of exhausted CD8" T

cell have been identified. Progenitor exhausted T cells are distinguished by their enhanced proliferative capacity, self-renew ability, production

of polyfunctional cytokines, long-term persistence, and potential to differentiate into terminally exhausted cells. Terminally exhausted T cells exhibit
enhanced cytotoxicity but possess diminished proliferative potential, polyfunctional cytokines, and longevity
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T cells from responding to neoantigens, thereby enables
cancer cells to evade the cytotoxic effects of the immune
system [132]. Studies have shown that specific subsets
of T cells in AML, particularly CD8" T cells, exhibit
increased PD-1 and TIM-3 expression [133, 134]. The
elevated presence of PD-1TTIM-3*CD8" T cells may be
associated with T cell dysfunction in AML, potentially
influencing patient clinical outcomes [135]. Additionally,
TILs found in various solid tumors, including melanoma,
breast cancer, ovarian cancer, and colorectal cancer,
exhibit significantly elevated levels of PD-1 and TIM-3
[136-139].

Recently, two different subgroups of exhausted CD8*
TILs have recently been found: progenitor exhausted
CD8" T cells and terminally exhausted CD8% T cells
[140, 141] (Fig. 3). Progenitor exhausted CD8" T cells,
commonly known as stem-like exhausted CD8* T cells
(characterized by PD-1™Slamf6* or CXCR5"), are
identified by their capacity to produce polyfunctional
cytokines, enhances proliferative capacity, long-term
persistence, and their capacity to differentiate into termi-
nally exhausted cells [140, 142, 143]. This subpopulation
is specifically targeted by PD-1-targeted immunotherapy,
which promotes their differentiation into effector cells by
inducing proliferation [141, 143].

Terminally exhausted CD8" T cells (PD-1MTIM-3*)
demonstrate enhanced cytolytic activity, despite their
diminished capacity for polyfunctional cytokine pro-
duction, proliferation, and longevity [142, 143]. TIM-3
identifies the most dysfunctional subset of infiltrating
PD-1*CD8" T cells within tumors [144], highlighting
its crucial role in mediating immunosuppression. Tim-
3*tPD-1" tumor-reactive CD8" T cells are prevalent in
TILs [145]. Additionally, TIM-3 has been identified as a
potential negative prognostic indicator in human malig-
nant tumors [146]. Increased levels of TIM-3 on CD8* T
cells are associated with tumor progression and correlate
with a poor prognosis [147-150].

When anti-TIM-3 mAbs were initially administered
to mice with B16 melanoma and CT26 CC (CT26 and
MC38 models) in 2010, their efficacy was found to be
limited [144, 151]. However, the combination of TIM-
3-Ig with an anti-PD-L1 mAb showed impressive anti-
cancer effects [144]. In mouse models of chronic myeloid
leukemia, the simultaneous blockade of TIM-3 and PD-1
effectively relieved CD8™ T cell exhaustion [152, 153].

Cancer cell-intrinsic TIM-3 expression

Cancer has been linked to increased levels of TIM-3 and
its ligand Gal-9 [154-156], which promotes the estab-
lishment of a TME that suppresses immune cell activity
within the tumor. Besides immune cells, hematopoietic
stem cells in myelodysplastic syndromes (MDS) [157]
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and leukemic stem cells (LSC) in acute myeloid leuke-
mia (AML) can express TIM-3 [20, 158, 159]. In a recent
study including 302 AML patients, TIM-3 was detected
in LSCs in 78.5% of cases at the time of first diagnosis [22,
160]. TIM-3 up-regulation is linked to a poor prognosis
in AML [160, 161]. However, the precious mechanism
by which TIM-3 affects the prognosis of AML is not well
understood [160]. It has been proposed that Gal-9, which
is released by TIM-3* AML cells, enhances the LSCs self-
renewal through a feedback mechanism [159]. NF«B and
B-catenin signaling pathways, both recognized for their
roles in supporting LSC self-renewal, were co-activated
by Gal-9 mediated activation of TIM-3 [162].

TIM-3 is also expressed on a variety of cancer cells in
solid tumors [151], including melanoma [36, 163, 164],
colon carcinoma [165], hepatocellular carcinoma cells
(HCC) [166, 167], osteosarcoma [168], and non-small
cell lung cancer (NSCLC) [169]. All of these cancers,
excluding melanoma, have more aggressive disease devel-
opment linked to elevated levels of TIM-3 expression.
For instance, tumor cell-intrinsic TIM-3 stimulates the
growth of liver cancer cells via the NFkB/IL-6/STAT3
signaling pathway [167]. Anti-TIM-3 antibodies can
inhibit tumor growth by blocking TIM-3 on malignant
hepatocytes in vitro and in TIM-3 knockout mouse mod-
els [167].

In contrast, TIM-3 acts as an intrinsic growth-suppres-
sive receptor in melanoma cells [164]. Enhanced tumor
growth was linked to TIM-3 inhibition in melanoma cells
in both immunocompetent and immunodeficient mouse
models. Conversely, overexpression of TIM-3 specific to
melanoma cells reduced tumorigenesis. Furthermore,
administration of the TIM-3 antibody enhanced tumor
formation in both murine and human melanomas with
high and low immunogenicity in T-cell-deficient mice,
which verified that antagonizing TIM-3 on melanoma
cells can promote tumor growth.

