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The B7/CD28 families of immune checkpoints play vital roles in negatively or positively regulating immune cells in homeostasis and
various diseases. Recent basic and clinical studies have revealed novel biology of the B7/CD28 families and new therapeutics for
cancer therapy. In this review, we discuss the newly discovered KIR3DL3/TMIGD2/HHLA2 pathways, PD-1/PD-L1 and B7-H3 as
metabolic regulators, the glycobiology of PD-1/PD-L1, B7x (B7-H4) and B7-H3, and the recently characterized PD-L1/B7-1 cis-
interaction. We also cover the tumor-intrinsic and -extrinsic resistance mechanisms to current anti-PD-1/PD-L1 and anti-CTLA-4
immunotherapies in clinical settings. Finally, we review new immunotherapies targeting B7-H3, B7x, PD-1/PD-L1, and CTLA-4 in

current clinical trials.
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INTRODUCTION

The immune system can recognize and eliminate transformed
and infected cells, with T cells playing an essential role in
immunosurveillance. Thus, a hallmark of cancer is to evade these
tumor-reactive T cells using immunosuppressive tumor-intrinsic
and -extrinsic factors. Therefore, advancements in understand-
ing cancer immunology are crucial in developing therapeutic
strategies to eliminate the many mechanisms of tumor immune
evasion, especially recent advances in understanding immune
checkpoints and how they regulate the immune system. The
relevance of immune checkpoints in disease and the therapeutic
strategies targeting them using immune checkpoint inhibitors
resulted in James Allison and Tasuku Honjo being awarded the
Nobel Prize in Physiology or Medicine in 2018 [1, 2]. The B7/
CD28 families of immune checkpoints are one of the most
important families that regulates the immune system, but some
of its members are not yet fully understood. The B7/
CD28 families consists of three groups based on their phylogeny
(Fig. 1): group | consists of CD28/CTLA-4/B7-1/B7-2 and 1COS/
ICOS-L (B7h); group Il consists of PD-1/PD-L1/PD-L2; and group
Il consists of TMIGD2/KIR3DL3/HHLA2, B7-H3, and B7x (B7-H4/
B7S1/VTCNT1) [3-6]. The receptors for B7x and B7-H3 have yet to
be identified [7, 8]. Group | pathways are essential in regulating
naive T-cell activation and immune tolerance, while Groups Il
and Il are important for regulating immunity in peripheral
tissues. Understanding and targeting the cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) and programmed cell death 1 (PD-
1)/programmed death ligand-1 (PD-L1) pathways has led to
significant therapeutic progress in cancer therapy and improved
cancer patient outcomes. In this review, we focus on the recent

advancements in the understanding and therapeutic targeting
of the B7 family of immune checkpoints.

HHLA2 AND ITS TWO FUNCTIONALLY-OPPOSED RECEPTORS:

TMIGD2 AND KIR3DL3

The most recently described members of the B7 immune
checkpoint family are HHLA2 (HERV-H LTR-associating 2) and its
receptors TMIGD2 (transmembrane and immunoglobulin (lg)
domain containing 2) and KIR3DL3 (killer cell Ig-like receptor, three
Ig domains, and long cytoplasmic tail) (Fig. 2). This pathway is
phylogenetically related to the immune checkpoints B7x and B7-H3,
which form the third arm of the B7/CD28 families (Fig. 1) [3, 9].
Unlike all other members of the B7/CD28 families, HHLA2, KIR3DL3,
and TMIGD2 are found in various species but are absent from
rodents such as mice and rats [6, 9-11]. Key differences between
the TMIGD2/KIR3DL3/HHLA2 pathways and other B7/CD28 family
members are most notable compared to the CD28/CTLA-4/B7-1/B7-
2 pathways. Despite groups being composed of functionally
opposed receptors that bind to common ligands, a major difference
is the ability of HHLA2 to simultaneously bind its two receptors [6],
while B7-1 and B7-2 cannot. Additionally, HHLA2 but not B7-1/B7-2
is highly expressed in various human cancers [6, 10, 12-18]. As new
members of the B7/CD28 families, these immune checkpoints have
become attractive targets for cancer immunotherapies [6, 19, 20].

HHLA2

HHLA2 (B7H7/B7y/B7-H5) is a type | transmembrane protein with
an extracellular portion composed of tandem IgV1-lgC-lgv2
domains [3]. HHLA2 is expressed on human antigen-presenting
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cells (APCs) and can be induced on activated T and NK cells [6, 21],
as well as exhausted PD-1TLAG-3" T cells [22]. HHLA2 expression
in normal tissue is limited to placental trophoblastic cells and the
epithelium of the kidney, breast, gallbladder, and gut [10]. Despite
its limited expression in normal human tissues, HHLA2 is highly
expressed in various human cancers of the breast, lung, thyroid,
skin, pancreas, ovary, liver, bladder, colon, prostate, kidney, and
esophagus [10]. The expression of HHLA2 on APCs and cancer
cells further differentiates it from B7-1 and B7-2, as they are mainly
found on APCs (Fig. 2).

The associations between HHLA2 and cancer development and
progression appear to be cancer specific. HHLA2 protein expression
during cancer progression and recurrence is primarily associated
with worse prognosis, clinical pathological features, and decreased
overall survival. In clear cell renal cell carcinoma, HHLA2 expression
correlates with pathological features such as tumor size, histological
grade, and clinical stage, and is associated with poor overall survival
[23]. Similarly, HHLA2 expression is associated with metastasis and
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Fig. 1 The phylogenetic tree of the B7 family and their respective
receptors was generated by Phylogenetic Analysis Using Parsimony
(PAUP). Group | (black) consists of CD28/CTLA-4/B7-1/B7-2 and ICOS/
ICOS-L. Group |l (blue) contains PD-1/PD-L1/PD-L2. Group Il (red)
includes TMIGD2/KIR3DL3/HHLA2, B7-H3, and B7x
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decreased overall survival in lung cancer [24], increased metastasis
and stage in triple-negative breast cancer (TNBC) [10], decreased
overall survival in intrahepatic cholangiocarcinoma [25], and worse
clinical features in prostate cancer [18]. Furthermore, HHLA2
expression in liver cancers, including intrahepatic cholangiocarci-
noma (ICC) and hepatocellular carcinoma (HCCQ), is associated with
worse prognosis [25, 26]. HHLA2 is a prognostic indicator of overall
survival in ICC, correlates with cancer stage in HCC, and leads to a
decrease in tumor-infiltrating T cells in both ICC and HCC [25, 26].
While most cancers with high HHLA2 expression show poorer
outcomes, some studies have shown that higher HHLA2 expression
is associated with better survival. A majority of pancreatic cancer,
pancreatic ductal adenocarcinoma, and ampullary cancer samples
express HHLA2, and HHLA2 expression in these cancers is
associated with improved prognosis and postsurgical survival
[15, 27]. In human non-small cell lung carcinoma (NSCLC), HHLA2
expression is positively associated with epidermal growth factor
receptor (EGFR) mutational status [12].

Interestingly, a few studies have revealed that HHLA2 and PD-L1
have mutually exclusive expression in NSCLC [13], ICC [25], and
clear cell renal cell carcinoma (ccRCC) [11] cells. In NSCLC, most
(78%) PD-L1-negative cases express HHLA2, whereas only 3%
express HHLA2 and PD-L1 [13]. In ccRCC, HHLA2 and PD-L1
coexpression occurs in only approximately 19% of samples but is
significantly associated with TNM stage and acts as a prognostic
factor of shorter progression-free survival and overall survival,
while high HHLA2 expression alone occurs in >30% of samples
with similar disease associations [18]. These results suggest that
the molecular and cellular mechanisms regulating the expression
of HHLA2 and PD-L1 are markedly different.

TMIGD2

TMIGD2 (CD28H/IGPR-1), which is the costimulatory receptor of
HHLA2 [10, 21], is a transmembrane protein with a single IgV
domain extracellular region and a cytoplasmic tail. TMIGD2 is an
adhesion molecule on epithelial-derived tissues involved in
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Fig. 2 Comparison of the newest HHLA2/TMIGD2/KIR3DL3 immunoregulatory pathway and the prototype B7-1/B7-2/CD28/CTLA-4 pathway
reveals some similarities and important differences. Both pathways contain ligands with dual roles (B7-1/B7-2 or HHLA2) that bind to
costimulatory (CD28 or TMIGD2) or coinhibitory (CTLA-4 or KIR3DL3) receptors on T and NK cells. While CD28 or CTLA-4 binding to B7-1/2 is
mutually exclusive, KIR3DL3 and TMIGD2 can simultaneously bind to different sites on HHLA2. HHLA2 but not B7-1/B7-2, which is highly
expressed in various human cancers. While the B7-1/B7-2/CD28/CTLA-4 pathways are expressed in humans and mice, the HHLA2/TMIGD2/

KIR3DL3 pathways are found in humans but not in mice
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angiogenesis [28]. Among immune cells, naive T cells, memory
T cells, tissue-resident T cells, NK cells, innate lymphoid cells, and
plasmacytoid dendritic cells express TMIGD2 [6, 21, 29]. CD8 and
CD4 T cells show similar patterns of TMIGD2 expression, and naive
T cells show high surface expression of TMIGD2, while memory
T cells show lower expression of TMIGD2 in normal peripheral
blood mononuclear cells, as indicated by an increase in CD31 and
CD28 expression and a decrease in T-bet, interferon (IFN)-y, and
tumor necrosis factor (TNF)a expression. [29]. TMIGD2 is also
expressed on immature NK cells, which are characterized as
CD56""9" CD16™ KIR® NKG2A™ (D57 cells [30]. On NK cells,
TMIGD2 functions as a strong activator that acts synergistically
with NKp46 and 2B4 and can enhance activation through CD16 for
antibody-dependent cellular cytotoxicity (ADCC) [30]. Despite the
increased expression of TMIGD2 on CD56"9" NK cells, degranula-
tion, and cytotoxicity are only observed in CD56%™ NK cells,
further highlighting the specific role of TMIGD2 during activation
[30]. TMIGD?2 interacts with HHLA2 by binding to the IgV1 domain
of HHLA2 [6], which promotes T-cell proliferation, differentiation,
and cytokine production, as well as NK cell activation, cytokine
production, and cytotoxicity [6]. The costimulatory signal is
mediated by Tyr192 on the cytoplasmic tail of TMIGD2, which
activates the PI3K/AKT pathway. In addition to a phosphotyrosine
residue, the cytoplasmic tail of TMIGD2 contains a proline-rich
region that associates with multiple Src homology 3 (SH3)-
containing signaling molecules [28]. TMIGD2 stimulation alone is
not sufficient for activation, however, as it synergizes with 2B4 and
NKp46 to promote degranulation and cytokine secretion in NK
cells [30]. Furthermore, upon stimulation with a CD3 agonist
monoclonal antibody, the TMIGD2/HHLA2 interaction increases
interleukin (IL)-2, IL-10, IFN-y, and TNFa secretion and increases
the proliferation of T cells in vitro [21]. Following T and NK cell
activation, TMIGD2 expression decreases, indicating a specific role
of TMIGD2 during activation [6]. The high levels of TMIGD2 mRNA
in the thymus further support the role of TMIGD2/HHLA2 in the
activation of naive T cells [29].

