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Abstract

Immune checkpoint molecules are promising anticancer targets, among which therapeutic antibodies targeting the
PD-1/PD-L1 pathway have been widely applied to cancer treatment in clinical practice and have great potential. How-
ever, this treatment is greatly limited by its low response rates in certain cancers, lack of known biomarkers, immune-
related toxicity, innate and acquired drug resistance, etc. Overcoming these limitations would significantly expand the
anticancer applications of PD-1/PD-L1 blockade and improve the response rate and survival time of cancer patients.
In the present review, we first illustrate the biological mechanisms of the PD-1/PD-L1 immune checkpoints and their
role in the healthy immune system as well as in the tumor microenvironment (TME). The PD-1/PD-L1 pathway inhibits
the anticancer effect of T cells in the TME, which in turn regulates the expression levels of PD-1 and PD-L1 through
multiple mechanisms. Several strategies have been proposed to solve the limitations of anti-PD-1/PD-L1 treatment,
including combination therapy with other standard treatments, such as chemotherapy, radiotherapy, targeted
therapy, anti-angiogenic therapy, other immunotherapies and even diet control. Downregulation of PD-L1 expres-
sion in the TME via pharmacological or gene regulation methods improves the efficacy of anti-PD-1/PD-L1 treatment.
Surprisingly, recent preclinical studies have shown that upregulation of PD-L1 in the TME also improves the response
and efficacy of immune checkpoint blockade. Immunotherapy is a promising anticancer strategy that provides novel
insight into clinical applications. This review aims to guide the development of more effective and less toxic anti-
PD-1/PD-L1 immunotherapies.
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Introduction tissues and organs from attack by the immune system;

Immunotherapy, a promising anticancer strategy that
improves the specificity and strength of the immune
response to cancer, has been widely studied in recent
years. Brakes on the immune system protect healthy
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this brake system is hijacked by cancer cells to escape
from the immune system or even turn against it [1]. The
programmed cell death 1 receptor (PD-1)/programmed
cell death ligand 1 (PD-L1) pathway and the cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) pathway
constitute the well-known brake system of the immune
system. Targeting these two pathways has been shown to
be a successful anticancer strategy [2]. Antibodies against
the PD-1/PD-L1 pathway have been extensively applied
to cases of melanoma, lung cancer, lymphoma, liver
cancer, colorectal cancer, urothelial cancer, squamous
cell carcinoma of the head and neck, cervical cancer,
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kidney cancer, stomach cancer and breast cancer [3]. This
monotherapy or combination therapy (as adjuvants or
neo-adjuvants) produces a remarkable clinical response.
A small number of cancer patients subsequently expe-
rience long-term remission. Nevertheless, the PD-1/
PD-L1 blockade, similar to other anticancer treatments,
is also limited by a low response rate in certain cancers,
lack of known biomarkers, immune-related toxicity and
innate and acquired drug resistance. To date, the clini-
cal response to PD-1/PD-L1 blockade is barely 40% [4].
Thus, identifying optimal biomarkers for screening can-
cer patients who are responsive to immune checkpoint
blockades (ICBs) and accurately monitoring its thera-
peutic efficacy is of great clinical importance [5]. In addi-
tion, it is important to precisely distinguish cancer cells
from normal cells in ICBs, thus preventing severe adverse
events such as discontinued treatment, dose reduction or
even death due to immune-related toxicity [6]. Similar to
other anticancer treatments, some patients may not be
sensitive to ICB or develop drug resistance after a period
of medication. Elucidating the potential mechanisms of
low responses and drug resistance to ICB will enhance
their clinical benefits [7] and is key to improving the effi-
cacy of immunotherapy [8].

In the present review, we first illustrate the biologi-
cal mechanisms of PD-1/PD-L1 immune checkpoints
and their role in both the normal immune system and
TME, aiming to enhance current understanding of the
immune checkpoint molecules PD-1/PD-L1. Combina-
tion therapy with other standard treatments, such as
chemotherapy, radiotherapy, targeted therapy, anti-angi-
ogenic therapy, other immunotherapies and even diet
control, is expected to address the limitations of PD-1/
PD-L1 blockade. Either upregulation or downregulation
of PD-L1 expression in the TME improves the thera-
peutic efficacy of ICBs; a combination therapy of either
with immunotherapy may represent a novel anticancer
treatment and combinatorial drug design. This review
summarizes the latest developments, prospects and chal-
lenges of the combination therapy of PD-1/PD-L1 block-
ade and PD-L1 regulation, aiming to provide novel ideas
for developing more effective and less toxic anti-PD-1/
PD-L1 immunotherapy.

Immune checkpoints in cancer therapy

The immune system in carcinogenesis

Advanced cancer has mainly been treated with radiother-
apy and chemotherapy in recent decades. However, these
treatments are unable to distinguish normal cells from
cancer cells, leading to damage of normal cells, severe
adverse events and even discontinuation of treatment.
The normally functioning immune system is capable of
accurately recognizing and eliminating cancer cells due
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to significant differences between normal cells and can-
cer cells, thus achieving precision killing. The interaction
between cancer cells and the immune system used to be
considered the main determinant factor for carcinogen-
esis [9].