Cancer cell-intrinsic PD-1/PD-L1 expression

Cancer cell-intrinsic PD-L1

Most cells usually have low levels of PD-L1 expression in
normal physiological states. However, its expression is
remarkably enhanced on the cancer cell surface. A wide
diversity of tumor cells expresses PD-L1, including those
from leukemia, renal cell carcinoma, melanoma, glioma,
breast cancer, and NSCLC [104, 170, 171]. The majority
of researchers have focused on the typical cell-extrinsic
function of PD-L1 as PD-1’s ligand. When PD-L1 on
tumor cells engages with PD-1 on TILs, an inhibitory sig-
nal is conveyed to T cells. This interaction disrupts both
the TCR signaling cascade and the B7/CD28 co-stimula-
tory pathway. This ultimately leads to impaired effector
T cell function and even exhaustion. Consequently, this
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mechanism enables tumor cells to avoid immune surveil-
lance [95, 172].

By engaging in certain oncogenic pathways, PD-L1 has
recently been demonstrated in an increasing number of
studies to have tumor-intrinsic functions in cancer devel-
opment and chemoresistance independent of PD-1. Its
intrinsic functions include cancer cell survival, stemness,
invasion, chemotherapy resistance, glycolysis, interferon
response pathways and DNA damage response [173—
180]. Multiple signaling pathways regulate PD-Llex-
pression in cancer cells, including NFkB, mTOR, STAT,
MAPK, and c-Myc [181].

PD-L1 can stimulate intrinsic signaling to increase
bladder cancer cell survival and proliferation through
mTOR pathway activation and autophagy inhibition
[182]. PD-L1 plays a significant role in the tumorigenesis
and spread of ovarian cancer [183-185]. By engaging in
the c-JUN/VEGEFR?2 signaling pathway, PD-L1 promoted
the dissemination and angiogenesis of ovarian cancer
[185]. The anti-PD-L1 mAb durvalumab and anti-angi-
ogenic drug apatinib combination has the potential to
strengthen the anti-angiogenesis effect as well as the sup-
pression of invasion and cell migration [185].

It has been observed that cancer intrinsic PD-L1 accel-
erates the epithelial-mesenchymal transition (EMT) in
ovarian cancer, melanoma, breast cancer, nasopharyn-
geal carcinoma, and lung cancer [173, 177, 179, 186,
187]. EMT is recognized as a critical process closely
linked to the resistance to treatment and progression of
cancer. PD-L1 promotes EMT by preventing riple-nega-
tive breast cancer (TNBC) cells from deleting the EMT
transcription factor Snail. PD-L1 antibodies can restrain
the development of TNBC in immunodeficient animals
by blocking the PD-L1/Snail pathway [177]. Moreover,
PD-L1’s intrinsic function was linked to resistance to
anti-PD-1 therapy in models of murine colon cancer and
melanoma [188, 189].

Cancer cell-intrinsic PD-1
In addition to immune cells, tumor cells also express
PD-1 [190]. The cancer cell-intrinsic PD-1 was initially
identified in melanoma [186, 191-196]. Later, the intrin-
sic expression of PD-1 in tumor cells has also been iden-
tified in HCC [197, 198], NSCLC [199, 200], colorectal
carcinomas [201, 202], Merkel cell carcinoma (MCC)
[203], pancreatic cancer [204], and glioblastoma [205].
The role of cancer intrinsic PD-1 varies across different
tumor types [206, 207]. It remains unknown how the
intrinsic PD-1 gene and protein expression are regulated
in cancers and how this affects ICIs [196].

Cancer cell-PD-1 exhibits growth-inhibitory activi-
ties in NSCLC [199, 200] and colorectal carcinoma [201,
202]. In vitro, mouse lung cancer cell line M109 viability
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was improved by PD-1 knockout or antibody block-
age, and in immune-deficient animals, M109-xenograft
tumors developed more quickly as a result of PD-1 sup-
pression, exhibiting enhanced proliferation and reduced
apoptosis [199]. When PD-1 was expressed by human
colon cancer cells, internal PD-1 signaling dramatically
inhibited proliferation and boosted apoptosis [201]. On
the contrary, anti-PD-1 antibody nivolumab increased
proliferation, cut down apoptosis, and protected PD-1*
cells from chemotherapy and radiotherapy [201].

In addition, cancer cell-intrinsic PD-1 has been shown
to promote tumorigenesis in various cancers, includ-
ing melanoma [186, 191, 195], MCC [203], HCC [197],
pancreatic cancer [204], and glioblastoma [205]. Recent
research has shown that intrinsic-PD-1 can boost the
development of MCC by triggering the downstream
mTOR-mitochondrial ROS signaling pathway. On the
contrary, antibody-mediated blockade of PD-1 has been
demonstrated to inhibit this process [203].

Therapeutic strategies targeting PD-1 and TIM-3
Current PD-1/PD-L1 inhibitors
PD-1/PD-L1 inhibitors disrupt the interaction between
PD-1 and PD-L1 by specifically binding to either of these
molecules. By obstructing the downstream inhibitory sig-
nals mediated by PD-1, this interference enables immune
cells to identify and eliminate tumor cells, thereby pre-
venting them from evading immune surveillance. PD-1/
PD-L1 inhibitors offer long-lasting therapeutic effects
and improve overall patient survival in a variety of cancer
types. Anti-PD-1 antibodies (pembrolizumab, nivolumab,
cemiplimab, dostarlimab, and tislelizumab) and anti-PD-
Llantibodies (atezolizumab, durvalumab, and avelumab)
have received authorization from the FDA for the treat-
ment of various hematologic and solid cancers [208, 209]
(Table 3). Additionally, the global approval of other PD-1
blocking antibodies such as camrelizumab, toripalimab,
sintilimab, zimberelimab, and prolgolimab has further
expanded their application in cancer therapy [208, 209].
Although PD-1/PD-Llinhibitors demonstrate potent
anti-tumor efficacy in certain patients, several challenges
remain. These challenges include primary and acquired
drug resistance, which limits the therapeutic benefits for
the majority of patients [210]. The major immunological
resistance mechanisms to anti-PD-1/PD-L1 treatment
encompass the presence of immunosuppressive compo-
nents in the TME, the lack of a PD-L1 target, and T cell
exhaustion resulting from the upregulation of alternative
immune checkpoints [211-215].