KIR3DL3

KIR3DL3, which is a KIR family member, consists of extracellular
tandem DO0-D1-D2 domains and a cytoplasmic tail containing an
immunoreceptor tyrosine-based inhibitory motif (ITIM) [6, 9], indi-
cating its role as the inhibitory receptor of HHLA2. KIR3DL3, which is
a framework gene, is ubiquitous in humans and is inherited in all
haplotypes but cannot be detected in most human tissues [31]. The
domain responsible for KIR3DL3 binding to HHLA2 is the DO
domain, which alone is sufficient to bind to HHLA2 in the absence of
D1 and D2 [6]. The DO domain of KIR3DL3 is evolutionarily
conserved between primate species, and loop 1 of DO has complete
amino acid sequence homology between primate species, indicat-
ing a critical role for KIR3DL3 in primates [31]. )

KIR3DL3 is predominantly expressed on CD56%™ NK cells and
terminally differentiated effector memory CD8 T cells (CD8 Tgyra)
that are CCR7" CD45RA™ [6]. The limited expression of KIR3DL3 is
due to the methylation of its promoter, and KIR3DL3™ NK cells with
abrogated methyltransferase activity exhibit spontaneous KIR3DL3
expression [32, 33]. Despite limited mRNA expression of KIR3DL3,
its promoter has the strongest activity of all KIR genes [33].
KIR3DL3 mRNA is regulated by microRNAs [34], which act as
posttranscriptional modulators to inhibit protein synthesis [35].
Antisense knockdown miRNAs targeting miR-26a-5p, miR-26b-5p,
and miR-185-5p result in a significant decrease in KIR3DL3 mRNA
expression, while knockdown of these miRNAs results in a
significant increase in KIR3DL3 surface expression on K562 cells
[35]. These data indicate two mechanisms controlling KIR3DL3
protein expression: methylation of its promoter to prevent
transcription and inhibition of translation by miRNAs.

HHLA2 binding to KIR3DL3 is inhibitory in T and NK cells [6]. This
inhibition is abrogated when HHLA2 or KIR3DL3 is blocked by
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monoclonal antibodies [6, 11]. Furthermore, in vitro coculture of
HHLA2' tumor cells with KIR3DL3™ CD8 T cells significantly
decreased target cell lysis, T-cell degranulation, and IFN-y and TNFa
expression [6]. KIR3DL3™ CD8 T cells also secrete fewer cytokines in
the presence of HHLA2" tumor cells (IFN-y, TNFa, CCL1, IL-13, GM-
CSF, and IL-5) in vitro [6]. This interaction in NK cells leads to a
significant decrease in cytokine production and target cell lysis,
which is restored by KIR3DL3/HHLA2 blockade [6, 11].

HHLA2 engagement recruits KIR3DL3 to the immunological
synapse and inhibits CD8 T and NK cell function and cytotoxicity
[6]. The inhibitory signal following HHLA2 binding to KIR3DL3
depends on tyrosine 381 (Y381), which is phosphorylated to
inhibit downstream signaling [6]. The residue Y381 is in the ITIM
region of KIR3DL3 and is necessary for the inhibitory signal
associated with HHLA2 engagement [6]. The wild-type KIR3DL3
ITIM recruits SHP-1/2, as shown by immunoprecipitation, indicat-
ing that the inhibitory potential of KIR3DL3 relies on SHP-1/2
recruitment [6]. Upon recruitment of SHP-1/2, there is a decrease
in the phosphorylation of Vav1, ERK1/2, AKT, and NF-kB, which is
restored by mutations in Y381 [6]. This reduction in downstream
signaling leads to the inhibition of CD8 T-cell and NK cell function,
as shown by decreased cytokine secretion and cytotoxicity, and
mediates HHLA2™ tumor immune resistance [6].

Targeting KIR3DL3/HHLA2/TMIGD2 as novel immunotherapies
The immunosuppressive pathway associated with the KIR3DL3/
HHLA2 interaction has recently become an attractive target for
cancer immunotherapy [6]. Many cancer types highly express
HHLA?2 in primary samples. Importantly, KIR3DL3* immune cells
are often seen in HHLA2™ tumors, suggesting that the KIR3DL3/
HHLA2 pathway is active within the tumor microenvironment [6].
A lack of the KIR3DL3/HHLA2 interaction by HHLA2 knockout or
KIR3DL3/HHLA2 blockade increases lysis of NSCLC (HCC827) and
HHLA2-expressing lymphoma by KIR3DL3* NK cells in vitro [6].
Furthermore, the blockade of KIR3DL3/HHLA2 with an anti-
KIR3DL3 mAb decreases the tumor burden in humanized mice
in vivo [6], which provides the foundation for developing a novel
cancer immunotherapy for use in clinical trials. In addition to
targeting KIR3DL3, blockade of HHLA2/KIR3DL3 can maintain the
TMIGD2/HHLA2 interaction. Interestingly, HHLA2 expression in
melanoma patients predicts improved responsiveness to anti-PD-
1/PD-L1 checkpoint blockade [36]. These findings highlight the
potential for developing immunotherapies targeting KIR3DL3/
HHLA2, which can be translated across multiple cancer types that
express high levels of HHLA2, particularly PD-L1-negative tumors
that are often HHLAZ2 positive [13], as well as the potential synergy
of blocking KIR3DL3/HHLA2 and other therapies such as PD-1/PD-
L1 blockade. Since HHLA2 has limited expression on normal cells
but is highly expressed on various cancers, targeting HHLA2 is
another attractive anticancer therapy. Since TMIGD2 functions as a
costimulatory molecule for T and NK cells, a bispecific antibody
targeting TMIGD2 and PD-L1 is being developed [37]. Further
investigation of the roles of KIR3DL3/HHLA2 in cancer develop-
ment and progression is needed to continue developing
immunotherapies. Thus far, the focus on this pathway has been
on the overexpression of HHLA2 on tumor cells, but it remains to
be seen if this expression correlates with an increase in KIR3DL3
expression on T and NK cells in patient samples. These data would
further support the use of anti-KIR3DL3 therapies for cancer
treatment. We believe that new immunotherapies can be
developed to target KIR3DL3, HHLA2, and TMIGD2 with different
underlying mechanisms.

PD-1/PD-L1 AND B7-H3 AS METABOLIC REGULATORS

The PD-1/PD-L1 and B7-H3 pathways are well-known regulators of
immune cell function and exhaustion. However, recent studies
have demonstrated that these immune checkpoint pathways are
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Fig. 3 PD-1/PD-L1 and B7-H3 are metabolic regulators of effector and regulatory T cells (Tregs) and tumor cells. A In T effector cells, the TCR
and CD28/B7-1/B7-2 costimulatory signals upregulate PD-1 via NFATc1 and activate RAS/MAPK and PI3K/AKT/mTOR, which stimulates
glycolysis. PD-1/PD-L1 engagement inhibits the RAS/MAPK and PI3K/AKT/mTOR signaling pathways, thereby preventing the induction of
glycolysis. It also inhibits the expression of the main glutamine transporters, SNAT1 and SNAT2, thus reducing amino acid uptake and
metabolism. PD-1/PD-L1 promotes fatty acid $-oxidation (FAO) by increasing the expression of the mitochondrial FAO enzyme CPT1A and
lipolysis, which generates fatty acids for FAO. B Tregs acquire lactate from the tumor microenvironment that is generated by tumor cell
glycolysis, which is possibly regulated by PD-L1. The lactate transporter MCT1 transports lactate into Tregs, where lactate is converted into
Ca*™ which induces NFATc1-mediated upregulation of PD-1. PD-1 promotes PI3K/AKT/mTOR signaling, thereby upregulating glycolysis. PD-1
inhibits the spare respiratory capacity and immunosuppressive activity of Tregs. C In intratumoral Tregs, PD-1 downstream signaling maintains
the expression of FoxP3, inhibiting the expression of genes associated with glycolysis and promoting lipid metabolism, fatty acid p-oxidation
(FAO), oxidation phosphorylation, peroxisome proliferator-activated receptor- (PPAR-p) expression, proliferation, immunosuppression, and
chemotaxis. These genes promote FAO, oxidation phosphorylation, and mitochondrial mass. PD-1 activates BATF to upregulate genes
associated with the activation and function of Tregs. PD-1 maintains lipid uptake through unknown mechanisms. Tregs internalize lipids
through CD36, activating the PPAR-f pathway to support mitochondrial biogenesis and fitness. PD-1 and CD36 may maintain the fitness,
stability, and functions of intratumoral Tregs. D Tumor cells acquire glucose and lipids from the tumor microenvironment. PD-L1 promotes
glucose metabolism by activating the AKT/GSK3p signaling pathway to upregulate the transcriptional repressor SNAI1 to inhibit SIRT3, which
allows the expression of HK2 and LDHA. PD-L1 activates the AKT/mTOR pathway to upregulate the expression of PGK1, TPI, HK2, and LDHA.
PD-L1 activates the PI3K/AKT and ERK pathways to induce the expression of HK2. Additionally, PD-L1 upregulates the expression of PFK-2/
FBPase 3. Thus, PD-L1 promotes glucose metabolism by upregulating the expression of the glycolysis-related enzymes PGK1, TPI, HK2, LDHA,
and PFK-2/FBPase 3. Lactate is produced from glycolysis and is exported out of the tumor cell, acidifying the tumor microenvironment. PD-L1
also promotes lipid uptake and metabolism by upregulating the expression of the fatty acid binding protein (FABP4) and FABP5, which are
involved in lipid metabolism. E In tumor cells, B7-H3 inhibits the transcription factor NRF2, which governs the transcription of the antioxidant
enzymes SOD1, SOD2, and PRX3; this leads to the accumulation of ROS, which stabilizes HIF-1a and increases the expression of LDHA and
PDK1. LDHA participates in lactate production via glycolysis, and PDK1 inhibits pyruvate flux to the citric acid cycle. B7-H3 promotes the
activation and phosphorylation of the STAT3 pathway, which upregulates the expression of HK2, which participates in glycolysis. B7-H3
promotes the transcription and translation of the transcription factor SCREBP-1, which regulates the mRNA and protein expression of fatty
acid synthase (FASN), which is involved in lipogenesis

metabolic regulators of various immune cells, cancer cells, and
adipocyte progenitor cells.

PD-1 as a metabolic regulator in immune cells

Most studies on PD-1/PD-L1-mediated regulation of metabolism
have been conducted on T cells. The T-cell receptor (TCR),
costimulation, and cytokine receptors target the Ras/MAPK and
PI3K/Akt/mTOR pathways, which are two critical regulators of
T-cell metabolism that promote glycolysis and T-cell activation
(Fig. 3A) [38, 39]. However, TCR signaling also upregulates PD-1
cell-surface expression [40]. When PD-1 binds to its ligands PD-L1
or PD-L2, the ITIM and the immunoreceptor tyrosine switch motif
(ITSM) of PD-1 are tyrosine phosphorylated by the Src family
kinases Lck and Fyn [41-46]. The phosphorylation of the ITIM and
ITSM of PD-1 recruits the phosphatase SHP-2, which down-
regulates TCR and CD28-costimulatory signaling and the Ras/
MAPK and PI3K/Akt/mTOR metabolic pathways [47-49]. As a
result, PD-1 decreases T-cell glycolysis, amino acid metabolism,

Cellular & Molecular Immunology (2023) 20:694 - 713

and intracellular trafficking while upregulating T-cell lipid meta-
bolism [50]. PD-1 signaling promotes lipolysis and fatty acid
oxidation (FAO) of endogenous lipids by upregulating the
expression of adipose triglyceride lipase (ATGL) and carnitine
palmitoyltransferase 1 A (CPT1A) (Fig. 3A) [50]. Additionally, PD-1
upregulates the intracellular concentrations of polyunsaturated
fatty acids (PUFAs) in T cells and their secretion in vitro [50]. PUFAs
inhibit T-cell production of IL-2 production and proliferation
in vitro and in vivo [51-53]. These PUFAs are often oxidized by
reactive oxygen species (ROS) to form oxidized lipids. The
scavenger receptor CD36 on T cells takes up these oxidized lipids
and promotes lipid peroxidation, resulting in dysfunctional
intratumoral CD8 T cells [54].