However, recent evidence has shown that most new
tumors formed in the esophagus would naturally be elim-
inated due to the weaker viabilities of these newly formed
tumors that of adjacent mutant epithelial cells, rather
than differences in survival due to the involvement of the
immune system [10]. Mutations are the potential origin
of cancers. It was recently found that carcinogenicity is
mediated by oncogenes (e.g., BRAFV600E), lineage-spe-
cific transcription factors (e.g., SOX10) and chromatin
factors for regulating development (e.g., ATAD2) [11].

A recent study analyzed the relationship between
immune response and tumor development [12], find-
ing that chronic inflammatory cells secrete IL-6 and that
transient inflammation leads to persistent reprogram-
ming of epithelial cells leading to subsequent tumorigen-
esis, thus underscoring the role of the immune system
in promoting tumorigenesis. Established anti-tumor
immune responses suppress tumor development, but
tumor cell clones that escape immune surveillance even-
tually develop into clinically visible tumors.

Cancer immunotherapy eliminates cancer cells by
stimulating and enhancing immune function or regu-
lating the immune state based on immune surveillance
and immune editing. Of all immune cells, T cells are the
most powerful tool for directly killing cancer cells and
are characterized by high specificity, strong memory
and high adaptability [13]. The cancer-immunity cycle,
in which cancer cells release specific antigens and the
immune system is activated to kill them, is a cyclical pro-
cess involving 7 steps: (1) Antigens are expressed and
released by cancer cells; (2) cancer antigen processing
and presentation; (3) T cell initiation and activation; (4) T
cell migration to cancer lesions; (5) T cell penetration to
cancer lesions; (6) recognition of cancer cells by T cells;
and (7) elimination of cancer cells by T cells [14]. Mul-
tiple factors in this cancer-immunity cycle are potential
therapeutic targets for immunotherapies. Cancer cells
have been reported to express high levels of immunosup-
pressive signal proteins, which contribute to avoid the
attack of immune cells in the TME.

The basic biology of immune checkpoints

T cells are the most important part of the immune sys-
tem, and their function is strictly and precisely regulated
by the immune system, as multiple receptor molecules
on the cell membrane transduce activating or inhibitory
signals. Once T cells are activated by antigen stimula-
tion, the immune system also initiates negative feedback
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to avoid continuous overactivation of T cells that causes
excessive damage to the body. Inhibitory receptor mol-
ecules, known as checkpoint molecules, expressed on the
surface of T cells are responsible for the negative feed-
back of the immune system, inhibiting the elimination
of target cells by T cells by binding corresponding ligand
molecules on the target cell surface. Checkpoint mol-
ecules are well studied in translational research in immu-
notherapies [15].

Immune checkpoint inhibitors (ICIs) have recently
been highlighted for their functions in blocking the effect
of inhibitory immune molecules on T cells and thus
reducing immune tolerance to cancers; these ICIs have
been widely analyzed by biopharmaceutical companies.
Many immune checkpoints have been identified, includ-
ing CTLA-4 and PD-1; while both have been thoroughly
investigated, PD-1 has been of particular interest and has
been widely applied in clinical practice.

The PD-1/PD-L1 pathway in cancer immunotherapy
PD-1/PD-L1 structure

PD-1 is a cell surface receptor that was initially found to
be preferentially expressed in apoptotic cells [16]. Later,
PD-1 was identified as the key immune checkpoint for
regulating T and B cell response thresholds to antigens.
As a key checkpoint for T cells, PD-1 exerts a central
role in regulating their cellular functions. The interac-
tion between PD-L1 and PD-1 inhibits T cell function by
inducing T cell exhaustion to promote immune evasion
[17]. Therefore, abnormally upregulated PD-L1 levels in
cancer cells and some immune cells results in immune
escape. Anti-PD-1/PD-L1 antibodies have become a hot
topic in cancer immunotherapy.

PD-1, also known as CD279, is a type I transmem-
brane protein encoded by the PDCD1 gene of the CD28
immunoglobulin superfamily. It was first discovered and
reported by Ishida et al. in 1992 [15, 16]. PD-1 is mainly
expressed in activated CD41 T cells, CD8' T cells, nat-
ural killer T cells, B cells, macrophages, dendritic cells
(DCs) and monocytes; its expression is induced by the T
or B cell receptor pathway and enhanced by the stimula-
tion of tumor necrosis factor [18]. However, naive T and
B cells barely express PD-1 [19-21]. PD-1 is comprised of
288 amino acids, including a single Ig variable-type (IgV)
extracellular domain, a transmembrane domain and a
cytoplasmic domain [22-24]. Its extracellular domain
is similar to that of other members of the CD28 super-
family, containing an Ig variable-type domain that is
important in ligand binding. N-terminal and C-terminal
tyrosine residues in the cytoplasmic domain are involved
in the formation of immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) and immunoreceptor tyrosine-
based switch motifs (ITSMs), respectively [16, 24-26];
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the latter is the main signal transduction domain of PD-1
and is closely related to the response activity of effector
T cells.