Development of TIM-3 inhibitors
By directly suppressing TIM-3 function in tumor cells
and modulating the activity of various immune cell types,
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Table 3 The details of the FDA-approved inhibitors of PD-1/PD-L1
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Target Drugs(Brand name) Description Manufacturer Timeof Cancertype
approval
PD-1 Pembrolizumab (Keytruda) Humanized IgG4 Merck 2014 Melanoma; NSCLC; HNSCC; cHL; Gastric cancer;
Cervical cancer; HCC; MCC; CRC; ES-SCLC; RCG; EC;
TMB-high solid cancers; TNBC; CSCC; UG; Primary
mediastinal large B-cell lymphoma; ESCC
Nivolumab (Opdivo) Human IgG4 Bristol-Myers Squibb 2014 Melanoma; NSCLC; RCC; cHL; HNSCC; UC; Gastric
cancer; HCC; CRC; Malignant pleural mesothelioma;
ESCG; OC
Cemiplimab (Libtayo) Human IgG4 Regeneron Pharmaceuticals 2018 CSCG; NSCLG; Basal cell carcinoma; Cervical cancer
Dostarlimab (Jemperli) Humanized IgG4  GlaxoSmithKline LLC 2021 EC; dMMR solid cancers
Tislelizumab (Tevimbra) Humanized IgG4 BeiGene 2023 ESCC; NSCLC
PD-L1T  Atezolizumab (Tecentriq) ~ Human IgG1 Genentech/Roche 2016 UC; NSCLC; TNBC; HCC; ES-SCLC
Durvalumab (Imfnzi) Humanized IgG1  AstraZeneca 2017 UC; NSCLC; ES-SCLC; HCC
Avelumab (Bavencio) Humanized IgG1  Merck 2017 MCC; UC; RCC, OC

FDA Food and Drug Administration, PD-1 Programmed cell death protein 1, PD-L1 Programmed death-ligand 1, HNSCC Head and neck squamous cell carcinoma,
NSCLC Non-small cell lung cancer, cHL classic Hodgkins Lymphoma, HCC Hepatocellular carcinoma, MCC Merkel cell carcinoma, CRC Colorectal cancer, ES-SCLC
Extensive stage small cell lung cancer, RCC Renal cell, EC Endometrial Carcinoma, TMB Tumor mutational burden, TNBC Triple negative breast cancer, CSCC Cutaneous
squamous-cell carcinoma, UC Urothelial carcinoma, ESCC Esophageal squamous cell carcinoma, OC Ovarian cancer, dMMR deficient mismatch repair

TIM-3 blockage can promote tumor regression and the
formation of anticancer immunological memory [19].
Currently, a wide array of TIM-3-targeted immunothera-
peutic agents are undergoing clinical trials in phase 1 /
2. These agents include Cobolimab, Sabatolimab, BGB-
A425, BC3402, TQB2618, NB002, AZD7789, LB1410,
and INCAGNO02390. The characteristics of these agents
are concisely presented in Table 4. The first-in-class
TIM-3 antibody, sabatolimab (MBG453), a humanized
IgG4 antibody, exhibits high affinity for specific bind-
ing to TIM-3 and effectively inhibits its interaction with
Gal-9 and PtdSer [4, 110].

Sabatolimab has demonstrated immuno-myeloid
activity within a potential dual mechanism against
AML and myelodysplastic syndrome (MDS) through
reactivating the immune system to eliminate LSCs and

blasts, as well as directly targeting TIM-3 on leukemic
blasts to inhibit cancer cell proliferation [216]. Saba-
tolimab in combination with hypomethylating agent
(HMA) was administrated to 53 patients having high-
or very high-risk MDS (HR/vHR-MDS) and 15 patients
with chronic myelomonocytic leukemia (CMML) in
the STIMULUS clinical trial (NCT03066648) [217].
The most frequent adverse effects (AE) observed in
HR/VHR-MDS patients included thrombocytope-
nia (56.6%), constipation (56.6%), and nausea (54.7%).
Immune-related adverse events (AEs) were observed
in seven patients. The median duration of response
(mDOR) was 17.1 months, and the overall response
rate (ORR) was 56.9% among the 51 HR/vHR-MDS
evaluation patients. The mDOR for CMML patients
was 5.6 months, and the ORR was 66.7%.

Table 4 Anti-human TIM-3 antibody agents under clinical investigation

Drug Description

Manufacturer

Sabatolimab (MBG453)

mADb, humanized IgG4 (S228P; stabilized hinge mutation) mAb

Novartis Pharmaceutical

Cobolimab (TSR-022) mAb, humanized IgG4 (5228P) Tesaro

BGB-A425 mAb, humanized 1gG1 BeiGene

BC3402 mAb, humanized IgG4 BioCity

TQB2618 mAb, humanized IgG4 Chiatai Tianging (CTTQ)
NB002 mAb, humanized IgG1 Neologics Bioscience
AZD7789 Bispecific antibody to PD-1/TIM-3 AstraZeneca