Recent studies have shown that PD-1 may also affect redox
metabolism in T cells. PD-L1/PD-1 ligation decreases the amount
of reduced glutathione (GSH) and increases the levels of cysteine-
GSH disulfide, suggesting an intracellular oxidative environment
within T cells [50]. In the mouse graft versus host disease (GVHD)
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model, alloreactive T cells have increased PD-1 expression and
FAO-derived ROS, which increases T-cell sensitivity to F1FO-ATP
synthase complex inhibitors [55]. Treatment with antioxidants or
PD-1 blockade abrogates these effects, lowering ROS and
desensitizing the cells to F1FO-ATP inhibition [55]. However,
another study showed that PD-1 blockade increased intracellular
ROS and mitochondrial mass, as well as tumoral CD8 T-cell
activation and proliferation [56]. More studies are needed to clarify
how PD-1 affects the redox metabolism of T cells.

PD-1 regulates the metabolism of various T-cell subsets and
innate immune cells. A recent study showed that PD-1 signaling
was necessary to regulate mTOR-dependent anabolic glycolysis
and the FAO pathway to maintain the bioenergetic requirements
of quiescent CD8 T cells [57, 58]. Thus, PD-1 signaling and its
regulation of metabolism promote the development of protective
long-lived memory CD8 T cells. In a model of chronic lymphocytic
leukemia, PD-1 signaling impairs glycolysis, Bruton’s tyrosine
kinase (BTK) signaling, and the phagocytosis of PD-1-expressing
monocytes [59]. Myeloid-specific deletion of PD-1 results in PD-1-
deficient myeloid progenitor cells with increased levels of
metabolites involved in glycolysis, the pentose phosphate path-
way, the citric acid cycle, and cholesterol in response to
emergency myelopoiesis-related growth factors [60]. These results
correlate with a reduction in tumor-infiltrating myeloid-derived
suppressor cell (MDSC) accumulation and enhanced T effector
memory cell functionality and antitumor protection in a myeloid-
specific PD-1-deficient tumor mouse model. Once activated, NK
cells upregulate PD-1 expression [61]. Their effector functions
depend on the activation of the PI3K/Akt/mTOR pathway and
glycolysis, similar to T-cell activation [62]. However, little is known
about how the PD-1/PD-L1 pathway regulates NK cell metabolism.
These studies highlight new mechanisms by which PD-1 governs
the metabolism of various immune cells.

The function of PD-1 in regulating the metabolism and function
of regulatory T cells (Tregs) remains controversial. Regarding
metabolism, PD-1-deficient Tregs have reduced glycolysis due to
decreased PI3K/Akt/mTOR signaling (Fig. 3B) [63]. In addition,
these PD-1-deficient activated Tregs have enhanced mitochon-
drial spare respiration and maximal respiratory capacity [63]. Thus,
these PD-1-deficient Tregs have reduced glycolysis but enhanced
mitochondrial and immunosuppressive functions in mouse
models of autoimmune encephalomyelitis and nonobese diabetes
[63]. Consequently, these findings and others suggest that PD-1
expression on Tregs inhibits the immunosuppressive functions of
Tregs [63-65]. However, other studies have reported that PD-1 on
Tregs promotes Treg functionality and homeostasis in mouse
models of chronic viral infection [66], autoimmune disease [67],
and cancer [68]. PD-1 expression on intratumoral Tregs maintains
Foxp3 expression in the tumor microenvironment and preserves
the expression of genes associated with proliferation, suppression,
and lipid metabolism, including target genes of the peroxisome
proliferator-activated receptor-B (PPAR-B) signaling pathway
(Fig. 3C) [68]. PD-1 expression on intratumoral Tregs also promotes
lipid uptake and maintains mitochondrial mass. Thus, the clonal
expansion and immunosuppressive functionality of intratumoral
Tregs are promoted [68]. Interestingly, intratumoral Tregs highly
express CD36 and PD-1 [69]. CD36 promotes lipid uptake and
levels in intratumoral Tregs and upregulates the PPAR-f signaling
pathway to promote mitochondrial fitness and biogenesis,
thereby sustaining the survival and functionality of tumor-
infiltrating Tregs (Fig. 3C) [69]. These studies are consistent with
previous findings that intratumoral Tregs primarily use lipid
metabolism [69-71] and suggest that PD-1 and CD36 modulate
the same metabolic programs to maintain the function, metabolic
fitness, and stability of intratumoral Tregs. Additionally, PD-1
regulates triglyceride metabolism in Tregs by upregulating the
basic leucine zipper ATF-like transcription factor (BATF) to
promote the immunosuppressive functions of Tregs in controlling

SPRINGER NATURE

airway allergic inflammation and IgE responses (Fig. 3C) [72].
Consistent with these findings, BATF epigenetically and transcrip-
tionally regulates the expression of differentiation/activation-
related genes in intratumoral Tregs, promoting the functionality
of Tregs in the tumor microenvironment (Fig. 3C) [73]. These
studies indicate that PD-1 is an important metabolic regulator in
Tregs. However, more studies are needed to further clarify the
functions and mechanisms of PD-1 in regulating Treg metabolism
and functionality during homeostasis and in chronic infections,
autoimmune diseases, and cancer.

PD-L1 regulates tumor-cell metabolism

Although PD-L1 is a ligand, recent studies have reported that PD-L1
may regulate the metabolism of cancer cells. In various mouse
tumor cell lines, knockdown or blockade of PD-L1 reduces the
expression of glycolysis-related enzymes, inhibits AKT and mTOR
activity, and decreases the extracellular acidification rate (ECAR)
in vitro, suggesting that PD-L1 may regulate tumor cell glucose
metabolism via the ATK/mTOR pathway (Fig. 3D) [74]. In human
cervical cancer cells, PD-L1 overexpression promotes glucose
metabolism and epithelial-mesenchymal transition (EMT) by
activating the AKT/GSK3( signaling pathway to upregulate the
transcriptional repressor Snail Family Transcriptional Repressor 1
(SNAIT) and inhibit sirtuin-3 (SIRT3) promoter activity in vitro [75]. In
human NSCLC cell lines, PD-L1 knockdown reduces the expression
of hexokinase-2, an enzyme involved in glycolysis, inhibiting the
PI3K/AKT and ERK pathways in vitro and thereby reducing glycolysis
[76]. A recent study showed that PD-L1 regulates tumor cell
glycolysis by regulating the expression of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFK-2/FBPase 3 or PFKFB3)
[77]. In addition to glucose metabolism, PD-L1 promotes lipid
uptake by upregulating the expression of fatty acid binding protein
(Fabp) 4 and Fabp5 in gastric tumor cells in vitro [78]. In a tumor cell-
T-cell coculture system, these gastric tumor cells outcompete tissue-
resident memory T cells for lipids, leading to the death of tissue-
resident memory T cells [78]. Taken together, these studies suggest
that PD-L1 is a metabolic regulator of tumor cells and enables them
to outcompete immune cells for metabolic resources, thereby
evading antitumor immunity.

B7-H3 is a metabolic regulator of tumor cells and adipocyte
progenitor cells
Recent studies have revealed that B7-H3 is a metabolic regulator in
various cell types. B7-H3 promotes the Warburg effect by
reprogramming tumor cell metabolism toward glycolysis and
lactate production via ROS-dependent hypoxia inducible factor
1 subunit a (HIF1-a) stabilization, resulting in enhanced tumor
growth in vitro and in breast cancer mouse models (Fig. 3E) [79].
Similarly, B7-H3 expression increases the glycolytic capacity of
breast cancer cells and their survival, as well as their resistance to
two anticancer mTOR inhibitors in vitro and in vivo [80]. Consistent
with previous findings, knockdown or inhibition of B7-H3 with an
mAb in metastatic melanoma cells in vitro reduces their glycolytic
capacity, proliferative ability, and resistance to chemotherapy and
various anticancer small-molecule inhibitors [81]. B7-H3 regulates
aerobic glycolysis to promote colorectal cancer cell migration,
invasion, and apoptotic resistance by promoting hexokinase 2
expression in vitro and in vivo (Fig. 3E) [82]. Furthermore, B7-H3
regulates lipid metabolism in tumor cells. B7-H3 regulates lipid
synthesis in lung cancer cells by controlling the expression of sterol
regulatory element-binding protein 1 (SREBP-1), which governs the
expression of fatty acid synthase (FASN) in vitro (Fig. 3E) [83]. In
colorectal cancer patients and human cancer cell lines, B7-H3 is
positively correlated with isocitrate dehydrogenase 1 (IDH1), a
metabolic enzyme in the tricarboxylic acid cycle, whose metabolites
are associated with lipid synthesis [84].

In addition to tumor cells, B7-H3 is highly expressed in mouse
and human adipose tissue during homeostasis and is positively
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correlated with obesity in mice and humans [85]. B7-H3 is
preferentially expressed in adipocyte progenitor (AP) cells and is
downregulated during AP cell differentiation into adipocytes. In
AP cells, B7-H3 regulates many genes associated with glycolysis,
fatty acid metabolism, and amino acid metabolic processes. Cell-
intrinsic B7-H3 stimulates glycolysis and oxidative metabolism in
AP cells. Adipocytes derived from B7-H3-deficient AP cells exhibit
impaired oxidative metabolism, which correlates with an increase
in fat storage, suggesting that B7-H3 establishes oxidative
metabolic programming in AP cells that persists as these cells
differentiate into adipocytes, thereby regulating lipid storage in
adipocytes. Consistent with these findings, B7-H3-deficient mice
develop spontaneous obesity when fed a regular chow diet, which
is accompanied by the accumulation of white adipose tissue
consisting of hypertrophic adipocytes. Additionally, these B7-H3-
deficient mice exhibit dyslipidemia, hyperinsulinemia, hypergly-
cemia, and impaired white adipose tissue lipolysis and fatty acid
oxidation. Obesity in B7-H3-deficient mice is also associated with
inflammation in adipose tissue. These results demonstrate the
physiological role of B7-H3 as a metabolic regulator.

GLYCOSYLATION BIOLOGY OF PD-1/PD-L1, B7x AND B7-H3
Glyco-immuno-oncology is an emerging topic and a new
discipline for studying tumor glycosylation consequences in the
immune system. Studies have shown that normal and tumor cells
have diverse glyco-coats [86, 87]. Protein glycosylation is involved
in regulating protein localization, stability and mediating recep-
tor-ligand interactions [88]. Aberrant glycan patterns have also
been shown to serve as non-invasive tumor biomarkers, such as
carcinoma antigen 19-9 (CA19-9) in pancreatic cancer [89] and a-
fetoprotein (AFP) in hepatocellular carcinoma [90, 91]. Two main
glycoconjugate glycosylate proteins are N-linked glycoproteins
attached to the nitrogen of asparagine side chains (Asn-X-Ser/Thr:
NXT) [92] and O-linked glycoproteins attached to the hydroxyl
oxygen of Ser/Thr [93]. Approximately 50% of eukaryotic proteins
are glycosylated based on the different specificities of glycosyl-
transferases and glycosidase enzymes [94]. N-glycans are classified
into three main units: high-mannose, hybrid, and complex glycans.
In addition, fucosylation of the core N-acetylglucosamine (GlcNAc)
residue  following  -1,2-N-acetylglucosaminyltransferase |
(GIcNACT-I) modification in hybrid and complex N-linked synthesis
is normal but is also a frequent cancer-associated change in
N-glycosylation. The enzyme a-1,6-fucosyltransferase (FUT8) gen-
erates a-1,6-fucosylated structures on the core of N-glycans.
Upregulated expression of FUT8 is involved in many cancers
(breast, lung, prostate, etc.) and is associated with poor prognosis
in patients in clinical settings [95, 96]. Likewise, protein glycosyla-
tion regulates protein structure, function, turnover rate, and
intermolecular interactions [97]. This section discusses the
regulation of immune checkpoint receptor/ligands (PD-1/PD-L1,
B7x, and B7-H3) by glycosylation (Fig. 4).