LB1410 Bispecific antibody to PD-1/TIM-3 L&L Biopharma
INCAGN02390 mAb, humanized IgG1k, N297A (Fc-engineered silent) Incyte, Agenus
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Synergistic effects and mechanisms of TIM-3

and PD-1 inhibitors

TIM-3 and PD-1 inhibitors synergistically activate CD8* T
cells

PD-1 inhibitor therapy results in the upregulation of
TIM-3 in a variety of cancer types [3, 9-12], which is
recognized as a mechanism contributing to resistance
against anti-PD-1 treatment. Among 16 patients with
metastatic melanoma who were treated with pembroli-
zumab monotherapy, non-responders demonstrated
significantly elevated TIM-3 expression on their CD8"
T cells [218, 219]. Additionally, PD-1 has the ability to
bind to Gal-9, which reduces cell death caused by the
Gal-9/TIM-3 interaction and promotes the survival of
PD-1"TIM-3" T cells [24]. TIM-3 and PD-1 are widely
acknowledged as critical biomarkers of T cell exhaustion
[220]. PD-1*TIM-3"CD8"% TILs showed more exhaus-
tion and stronger suppression capabilities compared
to PD-1*"Tim-3"CD8" T cells [148, 221-223]. Stud-
ies have confirmed in glioblastoma, a low number of
CD8'CD103"PD1*TIM3™ memory T cells are the most
predictive independent indicator related to longer OS
[224]. Additionally, CD4* and CD8' T lymphocytes iso-
lated from HCC tissues demonstrated elevated PD-1 and
TIM-3, which are linked to unfavorable outcomes [225].

TIM-3 inhibitors enhance the functionality of effec-
tor T cells by disrupting the interaction between TIM-3
and its ligands. When Gal-9 on tumor cells interacts with
TIM-3 on T cells, it effectively suppresses T cell activa-
tion and even induces their apoptosis. This interaction
consequently reduces cytokine production and facilitates
immune evasion by tumor. Anti-TIM-3 mAb can inhibit
TIM-3/Gal-9 signaling, thereby restoring the activity of
effector T cells. This restoration ultimately leads to an
enhanced production of interleukin 2 (IL2) and IFNy
[147]. Anti-TIM-3 antibodies have been shown to sup-
press tumor development and enhance IFNy-mediated
antitumor immunity in preclinical cancer models [15].
Anti-TIM-3 antibodies have also been reported to work
by preventing TIM-3 from interacting with PtdSer and
CEACAM-1 [48]. Additionally, research has shown that
anti-TIM-3 antibody M6903 effectively prevents Gal-9,
PtdSer, and CEACAM-1from binding to TIM-3 [226].
According to our earlier research, anti-TIM-3 antibodies
that recognize conformational epitopes on TIM-3 rather
than linear epitopes hindered the interaction between
TIM-3 and Gal-9 [227].

Recently, small molecule inhibitors targeting TIM-3
have demonstrated promising anti-tumor efficacy in
preclinical studies. Specifically, ML-T7, which interacts
with the FG-CC’ loop of TIM-3 to disrupt the bind-
ing of PtdSer and CEACAM]1, has been demonstrated
to improve both the survival and antitumor efficacy of
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primary CD8" CTLs [228]. Furthermore, it has been
found that ML-T7 enhances the cytotoxicity of NK
cells and improves the antigen presentation capability
of DCs. Additionally, SMI1402, which effectively inhib-
its TIM-3 from binding to CEACAM-1, HMGB-1, and
PtdSer [229], has demonstrated its capacity to suppress
tumor growth by promoting the infiltration and activa-
tion of CD8™ T cells and NK cell at the tumor site [229].

A synergistic effect has been shown in the concur-
rent targeting of the TIM-3 and PD-1 pathways, as
evidenced by the reactivation of T cells in vitro and
the induction of anti-cancer responses in animal mod-
els [144, 221]. PD-1 and TIM-3 blockade significantly
enhanced the expansion of tumor antigen-specific
CD8" T cells induced by melanoma vaccines, as well as
their cytokine production [230]. When anti-PD-1 and
anti-TIM-3 mAbs were administrated in combination,
the median survival in a murine glioblastoma model
increased significantly from 33 to 100 days. Moreover,
this combined treatment significantly elevated the OS
rate from 27.8% to 57.9% [231]. In a xenograft mouse
model of HCC, the dual inhibition of TIM-3 and PD-1
demonstrated a significantly enhanced anti-tumor
effectiveness compared to monotherapy [225]. This
combination therapy not only reduced the expression
level of PD-1 and TIM-3 on CD8* T cells within tumor
tissues but also enhanced T cell infiltration into tumors.
Moreover, it led to a rise in the production of effector
cytokines TNFa and IFNy, while simultaneously reduc-
ing the levels of immunosuppressive cytokines IL6 and
IL10 in tumor tissues.

The synergistic interactions between TIM-3 and
PD-1/PD- L1 inhibitors in T cells are depicted in Fig. 2.
Antibodies that target at PD-1/PD-L1 inhibit the inter-
action between PD-L1 and PD-1, thereby hindering Lck
from phosphorylating the intramembrane domain of
PD-1, which impairs cell recruitment to SHP-2. Con-
sequently, PD-1 inhibitors upregulate TCR, CD28,
PI3K-AKT, RAS-MEK-ERK, and PKC6-mediated NFxB
activity pathways. It has been demonstrated that anti-
PD-1 therapy raises TIM-3 via the PI3K-AKT pathway
[9], leading to adaptive resistance to this treatment.
Anti-TIM-3 antibodies can prevent PD-1 resistance
[11]. In the presence of TIM-3 inhibitor, Itk-mediated
phosphorylation of the intramembrane motif of TIM-3
is inhibited, preventing the release of Bat3 and cell
recruitment to Fyn. Consequently, Bat3 recruits Lck,
which then phosphorylates TCR and CD28, restoring
their activation. The integration of TIM-3 and PD-1/
PD-L1 inhibitors improves the transmission of acti-
vation signals to downstream proteins and signaling
pathways, which strengthens T cells’ immunological
response.
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TIM-3 and PD-1 inhibitors cooperatively enhance multiple
processes in cancer-immune cycle

The cancer-immune cycle provides a conceptual frame-
work that enhances our understanding of the sequence
of events triggering anti-cancer immune responses [232,
233]. This process comprises seven distinct steps: (1)
release of cancer cell-derived antigens (cancer cell death),
(2) cancer antigen presentation by DCs/APC, (3) prim-
ing and activation of APC and T cells, (4) trafficking of
CTLs to tumors, (5) infiltration of T cells into stroma and
tumors, (6) recognition of cancer cells by T cells, and (7)
killing of cancer cells (immune and cancer cells).