PD-1/PD-L1 glycosylation

Heavy N-linked glycosylation composed of an extensive sugar
moiety is important for the function of PD-1 and PD-L1 [98]. In TNBC,
immunoblotting shows that PD-1 has a heterogeneous pattern
showing two bands: 46 kDa and 32 kDa. In response to glycosidase
(peptide-N-glycosidase F; PNGase F) and N-linked glycosylation
inhibitor (tunicamycin, swainsonine, or castanospermine) treat-
ment, an electrophoretic mobility shift of ~15 kDa was observed. No
changes were observed after treatment with the O-linked
glycosylation inhibitor (benzyl-GalNAc), which suggests that PD-1
is extensively N-glycosylated [99]. Subsequently, four conserved
NXT motifs (N49, N58, N74, and N116) in the extracellular domain of
PD-1 were identified. Of the identified sites, N58 is essential for PD-
1/PD-L1 binding [100, 101]. Glycosylation of PD-1 is critical for
maintaining PD-1 protein stability and membrane expression. Non-
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glycosylated PD-1 is more ubiquitylated than glycosylated PD-1 in
response to treatment with the proteasome inhibitor MG132 [99].
The glycosyltransferases B3GNT2 and FUT8 may be responsible for
regulating PD-1 glycosylation [102]. Inhibition of Fut8 by genetic
ablation or pharmacologic inhibition reduces cell-surface expres-
sion of PD-1 and enhances T-cell activation, leading to more
efficient tumor eradication [99, 103]. More ubiquitination is
observed in Fut8™’~ CD8 T cells than in wild-type cells, providing
insight into core fucosylation-induced PD-1 stabilization [103].
Furthermore, the specific anti-PD-1 neutralizing mAb exhibited a
higher affinity for PD-1 than nivolumab due to the heavy glycan
moieties of PD-1 blocking its recognition by nivolumab, which does
not recognize glycosylation. This mAb targets glycosylated PD-1 at
N58, blocks the PD-1/PD-L1 interaction, and enhances the anti-
tumor response in a humanized TNBC mouse model [99]. In
addition, several small molecules, such as 2-DG (2-Deoxy-D-
glucose), NG-1 (aminobenzamide-sulfonamide inhibitor), and
BMS166 (Cathepsin L mAb), can disrupt the PD-1/PD-L1 interaction
by modulating N-linked glycosylation [104, 105]. Consistent with
previous findings, other studies have reported that PD-1 glycosyla-
tion is crucial for mediating the PD-1/PD-L1 interaction [98], its
immunosuppressive function [106], and its repressive effects on
chimeric antigen receptor T cells (CAR-T) [107].

PD-L1 is a heavily glycosylated B7 family protein found in
various cancer cell types. A study revealed a range of bands for
PD-L1 at ~50kDa, whereas the nonglycosylated form of PD-L1
was detected at ~33 kDa. PD-L1 is primarily N-glycosylated, as
demonstrated by treatment with PNGase F, and tunicamycin
blocks N-linked but not O-linked glycosylation. A study revealed
four Asn (N) residues of the consensus N-glycosylation motifs
spanning the PD-L1 extracellular domain (N35, N192, N200, and
N219). Furthermore, the glycosylation of N192, N200, and N219
but not N35 is crucial for preventing its degradation and
enhancing its immunosuppressive properties. The turnover rate
for glycosylated PD-L1 is slower than that for non-glycosylated PD-
L1 in the presence of a protein synthesis inhibitor (CHX). Thus,
glycosylation of PD-L1 stabilizes this protein [108]. The glycosyl-
transferases STT3, MAN2A1, and GLT1D1 are required to induce
the glycosylation of PD-L1; likewise, B4GALT1 mediates PD-L1
galactosylation. Moreover, EGF/EGFR-induced N-linked glycosyla-
tion of PD-L1 via the glycosyltransferase B3GNT3 is necessary for
its physical contact with PD-1 [109, 110]. Knocking out B3GNT3 in
mouse breast cancer cells reduces PD-L1 expression and
potentiates tumor rejection [111]. Non-glycosylated PD-L1 exhibits
more ubiquitination, suggesting that the non-glycosylated PD-L1
form undergoes faster protein degradation. PD-L1 is also heavily
glycosylated in T cells, and specific glycoforms are altered in
response to T-cell activation, as shown by LC-MS/MS analysis
[110]. Notably, heavy glycosylation of PD-L1 hampers the
identification of polypeptide antigenic regions by some Abs and
reduces antibody binding affinity [112]. Glycosylated PD-L1 in
melanoma is associated with poor PD-L1 detection by immuno-
histochemistry (IHC) [98]. Notably, deglycosylation methods to
remove the N-glycan moiety enhance anti-PD-L1 antibody binding
affinity and signal intensity, in addition to improving the false
detection of PD-L1 levels in the clinic through detection methods
such as IHC, ELISA, immunofluorescence microscopy, and immu-
noblotting [112]. Furthermore, a retrospective study showed that
deglycosylation leads to a more accurate assessment of PD-L1
expression by reducing false-negative patient stratification
[105, 113]. These findings indicate that deglycosylated PD-L1
could be a potential biomarker to predict anti-PD-1/PD-L1
immunotherapy by decreasing antigen heterogeneity and elim-
inating glycan structural hindrance.

Glycosylation of B7x

The immune checkpoint B7x remains an orphan ligand without a
known receptor [7]. Its expression is limited in normal tissue;
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Fig. 4 Glycosylation of the immune checkpoints PD-1/PD-L1, B7x, and B7-H3. N-glycosylation occurs at the consensus sequence/sequon Asn-
X-Ser/Thr (NXT) in the endoplasmic reticulum (ER) lumen, followed by complete synthesis/maturation in the Golgi and ending in the plasma
membrane, where it is either secreted or embedded in the membrane. Nearly 90% of the protein undergoes this co-translational modification.
Major types of N-glycans are high-mannose, hybrid, and complex N-glycans. PD-1 contains 15 kDa N-glycan moieties with four glycosylation
NXT motifs. B3GNT2 and Fut8 induce the glycosylation of PD-1, whereas its ligand PD-L1 contains approximately 17 kDa of N-glycan moieties
and four conserved NXT motifs. The glycosylation of PD-L1 is induced by B3GNT3, STT3, B4AGALT1, MAN2A1 and GLT1D1. Monoclonal
antibodies include STM418, BMS166, and MW11 h317; small-molecule inhibitors such as NG-1 and the sugar analog 2DG can inhibit the
interaction between PD-1/PD-L1. B7x has a differential N-glycosylation pattern ranging from highly glycosylated (~50 kDa) to less glycosylated
(~40 kDa) with five NXT motifs. B7x glycosylation is induced by STT3A and UGGG1. The small-molecule inhibitor NG-1 was shown to inhibit
the addition of N-glycans to B7x. B7-H3 consists of a 40 kDa N-glycan moiety with 8 NXT motif sites in humans and 4 NXT motif sites in mice.
B7-H3 glycosylation is induced by A4GALT and Fut8. The sugar analog 2F-Fuc inhibits the B7-H3 core fucosylation required for its
N-glycosylation. B3GNT: Beta-1,3-N-acetylglucosaminyltransferase; STT3: STT3 oligosaccharyltransferase complex catalytic subunit; UGGG1:
UDP-glucose glycoprotein glucosyltransferase 1; A4GALT: Alpha 1,4-Galactosyltransferase; MAN2A1: Mannosidase « class Il member; GLT1D1:
Glycosyltransferase 1 containing domain 1; 2-DG: 2-Deoxy-D-glucose; NG-1: Aminobenzamide-sulfonamide inhibitor; BMS166: Cathepsin L
monoclonal antibody; 2F-Fuc: 2-Fluoro-L-fucose

however, it is often overexpressed in many human cancers, such and N255) and two ubiquitination sites at lysine (K) residues
as skin, prostate, stomach, pancreas, brain, liver, lung, and TNBC, K146 and K138 in 293 T cells. However, the mutation of five
especially in immune-cold tumors. B7x regulates T cells and asparagine sites (5NQ) partially reduces its glycosylation,
innate immune cells. The receptor for B7x is dynamic and occurs perhaps because additional asparagine residues could compen-
distinctly from the exhaustion mechanisms that induce PD-1 and sate for the function of the mutated sites. The un-glycosylated
Tim-3 expression [7]. B7x has different N-glycosylation forms, B7x mutant (B7x-16NQ amino acids 47, 112, 119, 140, 142, 156,
such as highly glycosylated (~50kDa), less glycosylated 160, 190, 196, 202, 205, 216, 220, 221, 229, and 255) completely
(~40kDa), and unglycosylated (~28 kDa). The turnover rate of blocks B7x glycosylation and preserves partial trafficking to the
the non-glycosylated form is faster than the glycosylated form of membrane. The glycosylation of B7x is catalyzed by specific
B7x, which enhances B7x stability. This turnover rate is further glycosyltransferases (STT3A and UGGG1) to preclude protein
regulated by the ubiquitin—proteasome pathway, indicating that degradation via ubiquitination by the E3 ligase autocrine
inhibiting N-glycosylation improves B7x ubiquitination [114]. motility factor receptor (AMFR). Additionally, the degradation
Glycosylation of B7x within the endoplasmic reticulum ulti- of B7x is mediated by genetic or pharmacologic inhibition of
mately determines the cellular abundance of this protein [114]. STT3A [114]. The small-molecule oligosaccharide transferase
A mass spectrometry study identified five asparagine residues inhibitor NGI-1, which inhibits the addition of N-glycans to B7x,
that were N-linked glycosylation sites (N112, N140, N156, N160, can be used as an alternative therapeutic approach to cause its
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ubiquitylation and degradation [114, 115]. Inhibiting B7x
glycosylation in combination with immunogenic chemotherapy
and PD-L1 blockade could be an effective therapy to treat TNBC.

Glycosylation of B7-H3

B7-H3 overexpression is observed in various cancers, such as
prostate cancer, medulloblastoma, NSCLC, pancreatic cancer,
endometrial cancer, colorectal cancer, melanoma, glioma, breast
cancer, renal cell carcinoma, ovarian carcinoma, and hepatocel-
lular carcinoma, and is associated with poor prognosis [8].
Aberrant B7-H3 glycosylation predicts poor prognosis in patients
with TNBC and oral cancer [116, 117]. B7-H3 in TNBC cells is
~110kDa, which can be further reduced to ~70kDa after
PNGase F treatment. B7-H3 glycosylation is only partially
reduced after the addition of recombinant glycosidase endogly-
cosidase H (Endo H) [117]. The glycosylation of endogenous B7-
H3 is inhibited by the addition of an N-linked glycosylation
inhibitor (tunicamycin) but not by O-glycosidase inhibitors
(Thiamet G or PUGNAC). B7-H3 is a highly N-glycosylated protein
with eight NXT motif sites in humans (N91, N104, N189, N215,
N309, N322, N407, N433) and four NXT motif sites in mice (N91,
N104, N189, N215). Additionally, the turnover rate of non-
glycosylated B7-H3 was faster than that of glycosylated B7-H3
after treatment with a protein synthesis inhibitor (CHX),
suggesting that nonglycosylated B7-H3 proteins are less stable
and presumably more susceptible to degradation. The 26S
proteasome machinery revealed that the proteasome facilitated
the degradation of ubiquitinated non-glycosylated B7-H3.
Protein stability and cell surface expression of B7-H3 depend
on the N-glycosylation of its NXT motif sites, which is also
responsible for its immunosuppressive effects [117]. In the
human genome, 13 different fucosyltransferases (FUTs) have
been identified [96], but only FUTS8 is responsible for positively
regulating the glycosylation of B7-H3 and suppressing the
immune response in TNBC. Core fucosylation is necessary for
diverse protein functions regulated by FUT8 in the case of B7-
H3. The sugar analog 2-Fluro L-fucose (2F-Fuc) inhibits B7-H3
core fucosylation and augments anti-PD-L1 immunotherapy in
B7-H3-positive TNBC tumors in vivo. Different glycosyltrans-
ferases are involved in the glycosylation of B7-H3, but FUT8-
mediated aberrant core fucosylation and degradation of B7-H3
by intervening with the core glycosylation modification of the
B7-H3 protein (FUT8-B7H3 axis) would be a potential prognostic
biomarker and important immunotherapeutic strategy for TNBC
patients.

This crosstalk between glycosylation and immune checkpoints
has special significance for improving immunotherapy and the
immune response. It has been well established that
N-glycosylation negatively impacts protein stabilization, signal
intensity, and antibody binding affinity. The deglycosylation of
proteins or biological samples could be a better biomarker of
several pathological conditions. The engagement of glycan-
binding immunoreceptors with the modified glycans facilitates
immune evasion and tumor progression. Currently, advanced
methods, tools, and techniques are being used to study the
structure of complex glycans in cancer research, which will be
further used to develop novel glyco-medicines to treat cancer in
the future.

PD-L1 AND B7-1 Cis-INTERACTION

The current dogma considers the PD-1/PD-L1 and CTLA-4/B7-1
pathways independent with no interactions. However, recent
studies have demonstrated that the newly characterized PD-L1/
B7-1 ligand-ligand cis-interaction can bind to CD28 and CTLA-4
but not PD-1 (Fig. 5). These studies suggest that the PD-L1/B7-1
cis-interaction mediates significant crosstalk between the two
immune checkpoint pathways [118].
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PD-L1/B7-1 cis-interaction in vitro

Early studies using surface plasmon resonance and cell-protein
adhesion assays reported that PD-L1/B7-1 interacts in trans [119, 120].
PD-L1/B7-1 trans-interaction decreased T-cell proliferation and the
secretion of IL-2, IFN-y, and TNFa in CD28/CTLA-4 '~ cells, suggesting
that the PD-L1/B7-1 trans-interaction plays an inhibitory role [119].
Consistent with these finding, B7-1-lg could not inhibit the cells of
CD28/CTLA-4/PD-L1™"~ mice, thereby suggesting that the PD-L1/B7-1
interaction may be inhibitory [119]. A few mAbs targeting B7-1 or PD-
L1 were shown to disrupt the PD-L1/B7-1 trans-interaction, PD-1/PD-
L1, or both interactions [119, 120], suggesting that each mAb may
have unique abilities to disrupt the PD-L1/B7-1 interaction, and they
must be carefully characterized.

In contrast to earlier studies, recent work studying the PD-L1/
B7-1 interaction showed that PD-L1 and B7-1 interact in cis
[121-124]. ELISA and flow cytometry using purified proteins
demonstrated that PD-L1 and B7-1 strongly interacted with each
other only when PD-L1 was flexible, indicating that protein
orientation is critical [121]. Further studies used multiple assays,
such as protein-cell binding assays [121-124], fluorescence
resonance energy transfer (FRET) assays [122], and proximity-
based split luciferase assays [121, 124], and demonstrated that PD-
L1 interacts with B7-1 in cis but not in trans (Fig. 5).

Interestingly, the PD-L1/B7-1 cis-heterodimer interferes with the
PD-1/PD-L1 pathway. Recent studies showed that the PD-L1/B7-1
cis-interaction blocks the PD-1/PD-L1 interaction [122-125],
decreases the formation of PD-1 microclusters [122], and inhibits
PD-1-mediated immunosuppression [121-125]. Furthermore, the
binding sites of B7-1 and PD-1 to PD-L1 partially overlap [119, 124].
Mutagenesis studies on the PD-L1 IgV domain identified specific
amino acid mutations that may affect the PD-L1/B7-1 cis-interac-
tion, PD-1/PD-L1, or both interactions [121-124]. In support of
previous studies and these findings, a few anti-PD-L1 mAbs that can
disrupt the PD-L1/B7-1 cis-interaction and PD-1/PD-L1 trans-
interaction were identified [121, 125, 126]. These data suggest that
the PD-L1/B7-1 cis-interaction interferes with PD-1/PD-L1 binding
and can be targeted specifically by mAbs.
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Fig. 5 PD-L1/B7-1 cis-interaction in immune checkpoint pathways
and T-cell activation. T-cell activation requires two signals: signal
one is from the MHC-TCR complex and signal two is from the CD28/
B7-1/B7-2 interaction. Inhibitory PD-1/PD-L1 signaling inhibits TCR
and CD28 activation signals. CTLA-4 can bind to B7-1 to induce
CTLA-4-mediated inhibition of the stimulatory signal. Additionally,
CTLA-4 can sequester B7-1 from the cell surface of antigen-
presenting cells by transendocytosis, thus removing available B7-1
from the system. The PD-L1/B7-1 heterodimer can bind to CD28 to
induce a weak stimulatory signal and CTLA-4 to induce a weak
inhibitory signal. CTLA-4 is unable to sequester the PD-L1/B7-1
heterodimer by transendocytosis, thereby allowing B7-1 to remain
in the system. The PD-L1/B7-1 heterodimer is unable to bind to
PD-1; thus, there is no PD-1-mediated inhibitory signal
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In addition to blocking PD-1/PD-L1 ligation, the PD-L1/B7-1 cis-
heterodimer affects CTLA-4/B7-1 trans-interaction. The PD-L1/B7-1
binding sites overlap with the B7-1 homodimerization interface,
which interferes with the formation of the B7-1 homodimer (Fig. 5)
[124]. The binding sites of CTLA-4 and CD28 to B7-1 overlap [124].
The CTLA-4/B7-1 binding sites may partially overlap with the PD-
L1/B7-1 interface [119] or be on the opposite side of the PD-L1/B7-
1 interface [124]. Although the PD-L1/B7-1 cis-interaction may or
may not directly hinder the CTLA-4/B7-1 trans-interaction, PD-L1/
B7-1 heterodimerization reduces its interaction with the CTLA-4
homodimer and decreases CTLA-4-mediated transendocytosis of
B7-1 (Fig. 5) [122]. Additionally, the PD-L1/B7-1 cis-interaction may
reduce the CTLA-4/B7-1 interaction by weakening the avidity of
the CTLA-4/B7-1 trans-interaction [122, 124]. Dimeric CTLA-4-Fc
reduces the PD-L1/B7-1 cis-interaction, while monomeric CTLA-4
cannot [124]. Consistent with this finding, the PD-L1/B7-1 cis-
interaction disrupts B7-1 homodimerization, preventing high-
avidity CTLA-4/B7-1 lattice formation [122]. In contrast to these
studies, one study suggested that the PD-L1/B7-1 cis-interaction
did not alter high-avidity CTLA-4 pentamer formation and showed
that CTLA-4 inhibited IL-2 release [123]. However, these data
contradict another study showing that IL-2 secretion was reduced
when atezolizumab, an anti-PD-LT mAb that blocks the PD-L1/B7-
1 cis-interaction, was added to CTLA-4" Jurkat cells cocultured
with B7-1% PD-L1" Raji cells compared with untreated controls
[122]. Since the expression of immune checkpoints will likely
determine the inhibitory or stimulatory effect [122, 123], further
studies are needed for clarification.

Studies about the effects of the PD-L1/B7-1 cis-interaction on
the CD28/B7-1 interaction have been conflicting. One study
reported that the PD-L1/B7-1 cis-heterodimer moderately
decreased T-cell activation compared to B7-1 alone using a
T-cell activation reporter cell line [125]. Furthermore, the PD-L1
mAb that blocks PD-L1/B7-1 cis-heterodimer formation improved
T-cell priming and increased the CD28-Fc and B7-1 interaction
(Fig. 5) [125]. However, other studies reported that the PD-L1/B7-1
cis-interaction did not directly affect CD28/B7-1 binding [122, 123],
the formation of TCR or CD28 microclusters [122], the enrichment
of CD28 and B7-1 at the cell-cell surface interface [122], the
phosphorylation of CD28 [122], or the secretion of IL-2
[122, 123, 127]. The differences in the results of these studies
may be due to the vastly different experimental technologies and
conditions. Further studies are needed to clarify whether PD-L1/
B7-1 affects the CD28/B7-1 interaction.

The role of B7-2 in the new PD-L1/B7-1 cis-interaction paradigm
remains to be clarified. CTLA-4 and CD28 bind to B7-2. PD-L1 does
not bind to B7-2, as shown by CTLA-4/B7-2 depletion [122],
protein-cell binding [119, 120, 123], and proximity-based assays
[122, 124]. B7-2 can interact with CD28 in the presence of the PD-
L1/B7-1 cis-heterodimer [122]. Treatment with the anti-PD-L1 mAb
atezolizumab did not prevent B7-2 transendocytosis in a Treg-
dendritic cell B7-1 and B7-2 transendocytosis assay, suggesting
that PD-L1 does not affect CTLA-4/B7-2 transendocytosis [122].
More studies are needed to clarify how B7-2 is involved in T-cell
activation in the context of the PD-L1/B7-1 cis-interaction.

PD-L1/B7-1 cis-interaction in vivo

In vivo studies using autoimmune disease and cancer mouse models
are unclear regarding whether the PD-L1/B7-1 cis-interaction plays an
inhibitory or stimulatory role. An early study using a nonobese
diabetic (NOD) mouse model reported that the PD-L1/B7-1 interac-
tion may be inhibitory [126]. The PD-1/PD-L1 interaction plays an
inhibitory role in the development of diabetes in NOD mice by
regulating pathogenic self-reactive effector T cells [128, 129].
However, the role of the PD-L1/B7-1 cis- or trans-interactions in the
development of diabetes is unknown. Blocking mAbs targeting only
the PD-L1/B7-1 interaction or both the PD-1/PD-L1 and PD-L1/B7-1
interactions accelerate diabetes development in NOD mice [126]. The
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blocking mAb targeting only the PD-L1/B7-1 interaction was more
effective in inducing diabetes in old mice than in younger mice; the
blocking mAb that dual-targeted the PD-1/PD-L1 and PD-L1/B7-1
interaction induced diabetes in both young and old mice [126]. In an
adoptive-cell transfer mouse model of diabetes, the blocking mAb
targeting only the PD-L1/B7-1 interaction accelerated diabetes
development in recipients of T cells from established diabetic mice
but not prediabetic mice [126]. The dual-targeting blocking mAb
effectively induced diabetes in both settings [126]. These data
suggest that the PD-L1/B7-1 interaction may be inhibitory.

A recent study used mutated PD-L1 and B7-1 in vitro and in vivo
to further examine the role of the PD-L1/B7-1 cis-interaction [123].
Genetically engineered mice with PD-L1T Y56A or B7-1 L107E
mutations that prevent the PD-L1/B7-1 cis-interaction in vivo
reduced IFN-y and IL-2 production by T cells in response to OVA
protein and MHC-OVA peptide stimulation [123]. These genetically
engineered mice have poorer antitumor responses than wild-type
mice in an OVA-expressing E.G7 T lymphoma mouse model [123].
In the autoimmune disease experimental autoimmune encepha-
lomyelitis (EAE) mouse model of multiple sclerosis, PD-L1- and B7-
1-mutated mice have fewer signs of EAE after myelin oligoden-
drocyte glycoprotein (MOG) peptide immunization than wild-type
mice [123]. Splenocytes derived from PD-L1- and B7-1-mutated
mice produce less IL-17 after MOG protein immunization [123].
These results suggest that the PD-L1/B7-1 cis-interaction may have
a stimulatory role.

The newly characterized PD-L1/B7-1 cis-interaction should be of
interest in examining clinical trials data. A recent study showed that
PD-L1 and B7-1 are coexpressed in cancer patient-derived tumoral
conventional dendritic cells, but these cells express 20-fold more
PD-L1 than B7-1 [125]. RNA-sequencing data from NSCLC and renal
cell cancer patients showed that those with a high dendritic cell
signature who were treated with atezolizumab, an anti-PD-L1T mAb
that blocks the PD-1/PD-L1 and PD-L1/B7-1 interactions, had higher
overall survival [125]. Consistent with previous studies [130, 131],
immune cell PD-L1 expression was associated with the response to
atezolizumab [125]. More studies are needed to determine whether
the PD-L1/B7-1 cis-interaction is involved in the response to
immune checkpoint blockade therapy in the clinic.