Due to the differential regulation of receptor and ligand
expression in both temporal and spatial dimensions dur-
ing the immune response, TIM-3 and PD-1 exhibit dis-
tinct contributions. The simultaneous administration
of TIM-3 and PD-1 inhibitors enhances various pro-
cesses within the cancer-immunity cycle and modifies
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TME. Myeloid-derived suppressor cells (MDSCs), and
tumor-associated macrophage (TAM), and Treg all aid in
immune suppression in the TME. Figure 4 illustrates how
these inhibitors regulate T cell priming and effector func-
tion in the TME at critical stages of the cancer-immune
cycle. The anti-tumor response is improved when TIM-3
and PD-1/PD-L1 inhibitors collaborate to regulate CTLs
and specific immune populations. TIM-3 inhibitors pri-
marily modulate the function of CTLs and DCs, whereas
PD-1 inhibitors mainly influence CTL activity [234].
Recent results indicate that mouse y§ T cell subsets that
generate IL-17A are differentially regulated by PD-1 and
TIM-3 [33].

Accumulating evidence suggests that TIM-3 plays
a pivotal role in regulation of antitumor immunity in
DCs. Combining TIM-3 inhibition with chemotherapy
significantly amplifies antitumor immune responses
by augmenting CD103"DC’s production of the critical

. ,/(\ TIM-3 inhibitor
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complex tissues: antigen presentation
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activate navie T cells
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Fig. 4 Essential function of TIM-3 and PD-1/PD-L1 inhibitors in cancer-immune cycle. TIM-3 inhibitors interfere with the binding of Gal-9, HMGB-1,
or CEACAM-1 to TIM-3, thereby regulating the activity of cytotoxic T lymphocyte (CTL) and dendritic cell (DC). Meanwhile, PD-1/PD-L1 inhibitors
primarily enhance the function of CTL by obstructing the interaction between PD-1 and PD-L1. MDSC: myeloid-derived suppressor cells; TAM:
tumor-associated macrophage; Treg: regulatory T cell; HMGB-1: high-mobility group box 1 protein; CEACAM-1: carcinoembryonic antigen-related
cell adhesion molecule 1. The schematic illustration is sourced from app.Biorender.com
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chemokine CXCL9 in a breast cancer model [235]. The
function of CD8" T cells can be indirectly activated by
TIM-3 inhibition via the regulation of the activity of
¢DCs in the TME [84, 236]. Inhibiting TIM-3 can reverse
tolerogenic function of DCs and enhance CXCL9 pro-
duction, which recruits CD87 effector T cells to combat
tumors [237]. TIM-3 and PD-1 blockade has been shown
to improve the survival of tumor-bearing mouse by
boosting the antigen presentation of classical type 2 den-
dritic cells (imcDC2) and improving the tumor-killing
function of CD8" tissue-resident memory cells CD8* T
cells (CD8*TRMs) [238].

Clinical implications of combination therapy with TIM-3
and PD-1 Inhibitors

Although the long-term benefits of PD-1/PD-L1 inhibi-
tors are well-documented, only a minority (approximately
20%) of patients demonstrate a response to this single-
agent therapy. The limitation has motivated research into
combination therapies to enhance efficacy. The FDA has
granted the use of anti-PD-1/PD-L1 in conjunction with
chemotherapy, angiogenesis inhibitors, targeted treat-
ment, and immunotherapy (CTLA-4 or LAG-3 inhibi-
tors). Clinical research has demonstrated that in several
malignancies, the combination of checkpoint inhibi-
tion with anti-CTLA-4 and anti-PD-1 can significantly
increase in overall survival (OS). Additionally, this com-
bination has higher response rates in comparison to
monotherapy with either treatment alone [49, 239, 240].
PD-1 and CTLA-4 control T cell activation via different
and non-overlapping mechanisms. These molecules exert
their effects at various sites and time points throughout
the T cell development process [234, 241, 242]. However,
this combination therapy is linked to increased rates of
immune-related toxicities that exceed those observed
with individual agents [243, 244]. The synergistic effect of
combining PD-1 and LAG-3 inhibitors has been demon-
strated [245, 246]. Nevertheless, in comparison to PD-1
inhibitor monotherapy, this combination carries a higher
risk of treatment-related toxicities [243].

TIM-3 is predominately expressed on terminally
exhausted T cells in TME and often coexists with PD-1.
Consequently, a potential limitation of TIM-3 and PD-1
monotherapy is its inability to completely activate these
exhausted T cells. TIM-3 monotherapy exhibited mod-
erate antitumor efficacy when compared to PD-1 mono-
therapy in a preclinical model. Co-targeting of the PD-1
and TIM-3 pathways has been shown to exhibit syn-
ergistic effectiveness [144, 221, 225, 231, 238], a wide
safety profile, and high tolerability according to pre-
clinical studies [7]. In clinic setting, most anti-TIM-3
antibodies are now being evaluated in conjunction with
anti-PD-1/PD-L1 antibodies, anti-LAG-3 antibodies,
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and chemotherapy. In a phase I/II clinical research
(NCT02608268), sabatolimab was evaluated for its safety
and efficacy in patients with advanced solid tumors, both
as monotherapy and in combination with spartalizumab
(anti-PD-1 mAb, IgG4, S228P; PDRO001). Although
monotherapy with sabatolimab did not demonstrate sig-
nificant antitumor activity, the combination therapy of
sabatolimab and spartalizumab provided preliminary evi-
dence of antitumor efficacy and exhibited favorable tol-
erability [2]. The most common AEs associated with the
combination treatment included fatigue (15%), decreased
appetite (8%), diarrhea (7%), rash (7%), elevated aspartate
aminotransferase (6%), and nausea (6%) [2].