RESISTANCE MECHANISMS TO ANTI-PD-1/PD-L1 AND ANTI-
CTLA-4 IN CLINICAL STUDIES

Although immune checkpoint blockade (ICB) targeting PD-1/PD-
L1 and CTLA-4 can lead to durable responses, most patients do
not respond to ICB. This suggests that therapeutic resistance
remains a critical limitation of the current ICB strategy. Patients
can exhibit primary resistance to ICB, meaning their cancers
possess inherent characteristics that make them unresponsive to
treatment, or patients can experience acquired resistance, in
which their cancer initially responds to therapy but later
progresses despite continued treatment. Regardless of the type,
resistance can be mediated through tumor cell-intrinsic and
-extrinsic factors, depending on the treatment and cancer type.
Many molecular and cellular resistance mechanisms to ICB have
been proposed using preclinical models (reviewed in [132]).
However, few of these mechanisms have been directly confirmed
in clinical samples from patients treated with ICB, and their clinical
relevance remains unclear. Here, we focused solely on resistance
mechanisms that were uncovered using clinical samples from
patients treated with ICB (Fig. 6).

Tumor-intrinsic mechanisms of resistance

Tumor-intrinsic resistance mechanisms can be divided into three
groups: (1) defects in antigen processing and presentation; (2)
insensitivity to IFN signaling; and (3) genetic T-cell exclusion (Fig. 6).
The efficacy of ICB relies on the recognition of tumor-specific
neoantigens in the context of major histocompatibility complex
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(MHQ) class I or Il molecules by cytotoxic CD8 and CD4 T cells,
respectively. Consequently, a high tumor mutational burden (TMB)
predicts the response to ICB, suggesting that tumor immunogeni-
city is a prerequisite for neoantigen recognition by cytotoxic T cells
[133-139]. Thus, ICB resistance can be driven by tumor neoantigen
presentation and processing defects, such as dysfunctional MHC
variants that perturb antigen presentation. In melanoma, loss of
heterozygosity (LOH) or deleterious mutations in -2-microglobulin
(B2M), a crucial component of the MHC | complex, are thought to
cause primary and acquired resistance to PD-1 and CTLA-4 blockade
[137, 140-142]. Other reports have shown that the loss of MHC class
| protein expression correlates with primary resistance to CTLA-4 but
not PD-1 blockade in melanomas. In contrast, reduced MHC class Il
expression is associated with PD-1 blockade resistance [143-145].
Similar to these observations, a NSCLC patient receiving combined
PD-L1 and CTLA-4 blockade had homozygous 82M loss in the tumor
at the time of acquired resistance [146]. The potential of B2M loss as
a resistance mechanism was further validated using a mouse lung
cancer model with 82m knockout [146]. Furthermore, the same
study observed B2M downregulation, which resulted in the loss of
MHC class | cell-surface expression in patient-derived xenografts
from patients with acquired ICB resistance. Thus, the loss of
neoantigen presentation machinery leads to poor immunogenicity
and resistance to ICB.

IFN-y is a pleiotropic cytokine produced by T and NK cells that is
important for antitumor immune responses through mechanisms
including direct induction of cancer cell apoptosis and the
upregulation of MHC class | expression and antigen presentation
[147]. Active IFN-y signaling is a predictive marker of the response
to PD-1 blockade [139, 148-151]. Thus, it is not surprising that the
suppression of this pathway may be a tumor-intrinsic factor
contributing to resistance. Truncating mutations in genes encod-
ing kinases within the IFN-y signaling pathway, such as Janus
kinase 1 (JAK1) and JAK2, lead to IFN-y insensitivity and T-cell
escape, thereby conferring primary and acquired resistance to PD-
1 and PD-L1 blockade in multiple cancer types [138, 140, 152].
Moreover, genetic defects or losses in multiple IFN-y pathway
genes and amplification of genes encoding suppressors of IFN-y
signaling are suggested to cause primary resistance to CTLA-4
blockade [153]. Taken together, these studies indicate that
decreased IFN-y signaling in tumor cells is a common mechanism
of resistance to ICB.

Oncogenic signaling pathways can induce the exclusion of
tumor-infiltrating lymphocytes (TILs). The absence of TILs,
specifically CD8 T cells, in the tumor microenvironment (TME) is
associated with resistance to ICB [139, 148, 151, 154, 155]. Muta-
tions in the tumor suppressor STK11/LKBT in NSCLC are associated
with TIL exclusion from the TME and primary resistance to PD-1
blockade [138, 156]. Although the exact mechanism has yet to be
determined, these mutations are accompanied by TIL exclusion,
downregulation of PD-L1 expression, and increased neutrophil
TME infiltration [138, 156]. Similarly, PTEN loss significantly
correlates with TIL exclusion and confers primary and acquired
resistance to PD-1 blockade in melanoma, and potentially led to
acquired resistance in a single case of uterine leiomyosarcoma
[157-159]. On a molecular level, PTEN loss may activate the PI3K/
AKT signaling pathway, which induces the production of
immunosuppressive cytokines, such as vascular endothelial
growth factor (VEGF) [157]. VEGF promotes angiogenesis and
modulates the TME by decreasing the trafficking and effector
function of T cells and promoting suppressive immune cell
populations, such as Tregs and MDSCs [160]. Increased expression
of VEGF in early on-treatment tumor biopsies from melanoma
patients is associated with PD-1 blockade resistance, and VEGF
inhibition potentiates ICB by increasing the trafficking of CD8
T cells to the tumor [148, 161, 162].

In addition to VEGF, the release of other soluble factors is
associated with ICB response (Fig. 6). Secreted variants of PD-L1
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(sPD-L1), which originate from alternative splicing, are thought to
confer resistance to ICB in multiple cancer types [163-165]. sPD-L1
is hypothesized to act as a decoy for PD-L1 blockade, reducing
treatment efficacy through competitive binding of the drug
[166, 167]. However, this does not explain why sPD-L1 is
also associated with resistance to CTLA-4 and PD-1 blockade,
suggesting that other mechanisms are at play. PD-L1 may
contribute to resistance through other noncanonical mechanisms.
Exosome release is another major route by which cancer cells can
induce local and systemic changes in immune cells. Elevated
plasma levels of exosomes carrying PD-L1 correlate with
progressive disease in multiple cancer types treated with PD-1
blockade. However, it is unclear whether baseline levels or
changes in PD-L1" exosome levels during treatment predict
responses [168-171].

Tumor cell-extrinsic mechanisms of resistance

Tumor cell-extrinsic mechanisms involve the composition and
function of the other cells in the TME (Fig. 6). The TME is thought
to play a prominent role in the efficacy of ICB. Processes involved
in cell plasticity and dedifferentiation processes, including EMT,
hypoxia, angiogenesis, and extracellular matrix remodeling, are
related to resistance to ICB across different cancer types
[151, 172-175]. By separating tumors from several cancer types
into four distinct TME categories, cancer-associated fibroblasts
(CAFs) in the TME lead to worse ICB outcomes [176]. Transforming
growth factor B (TGF-B) signaling in CAFs is connected to CD8
T-cell exclusion from the TME and resistance to PD-L1 blockade in
urothelial cancers and has been shown to induce an EMT
phenotype and the downregulation of MHC class | expression in
melanomas that are resistant to PD-1 blockade [175, 177].
Furthermore, increased TGF-3 and EMT-related gene expression
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Fig. 6 Mechanisms of resistance to immune checkpoint blockade.
The decreased efficacy of ICB in cancer patients can occur through
tumor cell-intrinsic and -extrinsic factors as follows: (1) defects in
antigen presentation due to the loss or reduced expression of MHC
molecules; (2) the exclusion of T cells mediated by tumor-intrinsic
genetic changes, CAF TGF-f signaling, and EMT; (3) the secretion of
soluble and exosomal PD-L1 that potentially competes with drug
binding; (4) the presence of immunosuppressive cell types in the
TME that inhibit T-cell functions; (5) T-cell exhaustion and the
expression of alternative inhibitory immune checkpoints; (6) a lack
of bacterial diversity or the enrichment of specific ‘bad’ microbes in
the gut microbiome; and (7) insensitivity to IFN-y-mediated
prevention of cancer cell apoptosis and the expression of MHC
molecules. Stars denote loss of function or expression. ICB, immune
checkpoint blockade; MHC, major histocompatibility complex; CAF,
cancer-associated fibroblasts; sPD-L1, soluble PD-L1; M2, M2
macrophage; Treg, regulatory T-cell; MDSC, myeloid-derived
suppressor cell
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decreases the beneficial association between the presence of TILs
and ICB outcomes in melanoma and urothelial cancer [174, 178].
Many other immunosuppressive cell types in the TME can
contribute to immune escape. FoxP3" Tregs, MDSCs, and
immunosuppressive M2 macrophages can induce resistance to
ICB in preclinical models [179-181]. However, very few clinical
studies have examined the roles of these suppressive cells during
ICB treatment in a clinical context. Surprisingly, the clinical activity
of CTLA-4 blockade in melanoma is positively correlated with high
FoxP3 levels in baseline tumor biopsies [182]. In contrast, one
study showed an increase in Tregs in 56% of progression biopsies
compared to baseline for melanoma patients with acquired PD-1-
or combined PD-1 and CTLA-4 blockade resistance [159]. Other
studies examining the percentages of Tregs before and during PD-
1 blockade saw no differences in tumor biopsies from responding
and nonresponding patients [183, 184]. An increase in peripheral
Tregs early during ICB is associated with progression in melanoma
patients [185, 186]. Moreover, higher Treg frequencies in baseline
peripheral blood samples from melanoma patients are associated
with unfavorable outcomes of CTLA-4 blockade [187]. The
immunosuppressive function of PD-1% Tregs is strengthened by
PD-1 blockade and increased levels of this cell type before the
start of treatment are considered a primary resistance mechanism
in multiple cancer types and are associated with rapid disease
progression in gastric cancer [64, 65]. Due to the inconsistent data,
more studies are needed to pinpoint the role of Tregs in ICB
resistance. Tregs are not the only suppressive cell type that can
impact the ICB response. The frequency of peripheral MDSCs is
increased in patients who do not respond to CTLA-4 blockade
[187-190]. Regarding the presence of M2 macrophages in the
TME, one study looking at pretreatment biopsies of lung cancer
showed that low infiltration of PD-1" CD8 T cells and high
infiltration of M2 macrophages were predictive of worse
responses to PD-1/PD-L1 blockade [191]. In sarcoma patients
treated with PD-1 blockade, tumor infiltration of IDO™ M2
macrophages was observed in nonresponding patients [192].
However, it should be noted that these patients had PD-L1-
negative tumors and low CD8 T-cell tumor infiltration, calling into
question the exact mechanism of resistance in this study [192].
Mechanisms underlying acquired resistance can be linked to
the functional impairment of chronically stimulated TILs (Fig. 6). In
tumors, persistent neoantigen-induced TCR signaling drives T cells
toward a state of dysfunction, which is also known as T-cell
exhaustion, in which these cells exhibit decreased cytotoxic and
effector functions [193]. The expression of multiple inhibitory
immune checkpoint molecules further characterizes this T-cell
subset. Ex vivo studies of TILs showed that high PD-1 expression
and the coexpression of multiple inhibitory immune checkpoints
indicated T cells with poor T-cell function restoration in response
to ICB treatment [194, 195]. Patients with prostate cancer do not
have a significant clinical response to CTLA-4 blockade. One
possible explanation might be that these patients have increased
expression levels of V-domain immunoglobulin suppressor of
T-cell activation (VISTA) on TILs and M2 macrophages, indicating
that VISTA is a potential mechanism of resistance [196]. In
melanoma, an increased density of TILs expressing VISTA from
baseline to progression was found in 67% of patients who were
treated with PD-1 or combined PD-1 and CTLA-4 blockade [159].
Baseline expression of LAG-3, T-cell immunoglobulin and ITIM
domain (TIGIT), and IDO in melanomas is significantly associated
with nonresponse to PD-1 blockade [151], while the expression of
LAG-3, but not PD-1 or T-cell immunoglobulin and mucin domain-
containing protein 3 (Tim-3), on TILs is associated with shorter
survival after PD-1 blockade in NSCLC [155, 197]. Tim-3 and CTLA-4
expression were upregulated in two lung cancer patients who
progressed during PD-1 blockade [198], and neoantigen-specific
TILs in nonresponding NSCLC tumors had increased expression of
genes encoding proteins associated with T-cell dysfunction and

SPRINGER NATURE

inhibitory checkpoints, such as thymocyte selection-associated
HMG BOX (TOX), CTLA-4, and Tim-3, during PD-1 blockade [199]. In
contrast, tumors expressing PD-L1 and a second inhibitory
checkpoint, such as LAG-3, Tim-3, or CTLA-4, showed a trend
toward an increased response to PD-L1 blockade compared to the
expression of PD-L1 alone across multiple cancer types [130].
Intriguingly, the only coexpressed immune checkpoint that
reduced the response to PD-L1 blockade in this study was B7x.
This existence of potentially nonredundant checkpoint receptors
on dysfunctional T cells may serve as a resistance mechanism by
preventing the targeting of a single checkpoint from restoring an
efficient antitumor response. Alternatively, the coexpression of
multiple checkpoint molecules may simply denote dysfunctional
T cells that cannot be reinvigorated by ICB, thus serving as
markers of terminally differentiated T cells rather than drivers of
resistance.