The human IgG1 mAb LY3321367 efficiently prevents
TIM-3’s binding to PtdSer and partially blocks its inter-
action with Gal-9 [247]. The combination of LY3321367
and LY3300054 (anti-PD-L1 mAb) has demonstrated
both safety and favorable clinical efficacy in treatment
of MSI-H/dMMR tumors that have not been previously
exposed to PD-1/PD-L1 inhibitors, as evidenced by a
phase I clinical trial (NCT02791334) [247]. A phase I
clinical study (NCT03099109) of LY3321367 revealed
favorable pharmacodynamics and pharmacokinetics,
as well as manageable safety profiles, in the treatment
of refractory advanced solid tumors; however, its anti-
cancer efficacy was only modest [248]. Due to unantici-
pated immunogenicity, the phase I trial (JIC-MC-JZDA,
NCT03752177) of the bispecific antibody LY3415244,
which targets both PD-L1 and TIM-3, was prematurely
terminated [249]. Further investigation is essential for a
thorough understanding of the implications associated
with TIM-3 and PD-1 inhibition.

A comprehensive overview of registered clinical trials that
combine anti-TIM-3 and anti-PD-1/PD-L1 antibodies is
given in Table 5. This overview does not include clinical tri-
als that have been terminated or withdrawn for any reason.
All these trails are in phase 1/2. Cancer types include hema-
tological malignancies and solid tumors. In these combina-
tions, anti-TIM-3 antibodies include TSR-022, BGB-A425,
BC3402, TQB2618, LB1410, or INCAGN02390; anti-PD-1
antibodies contain TSR-042, Nivolumab, Tislelizumab, Pen-
pulimab, Toripalimab, Pembrolizumab, INCMGA00012,
or Retifanlimab; anti-TIM-3/PD-1 BsAgs involve AZD7789
and LB1410; anti-PD-L1 antibodies include Durvalumab and
TQB2450. Other related ICIs include anti-LAG-3 antibod-
ies (TSR-033, INCAGNO02385, or LBL-007) and anti-CTLA4
antibody (Tremelimumab). Additionally, TIM-3 and PD-1
inhibitor in combination with anti-CTLA4 (BC3402+ Dur-
valumab + Tremelimumab) and anti-LAG-3 (TSR-022 +
TSR-042+ TSR-033, Tislelizumab+BGB-A425+ LBL-007,
INCAGNO02385+INCAGN02390+ INCMGAO00012, or
Retifanlimab+INCAGN02385+INCAGN02390) are being
explored in various trails.



Page 14 of 24

(2025) 6:27

Yan et al. Molecular Biomedicine

17-ad
(171-Qd-1uy) 0572901+ (E-WI1-1UY) 8197901 -WIL lown] pljos padueApy /1 9seyd SNILIS UMOUNUN S 1ESHISOLON
sa|ns 1-ad
-deD 9pLojY20IPAH qiunojuy +qgewindusad +819740L €-NIL DDH paoueApy | 9seyd Buniniddy  §795/6501ON
819790 pue ‘qewinduad +819zg01 1-dd
's9|nsded apLojyd0IPAY qIUIOjUY +gewndusd +819790L E-WIL J9DUED) [B19910]0D) | 9seyd Buninnay  10601090.LON
(unejdogde? 10 une|dsid + [9xell|ded) PWIOUIDIED) |90 Snow
Adelayiowayd +gewiindusd pue ‘(uneidogied o uneid |-ad  -enbgoneiseispy ysN pue pesH ayi Jo euwloudie)
-s1D+3xell|oed) Adessyrowayd + qewinduad + 8197401 E-NIL 19D snowenbs 1usLnddy /1 aseyd Bunininay  176£8/50LON
(louquyur 139) sajnsded /19¢g0 L +gewi|nd
-Udd + 8197901 pue ‘Adesayiowayd + gewlnduadd ‘Adelayy 1-ad
-owdYD + (1-0d-1ue) qewlindusd + (-Wi1-1ue) 8197401 E-NIL ewiouldIe) [[3D snowenbs jeabeydos3 padueapy  z/1 aseyd Buniniddy  €7S5YE8S0LON 81924901
1-ad
17-dd
qewnuwijswal] +gewnjeaind +z0veDg E-WIL DDOH ¢/l 9seyd Buninidal 19K10N  0¥680990LON
17-dd
(171-Ad-nue) gewnjeAIng + (- 1-11Ue) Z0¢Dg E-WIL DDH  ¢/1 ®seyd Buniniar19A10N  9Z€111901ON 0veDd
£00-1971+ SCrv-g9g +gewnz €OV
-I[9[SIL pue ‘(€-Dy1-ue) £00-19 T+ qewnzi|si| “(€-NIL E-WIL ONH
-NUe)STYY-gog +qewnzla|si| ‘(1-dd-ue) qewnz|a|si | 1-ad DDSNH  Z3seyd buninidaiiou '@9Andy  #06606501 DN SCiv-959
D1OSN
[oxel|oed-geN alll 96e1s 1OSN
-unejdoqued +zz0-YS 1+ 0S| pue ‘joxel|ded-unejdoq dl1e1seIsW JTISN
-1eD) + 7#0-YS1 '|]9Xel|ed-une|dogied + 770-4S 1+ ZHOUS L E-NWIL Jouiny pljos
‘qewnzioeag + [axell|oed-unejdoguied + 2#0-4S1 ‘(49IA 193A 195UBD paduRApY
-11Ue) gewnzioeAdg + Z#0-4S1 + quedelrN ‘[axell|ded-uneid 1-ad 190URD D[1RISEIBN
-0queD + ¢0-4SL 'TH0-HS L+ (HOUQIYUI Z/1 dHVd) guedeN ¢/1VYvd swise|doaN zaseyd  bBuninidalou vANdY  68//0£E01ON
J192Ued JaA| Arewlid Jnpe 9|qe1dasalun pazi|edo
1-ad 195UeD IaAI Alewld 3npe pasueApy
TY0-4SL+TT0-HSL €-INIL 19oued Janl Atewnd ynpy 7 9seyd  BumInIdaI 10U ‘SAIDY  80S089E0LON
|9Xe1920( + 770-YSL pue ‘unejdogled) + paxallawadd + 770
~YS1+220-YSL ‘Une|dsiD + paxanawad + ¢y0-YS L+ 0
-4S1 19Xe1930Q + ¢#0-YS L+ C0-HSL (€-DV1-1uY) €OV
€€0-YSL+ TH0-YSL+ TC0-YSL Tr0O-YSL+ 20 1-ad
-4S1(1-Ad-1uy) Qewn|OAIN +ZZ0-4S1 ‘T¢0-HSL E-NWIL swse|doaN | 9seyd Buninnay  €€9/1870LON
PWOUIDIRD [BDIAIDD JUSIINIDY
132UBD [BDIAIDD D13RISRIDN
PWOUIDIRD [BDIAIDD PIDURAPY
CC0-YSL+Cr0-uSL L-dde-WIL Jooued [edsined ¢ eseyd Buniniddy  S£98€790LON
(qewj0gqoD “e-INI1-11ue) Z20-dS1+ i0-dSL
pue (qewipelsoq ‘1-dd-1uy) Zr0-dSL L-dde-WIL Al pue ||| 9beis ewouepyy 7 9seyd Buniniddy  Z066€ L¥0LON CC0-4SL
sjuaby parebnisanul 19bie] sadAy Jown) aseyd snjels ?pod |DN bniqg