The gut microbiome has received increasing attention for its
involvement in ICB resistance in multiple cancer types (Fig. 6).
Decreased bacterial diversity in the microbiome is associated with
resistance to ICB in some studies [200, 201], while others showed
that the enrichment of specific microbes could predict outcomes
[201, 202]. This finding was further confirmed by studies showing
that using antibiotics in conjunction with ICB was associated with
worse outcomes [200, 203]. The overlap in these studies is small,
which might reflect the differences in geographical locations,
patient cohorts, and technical differences. The precise underlying
mechanism remains unknown, and the suggested mechanisms
are mainly based on murine cancer models in which the mice
were transplanted with fecal matter from human ICB responders
and nonresponders [200, 201, 204]. These studies suggest that
microbiome composition may affect ICB efficacy due to T-cell
cross-reactivity between microbial antigens and tumor antigens
or through microbial metabolites that modulate the immune
system (reviewed in [205]).

Many recent studies have used comprehensive omics methods
to identify signatures that encompass multiple genomic and
transcriptomic features to predict response and nonresponse to
ICB, highlighting that numerous pathways may need to be
considered to comprehensively understand ICB resistance
[139, 145, 148, 149, 172, 178, 206-212]. Although some common
denominators have been found across studies, such as TMB, IFN-y
signaling, and the presence of TiLs in the TME, these signatures
have been challenging to validate across independent patient
cohorts [145, 175, 212-214]. It is becoming increasingly clear that
robust predictive signatures are complicated by the heterogeneity
and adaptability of cancer, especially considering the selective
pressure of immunotherapy. Accordingly, future studies need a
more individualized approach to identify resistance mechanisms.

NEW IMMUNOTHERAPIES TARGETING B7-H3, B7x, AND PD-1/
PD-L1 IN CLINICAL TRIALS

Current approved immune checkpoint blockade therapies for the
treatment of cancers include blocking mAbs targeting PD-1, PD-
L1, or CTLA-4, combination therapies of anti-PD-1 plus anti-CTLA-4
or anti-LAG-3, and bispecific antibodies targeting PD-1 and CTLA-
4. However, one of the biggest challenges is that the majority of
cancer patients do not respond to these treatments. Thus, there is
a pressing need to develop new and effective treatments. In this
section, we discuss various new therapeutic strategies that have
been developed and are currently in clinical trials.

New anti-B7-H3 immunotherapies in clinical trials

Currently, one humanized anti-B7-H3 IgG1 mAb is being evaluated
in clinical trials (Table 1). This anti-B7-H3 mAb has five amino acid
changes in its humanized Fc region, which resulted in enhanced
ADCC and antitumor abilities, as demonstrated in bladder and
renal cell xenograft tumor models [215]. This anti-B7-H3 mAb is
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Table 1. New clinical therapeutic strategies targeting B7-H3
Target Platform Tumor type Phase
B7-H3 Monoclonal antibody Neuroblastoma, rhabdomyosarcoma, osteosarcoma, Ewing sarcoma, Wilms tumors, 1, 1, 1110
desmoplastic small round cell, melanoma, NSCLC, head and neck cancer, HNSC,
bladder cancer
B7-H3 Radiolabeled antibody. Advanced and/or metastatic solid tumors, diffuse intrinsic pontine glioma, medulloblastoma, 10,0
Antibody-drug conjugate ependymoma, desmoplastic small round cell, peritoneal, leptomeningeal, Prostate,
melanoma, pancreatic, hepatocellular, ovarian, HNSC, TNBC, NSCLC
B7-H3 Bispecific antibody Advanced solid tumors, mesothelioma, bladder, melanoma, HNSC, NSCLC, clear cell renal cell, |
X ovarian, thyroid, breast, pancreatic, prostate, colon, sarcoma
CD3
B7-H3 CAR-T cells Advanced solid tumors, glioblastoma, Osteosarcoma, neuroblastoma, gastric, lung, 1, 171

neuroblastoma, acute myeloid leukemia, melanoma, colorectal, germ cell, retinoblastoma,
hepatoblastoma, Wilms tumors, teratoid/rhabdoid tumors, Ewing sarcoma,
rhabdomyosarcoma, synovial sarcoma, clear cell sarcoma, peripheral nerve sheath,
desmoplastic small round cell, sarcoma, glioma, ependymoma, medulloblastoma,
neuroectodermal, choroid plexus, childhood pine blastoma, lung, TNBC, breast, brain,
pancreatic, ovarian, hepatocellular, adrenocortical

being evaluated in the clinic as monotherapy or in combination
with anti-CTLA-4, an anti-PD-1 mAb, or a PD-1/LAG-3 bispecific
antibody to treat patients with multiple advanced solid tumors. In
2015, a phase | trial showed that this anti-B7-H3 mAb had an
acceptable safety profile in cancer patients with B7-H3" tumors
and antitumor activities across different cancer types [216]. In
2022, a phase Il trial showed that the anti-B7-H3 mAb was a
neoadjuvant therapy before prostatectomy in patients with
prostate cancer and was associated with a decrease in Gleason
grading and increases in CD8 T cells, inflammation, and PD-1/PD-
L1 expression, suggesting that it had promising antitumor abilities
[217]. However, a 2022 phase I/Il trial assessing the safety and
efficacy of anti-B7-H3 and anti-PD-1 mAb combination therapy
showed that the response to this combination treatment was
limited in patients with head and neck squamous cell carcinoma
(HNSCC), NSCLC, urothelial bladder cancer, and cutaneous
melanoma [218]. Additionally, a phase Il trial assessing combina-
tion treatment with an anti-B7-H3 mAb plus anti-PD-1 or a PD-1/
LAG-3 bispecific antibody in patients with HNSCC was terminated
due to seven hemorrhagic-associated fatalities. A planned phase
11/l trial evaluating these combination treatments in patients with
HNSCC was withdrawn.

A few anti-B7-H3 radiolabeled mAbs and antibody-drug
conjugates (ADCs) are undergoing clinical trials (Table 1). Cur-
rently, there are three radiolabeled anti-B7-H3 mAbs in clinical
trials. An anti-B7-H3 mAb radiolabeled with iodine 131 ('*'l)
showed promising antitumor activity; 56% of patients with
metastatic neuroblastoma were alive at the end of the study,
and 45% of the patients survived beyond 36 months and 29%
survived beyond 60 months. This is a significant improvement,
since the same institution reported that their historical median
overall survival time of patients with neuroblastoma was
6.6 months [219, 220]. A retrospective analysis of the same cohort
showed that the anti-B7-H3 '*'l-antibody and conventional
treatment did not increase the risk of radionecrosis in long-term
survivors, supporting the safety of this treatment [221]. In a
retrospective study, the anti-B7-H3 '*'l-antibody improved the
survival of 23 recurrent rhabdomyosarcoma patients [222].
Additionally, the anti-B7-H3'3'l antibody was tolerable in patients
with peritoneal tumors such as desmoplastic small round cell
tumors [223]. The anti-B7-H3 mAb radiolabeled with '** improved
the median overall survival of patients with diffuse intrinsic
pontine gliomas by 3-4 months compared to the historical data
from other trials [224, 225]. Finally, an anti-B7-H3 mAb radi-
olabeled with '"“Lutetium is in clinical trials to treat patients with
advanced solid tumors and metastatic leptomeningeal tumors,
but the results are not yet available.
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Four anti-B7-H3 ADCs are in clinical trials to assess their safety,
tolerability, and preliminary efficacy (Table 1). Some anti-B7-H3
ADCs are tolerable in patients with advanced cancers with
evidence of antitumor effects [226]. However, one anti-B7-H3
ADC had an acceptable safety profile but with two dose-limiting
toxicities: one grade 3 fatigue and one grade 4 neutropenia [227].
In a cohort expansion study, approximately 87.7% of cancer
patients treated with this anti-B7-H3 ADC experienced at least one
adverse event [228]. However, the same study observed tumor
regression and a decrease in prostate-specific antigen (PSA) in the
metastatic prostate cancer patient cohort [228], demonstrating
that this anti-B7-H3 ADC has antitumor effects. The other two anti-
B7-H3 ADCs are under evaluation in phase | trials to treat multiple
solid cancers, but results have yet to be reported.

Bispecific antibodies (bsAbs) targeting B7-H3 and another
target simultaneously are currently in development (Table 1).
These bsAbs induce synergistic antitumor effects through various
mechanisms, such as blocking inhibitory pathways or engaging
immune cells. Multiple B7-H3-targeting bsAbs are being studied in
the preclinical stage, such as B7-H3/4-1BB bsAbs [229], B7-H3/PD-1
bsAbs [230], a B7-H3/CD16 bsAb NK cell engager [231], and a B7-
H3/CD3 bsAb T-cell engager [232]. These bsAbs exhibit antitumor
effects in vitro, while B7-H3/4-1BB, B7-H3/CD16, and B7-H3/CD3
can suppress tumor growth in mouse xenograft models. Recently,
a B7-H3/CD16/IL-15 tri-specific NK cell killer engager exerted
antitumor effects in cancer models in vitro and in vivo [233].
Currently, a B7-H3/CD3 T-cell engager is the only anti-B7-H3 bsAb
under clinical evaluation, alone or combined anti-PD-1 immu-
notherapy (NCT03406949).

Anti-B7-H3 CAR-T therapy has been effective in many preclinical
cancer models and is currently being evaluated in clinical trials
(Table 1). Case reports have demonstrated that B7-H3-targeting
CAR-T cells are well tolerated and effective in reducing tumor
growth in patients with relapsed basal cell carcinoma, recurrent
anaplastic meningioma, and glioblastoma [234-236]. Early results
of a phase | trial evaluating B7-H3 CAR-T-cell therapy to treat
relapsed or refractory non-CNS tumors in children and young
adults reported that no dose-limiting toxicity was observed after
the first infusion, and the median persistence of circulating CAR-T
cells was 28 days [237]. Three of the nine subjects infused showed
disease stabilization. After the second infusion, one patient
experienced significant CAR-T-cell expansion, transient grade 4
liver enzyme elevation, and partial metabolic response on FDG-
PET on Day 28. The combination of B7-H3-specific CAR-T cells with
chemotherapy (fludarabine, cyclophosphamide, MESNA, or temo-
zolomide) is currently being investigated in clinical trials, but
results have yet to be reported.
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Table 2. New clinical therapeutic strategies targeting B7x

Target Platform Tumor type Phase

B7x Monoclonal antibody Advanced and/or metastatic solid tumors, ovarian, NSCLC, breast, endometrial 1, 171

B7x Antibody-drug conjugate Advanced solid tumors, TNBC, endometrial, ovarian, fallopian tube, peritoneal, 1, /1
cholangiocarcinoma, NSCLC, gallbladder, adenoid cystic

B7x Bispecific antibody Advanced solid tumors, ovarian, endometrial, breast, uterine, squamous cell, NSCLC 1, 171

X

CD3, 4-1BB

The new therapeutic strategy targeting B7x

Eight clinical trials assessing anti-B7x immunotherapy using various
treatment modalities are ongoing (Table 2), and one clinical trial was
recently completed. Currently, there are three phase | trials and one
phase I/1l trial evaluating anti-B7x ADCs carrying various cytotoxic
payloads to treat many advanced solid cancer types; no results have
been posted. Three different bsAbs targeting B7x/4-1BB or B7x/CD3
are currently being studied in phase | and phase I/Il trials, but no
results have been posted. One phase I/l clinical trial assessed an
anti-B7x blocking mAb as a single agent to treat advanced or
metastatic solid tumors. One completed phase | trial showed that
the use of anti-B7x blocking mAbs as a single agent to treat
advanced solid tumors had a favorable safety profile, but its
antitumor effect has not been reported [238].

PD-L1-targeting bispecific antibodies

To improve upon anti-PD-L1 blocking mAbs, bsAbs simultaneously
targeting PD-L1 and another target were developed and are
currently being investigated in clinical trials (Table 3). A phase |
trial showed that PD-L1/Tim-3 bsAbs were associated with
unexpected immunogenicity from both arms of the bsAb; as a
result, the study was terminated [239]. One PD-L1/TIGIT bsAb is
being assessed for safety and efficacy in two phase I/l clinical
trials, but the results have yet to be reported. There are three PD-
L1/TGF-B bsAbs in phase | clinical trials. In 2021, a phase | trial
showed that one PD-L1/TGF- bsAb had an acceptable safety
profile with evidence of antitumor activity in patients with
advanced solid tumors, especially those who were previously
treated with immune checkpoint inhibitors [240]. Combination
treatment with this PD-L1/TGF-3 bsAb and an anti-TIGIT mAb is
currently in a phase | trial. In 2021, phase Il and lll trials showed
that another PD-L1/TGF-B bsAb could not improve upon the
standard-of-care treatment in patients with advanced NSCLC and
biliary tract cancer. One PD-L1/0X40 bsAb is in a phase | trial, but
the results have yet to be reported. Two PD-L1/LAG-3 bsAbs are in
phase | trials. One PD-L1/LAG-3 bsAb is tolerable and has
antitumor activity in patients with advanced tumors who are
resistant to anti-PD-L1 immunotherapy [241]. A bsAb targeting
PD-L1 and the tumor-specific antigen claudin 18.2 has been
reported to be safe in patients with resistant/refractory advanced
or metastatic solid tumors who previously failed standard-of-care
therapies [242]. PD-L1/CD47 bsAbs were reported to have a
manageable safety profile and antitumor activity in patients with
advanced solid cancers [243]. BsAbs targeting PD-L1 and
costimulatory molecules such as CD27, CD137, or 4-1BB are also
in clinical trials. PD-L1/CD27 bsAbs and PD-L1/CD137 bsAbs were
reported to be safe in patients with different cancer types in phase
| trials [244, 245]. Four PD-L1/4-1BB bsAbs are in phase | or phase I/
Il trials. One of the four PD-L1/4-1BB bsAbs is tolerable and has
antitumor effects in patients with advanced solid tumors,
including those who are resistant to previous immune checkpoint
immunotherapy [246].

Bispecific antibodies targeting PD-1 and/or CTLA-4

BsAbs targeting PD-1 or CTLA-4 and other factors are also in
clinical trials (Table 3). There are two PD-1/PD-L1 bsAbs in phase |
and /Il trials. Preliminary results from a phase | trial evaluating one
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PD-1/PD-L1 bsAb in treating patients with advanced tumors
showed an acceptable safety profile; the evaluation of its
antitumor activity is ongoing [247]. A phase | trial evaluating
other PD-1/PD-L1 bsAbs was recently completed, but the results
have yet to be reported. BsAbs targeting PD-1 and TIGIT or Tim-3
are in ongoing phase | or I/ll trials, but the results have yet to be
reported. Currently, there is one PD-1/VEGF bsAb in clinical trials. A
phase | trial evaluating PD-1/VEGF-A bsAb to treat patients with
refractory/platinum-resistant ovarian cancer showed that it
induced antitumor activity with a favorable safety profile [248].
Additionally, the combination of the PD-1/VEGF bsAb and
chemotherapy has promising antitumor efficacy and safety in
patients with advanced NSCLC compared to combination therapy
with anti-VEGF and anti-PD-L1 mAbs [249]. PD-1/VEGF bsAbs and
chemotherapy improved progression-free survival (PFS) and the
overall response rate (ORR).

Four CTLA-4/PD-1 bsAbs are being assessed in clinical trials
(Table 3). One CTLA-4/PD-1 bsAb was approved in China in 2022 to
treat patients with relapsed or metastatic cervical cancer (r/m CQC)
who progressed after platinum-based chemotherapy. It is the first-
in-class CTLA-4/PD-1 bsAb and the first dual-targeting immune
checkpoint bsAb to be approved for clinical use worldwide. The
CTLA-4/PD-1 bsAb showed promising results in a phase Il trial
treating patients with r/m CC [250]. Of the 100 evaluable patients,
the ORR for this treatment was 33%, and the complete response
(CR) rate was 12%. The response rates at 6 and 12 months were
77.6% and 52.9%, respectively. The median PFS was 3.75 months,
and the overall survival was 17.5 months. Of the 64 patients
with PD-L1" tumors, the ORR was 43.8%, the median PFS
was 6.34 months, and the median overall survival was not reached.
Finally, this CTLA-4/PD-1 bsAb has a favorable safety profile,
and 27% of the total 111 enrolled patients experienced grade
>3 treatment-related adverse events. In another phase Il trial,
combination treatment with this CTLA-4/PD-1 bsAb plus platinum-
based chemotherapy had an ORR of 79.3% regardless of PD-L1
expression and ORRs of 82.4% and 75% for patients with PD-L17
and PD-L1" tumors, respectively [251]. Phase | and Il trials evaluating
this CTLA-4/PD-1 bsAb as a monotherapy showed that it had a
favorable safety profile, was well tolerated among patients, and had
evidence of antitumor activity in patients with mesothelioma [252]
and metastatic nasopharyngeal carcinoma [253] who were resistant
to prior therapies. Finally, a phase | trial reported that combination
treatment with this CTLA-4/PD-1 bsAb, oxaliplatin, and capecitabine
had a manageable safety profile and an ORR of 66.7%, including two
complete and 14 partial responses out of 24 patients with advanced
gastric or gastroesophageal junction cancer who received treat-
ment [254]. Phase | trials also showed that the other CTLA-4/PD-1
bsAbs were safe, tolerable, and effective in treating patients with
advanced solid tumors who were previously treated [255, 256] and
those with advanced renal cell carcinoma [257]. The fourth CTLA-4/
PD-1 bsAb is currently being studied as a monotherapy or
combination with chemotherapy or an anti-B7-H3 ADG; the results
have yet to be reported. Finally, combination treatment with CTLA-
4/PD-1 bsAbs and anti-CD73 or anti-CD47 mAbs are currently being
evaluated in ongoing phase | and I/Il trials.

In addition to CTLA-4/PD-1 bsAbs, bsAbs targeting CTLA-4 and
PD-L1, OX40, or LAG-3 are being assessed in clinical trials (Table 3).
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Table 3. New clinical therapeutic strategies targeting PD-1, PD-L1, or CTLA-4
Target Platform Tumor type Phase
PD-L1 Bispecific Advanced and/or metastatic solid tumors or lymphomas, myeloid, 1, 171
X antibody thoracic, NSCLC, SCLC, breast, gastric, renal cell, ovarian, peritoneal,
LAG-3, TIGIT, Tim-3, 4-1BB, OX40, fallopian tube, cholangiocarcinoma, bladder, microsatellite instability-
CD27, CD47, CD137, Claudin 18.2, high colorectal, esophageal, hepatic, head and neck, HNSC,
TGF-$ papillomavirus-related tumors, melanoma, gastric adenocarcinoma,
esophageal adenocarcinoma, NSCLC, SCLC
PD-1 Bispecific Advanced solid tumors, NSCLC, lymphoma, nasal type, classical Hodgkin 1, /1
X antibody lymphoma, melanoma, SCLC, squamous cell esophageal, gastric,
PD-L1, LAG-3, TIGIT, Tim-3, VEGF gastroesophageal-junction, ovarian
CTLA-4 Bispecific Advanced and/or metastatic solid tumors, nasopharyngeal, melanoma, 10, 1, 10
X antibody cervical, pancreatic, TNBC, hepatocellular, bladder, HNSC, clear cell renal

PD-1, LAG-3, OX40, PD-L1

cell, renal cell, NSCLC, SCLC, gastric adenocarcinoma, gastroesophageal-
junction adenocarcinoma, prostate, ovarian, fallopian tube, cervical,
peritoneal, cholangiocarcinoma, squamous cell esophageal, squamous
cell anal, squamous cell penile, squamous cell vulvar, colorectal,
endometrial, lymphoma, MSI-H/deficient mismatch repair (dAMMR)
gastric and colorectal, MSI-H/dMMR advanced solid tumors, anaplastic
or oncocytic thyroid gland, thymoma and thymic, breast, mesothelioma,
neuroendocrine, adnexal, non-squamous cell salivary gland, biliary tract,

HER2 + solid tumors, B-lymphoblastic leukemia

Combination therapy with a CTLA-4/PD-L1 bsAb and an anti-HER2
mAb had a favorable safety profile and evidence of antitumor
activity against HER2™ solid tumors according to a phase | trial
[258, 259]. The combination of this CTLA-4/PD-L1 bsAb and
chemotherapy improved the PFS and ORR of patients with
unresectable advanced or metastatic hepatocellular carcinoma in
a phase Il trial [260]. Finally, a CTLA-4/0X40 bsAb was safe and
tolerable up to 200mg in a phase | trial; dose escalation and
antitumor studies are ongoing, but the results have yet to be
reported [261].

CONCLUSION

The B7/CD28 families of immune checkpoints are essential in
regulating immune homeostasis and play a significant role in
diseases such as autoimmunity and cancer. Targeting CTLA-4 and
the PD-1/PD-L1 pathway using immune checkpoint inhibitors directly
improved patient clinical outcomes and highlighted the importance
of immune checkpoints in cancer. Over the past decade, our
understanding of the B7/CD28 families has exponentially grown and
identified new avenues of research and targets to develop novel
therapies. The studies described herein showcase recently developed
topics and questions that remain. How do HHLA2, B7-H3, and B7x
promote tumor immune evasion in various cancer types? What are
the receptors for B7x and B7-H3? How do immune checkpoints
regulate metabolism and the phenotype of different cell types? How
does glycosylation affect the biology of the newest members of the
B7 family? How do we overcome resistance mechanisms to current
immune checkpoint inhibitors, including glycosylation? How do the
structural interactions and crosstalk between CTLA-4 and the PD-1/
PD-L1 pathway affect current and future immune checkpoint
inhibitors? These studies lay the foundation for continued research
to improve our understanding of immune checkpoints, improve our
knowledge of the immune system, and develop successful ther-
apeutics to treat autoimmunity and cancer.
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