1 7-Ad/1-Ad Pue ¢-|L bunabiel saideisyl uoieuiquiod BulA|oAul S[eLA [eD1ul)D bulobu( § ajqelL



Page 15 of 24

(2025) 6:27

Yan et al. Molecular Biomedicine

(1-ad-huy) l-dd
CL000YOWWDNI+06ECONDYDINI+S8ECONDVOINI pue €OV
(E-WIL-UY) 06EZONDYINI + (€-DVT-1UY) SBECONDYINI €-WIL PWOURIBIN  ¢/1 8SeUd Buninidai1ou 9Ady  +0/0/E701DN  06EZONDVONI
ewoydwA
oLrLdn L-Ad/e-WIL Jowni pljos | oseyd Buminidey  159/5ESOLON
(uissoid uoisny oL-TI/CgLUIPNED
0L-Tl/z8Luipne|>-iue) 0eeyd 1+ (qvsd L-Ad/€-WIL) 0l¥La] L-dd/€-WIL Jown] pljos ¢/l °seyd Buninnay  8SE89¥90LON olrldl
68//A7ZY 1-Qd/€-WIL  ewoydwAT ubpoH [edisse|D A101oelay Jo pasdelpy ¢ dseyd  Buninidal 10U ‘9AIdY  GE8ILTSOLON
BIED
192URD) DIISeD)
68//,A7Y L-Ad/€-WIL DIDSN ‘ewoupie) /1 3seyd  Buninidei10u ‘8AndY  $591E€6+0LON
1-ad
L-dd/€-WIL
gewnz PV11D/1-Ad
-ljoiquiad pue 'gg//azy ‘BIuioisni|op BIuioIsobaAly 1911/1-ad Jowni pljos | oseyd Buninnay 8oL L¥SHOLON
1-ad
gewnzijoiquiad + 65607V Pue ‘BIuolsages + 65607V CHIH
‘Bluioisnijop+ 656027V DIWoIsObaA|Y + 65607V L-Qd/€-WIL
‘(1-ad-1ue) qewnzijoiquisd ‘(OAY ¢dIH-1uUe) v11D/1-ad
765607 '88//Q7Y ‘DIL0ISNIOA 'BlLo1soban|y Loll/1-ad DDSNH L @seyd Buniniday  15¥99€901ON
BlED)
192UeD DpIISeD)
(QvsdL-ad/€-WIL) 68//AZY L-dd/€-WIL DTDSN ‘Bwouidie) /| 9seyd Buninnay  1S/Z19¥0LON
auigedaden o [1RIN0ION|4-G + L060AZY +68//AZY Pue
'XOT3IX 10 XO4104 + 68,7V dulgeydade) o |1Deinol
-0N|4-G + 1060027V + b1woIsoban|y ‘suigeidaded) Jo |1oein Z8Luipned
-0I0N|4-G + (DAY '8 LUIPNeD-Nue) |060dZY + BILOISNI|OA L-dd/€-WIL
"XOT3X 10 XO4104+(Avsg LIDIL/1-dd) biuioisobanjy 1911/1-dd
"XOT3X 10 XO4104 + (AVSg ¥V 11D/ 1-Ad) BIuoIsnijop v¥110/1-ad Jedue)olisesy g 9seyd Buninnay  6¢2¢0/S0LON 68/,07V
l-ad
(1-Qd-huy) gewjeduo] +819¢d0L €-WIL PLIOURIB | 9SeYd SNILIS UMOUNUN /0L $#SOLON
l-ad
gewnduad +819zg0L €-WIL ewoyduwiAT A1o1elay/pasdeiay /L aseyd SN1eIs UMOUNUN  9/800%S01ON
gewl|nduad +8197d01 pue
‘uonoaful unedsio 4+ uondsful SpLOJYD0IPAY duige
-1DWIaY + gewllinduad ‘uondaful une|dsd + uondaful -ad
SPLOJYD0IPAY 2UIgRIDWSD) + gewlndudd + 819790 -WIL ewoulpied) [eabukieydoseN 7 aseyd SNIBIS UMOUNUN  087E9SSOLON
sjuaby pajebnsanu| 10bae] sadA} Jown) aseyd snjels ?9pod |DN bniqg

(penunuod) g ajqer



Page 16 of 24

(2025) 6:27

Yan et al. Molecular Biomedicine

135UED) U0 S31IWWOY) JUIO[ UBDLISWY DY ‘BLUOUIDIRD |33 D3N DD

“13dued uondunf( [eabeydosaoiisen ryo ‘ewouldied Jejnjj9301edaH HDH 43JUED }I3U pue peaH JNH ‘ewouldied |93 snowenbs 333U pue peaH JISNH “49ued Hunj |3 |jews-UoN JTISN ‘L dseusbAxolp-€z sulwesjopu)
103l 'z 401da231 403128} YyImoib jewapids uewnH zy3H ‘Apognue dyadsig qysg ‘ulewop ALl pue ulingojbounwwi yum soydadasounwiwl (193 | 1/9)] ‘v usbiaue pajerdosse 91430ydwiA|-1 21x0303K) /71D 403124 Yyimoib
|elldy10pua Jejndsep 493 ‘z/1L sesdwk|od asoqu-day A|od Z/Ld¥vd ‘s duab uoneande a1h>oydwA] g-oy7 ‘L puebi|-yreap pawweibold [ T-dd ‘L utdioid yieap ||92 pawweibold [-dd /Aobs|eiyjeslul)d//:sdny :@dunos eyeq

€-WIL
06ECONDVOINI+S8ECONDVINI+gew €OV
-ljueynay pue ‘(4494-nuy) glunebiuad +qewijueynay Lodi
‘(louqiyul LOQJ) Fersopeded3 +gewljueiay ‘qewjuepiay l-dd 19due) epdwopuy  z aseyd  Buminidailou 'sAdY  |//£9%¥01ON
E-WIL JOW
€OV 8A DDV DD Al 968.3S [eduld
06€CONDVONI+ SBECONDYONI + qeulijue)iioy 1-dd 8A DDV DDW I 9683 [ed1ulD |geIdasalun ¢ 3seyd  Buminidailou 'eAndy  §68950901ON
E-WIL
06€CONDVONI+S8ECONDYONI +geulljueiiley pue €-OV1
'G8ECONDYONI+ gewl|uejinay ‘(1-gd-1uy) qewl|ue)nsy l-dd ONH  7935eyd bBuninidaiiou @AndY  €11/87501ON
s1uaby pajebiisanul 19b.1e) sadA} jown] aseyd snjels 9pod |DN pniq

(pPanuiuod) g a|qel


https://clinicaltrials.gov/

Yan et al. Molecular Biomedicine (2025) 6:27

Conclusions and perspective

The response rate to monotherapy with PD-1/PD-L1
inhibitor is relatively low; thereby, optimizing combina-
tion strategies holds promise for significantly enhancing
clinical efficacy of ICIs. The combination of PD-1 inhibi-
tors with LAG-3 or CTLA-4 inhibitors has received FDA
approval for use in cancer treatment. TIM-3 is an emerg-
ing and promising therapeutic target for ICIs. TIM-3
interacts with its ligands to mediate immune suppres-
sion. TIM-3 is predominantly expressed in terminally
exhausted T cells and often co-expressed with PD-1.
The PD-1 inhibitor upregulates TIM-3, thereby facilitat-
ing acquired resistance to anti-PD-1 treatment. TIM-3
inhibitors hold the potential to address resistance to anti-
PD-1/PD-L1 therapies.

Preclinical and clinical studies across various cancer
types have validated that combined inhibition of TIM-3
and PD-1/PD-L1 yields synergistic effects, proving to be
more effective in tumor prevention than single-target
interventions. The expression levels of TIM-3 and PD-1/
PD-L1 within TME significantly influence the efficacy
of PD-1/PD-L1 blockade. Mechanically, the simultane-
ous inhibition of TIM-3 and PD-1 can synergistically
exert anti-tumor effects by regulating CTLs and enhanc-
ing multiple processes within the cancer-immune cycle.
Numerous clinical trials are currently conducted to com-
prehensively evaluate the efficacy of this combination
with anti-PD1/PD-L1, anti-TIM-3, and anti-PD-1/TIM-3
BsAg. Moreover, combining TIM-3, PD-1, and LAG-3 (or
CTLA4) inhibitors are explored in clinic trails to improve
immunotherapy efficacy.

Furthermore, various personalized cancer immuno-
therapies, such as Chimeric Antigen Receptor T (CAR)-T
cell therapy, adoptive cell transfer, and therapeutic vac-
cines, have garnered increasing interest in recent years.
Inappropriate usage of combination medications can
result in greater toxicities and higher medical costs for
patients. The challenges in the development of combi-
nation therapies may lie in identifying appropriate com-
bination treatments, the lack of biomarkers that predict
treatment responses, and the absence of standardized
methods for measuring these parameters. Another major
problem is optimizing the administration regimen, which
includes dosage, timing, and sequencing.

In summary, the concurrent inhibition of TIM-3 and
PD-1/PD-L1 pathway holds considerable potential in
enhancing the efficacy of cancer immunotherapy. The
primary aim of the preclinical and clinical research
associated with this combination is to identify predic-
tive biomarkers and develop appropriately personalized
treatment strategies to augment anti-tumor immune
responses, ultimately striving for the eradication of can-
cer cells.
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