The biological functions of PD-1 rely on two ligands:
PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also
known as B7-H2 or CD273). The former was initially dis-
covered by Dong et al. in 1999 [27], and the latter was
discovered by Tseng et al. [28]. PD-L1 is widely expressed
in T cells, B cells, DCs, cancer cells, macrophages and
others and is further upregulated by activated proinflam-
matory cytokines [29]. It is mainly responsible for the
immune escape of cancers.

The role of PD-1/PD-L1 in the immune system

and in cancers

Under normal circumstances, the PD-1/PD-L1 path-
way negatively regulates the immune system. ITSMs are
a vital site for the biological functions of PD-1, which is
phosphorylated by binding to PD-L1 and further induces
immune inhibition by activating a series of intracellu-
lar pathways [3]. Notably, the specific mechanisms by
which PD-1 exerts its immunosuppressive effects differs
between T and B lymphocytes [30].

Two signal pathways are involved in the immune
response induced by T cells following pathogen inva-
sion: the binding of major histocompatibility complexes
(MHC:s) on the antigen presenting cell (APC) surface to T
cell receptors (TCRs) and the binding of APC-expressed
immunostimulatory ligands to TCRs. As a result, activat-
ing or inhibitory signals are transduced to T cells and fur-
ther regulate immune responses, such as T cell activation
and exhaustion. PD-1/PD-L1 pathway can inhibit TCR-
mediated T cell activation. In T cells, the engagement of
PD-1 ligands and PD-1 results in the recruitment of SHP-
1/2 (Src homology 2-containing tyrosine phosphatase
1/2) to the C-terminal of the ITSM. SHP-2 then dephos-
phorylates TCR-associated CD-3( and ZAP70, resulting
in the inhibition of downstream signaling [31]. Specifi-
cally, phosphatidylinositol 3-kinase (PI3K) pathway is
suppressed, and the expression of the cell survival gene
Bcl-XL is reduced [32]. In addition, PD-1 inhibits TCR-
induced activation of the PI3K/AKT pathway by activat-
ing PTEN [33]. Moreover, by inhibiting the activation of
the RAS-MEK-ERK pathway, PD-1 suppresses the prolif-
eration of T cells [34]. PD-1 has been reported to inhibit
the activation of PKCS, thereby decreasing the level of
cytokine secreted by T cells, such as IFN-y and IL-2 [35].
Furthermore, PD-1 signaling regulates T cell metabolism
by suppressing glycolysis and promoting lipolysis and
fatty acid oxidation [36].

PD-1/PD-L1 interaction also inhibits the activation
of B cells. When PD-L1 binds to PD-1, two tyrosines
on its ITSM bind to the B cell receptor (BCR) and are
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phosphorylated, which recruits SHP-2 to the C-ter-
minus of PD-1; SHP-2 is then phosphorylated. Subse-
quently, phosphorylated SHP-2 dephosphorylates the
BCR, thus leading to acute Ca*" disorder and long-
term growth arrest. Therefore, PD-1 can impair the
immune response of B cells to antigens [35].

The brake system of PD-1/PD-L1 was gradually
developed during the course of evolution. In this brake
system, negative feedback terminates the killing effect
of the immune system in a timely manner and thus
protects against excessive damage to normal tissues.
Generally, the PD-1/PD-L1 pathway prevents the over-
stimulation of T cells and maintains immune tolerance
to self-antigens, thereby reducing damage to sur-
rounding tissues and preventing autoimmune diseases
from developing [37, 38].

Cunningly, cancer cells escape the Kkilling effect
induced by T cells by utilizing this brake system. Over-
expression of PD-L1 induces the development of an
immunosuppressive TME in multiple cancers [39-41],
including non-small-cell lung cancer (NSCLC) [42,
43], melanoma [44], renal cell carcinoma (RCC) [45],
prostate cancer [46], breast cancer [47] and glioma
[48].

Cancer cells highly express PD-L1 on the cell mem-
brane. The binding of PD-L1 to PD-1 in T cells pro-
duces negative signals, inducing T cell apoptosis and
reducing immunocompetence, which thus helps cancer
cells escape immune surveillance and killing. In addi-
tion, the activation of the PD-1/PD-L1 pathway nega-
tively affects the differentiation of effector T cells (Teff)
and memory T cells (Tm) and upregulates the differ-
entiation of regulatory T cells (Treg) and exhausted T
cells (Tex), thereby significantly inhibiting the immune
effect of T cells [49]. The binding of PD-L1 to PD-1 also
inhibits the proliferation of tumor-specific T cells and
induces apoptosis by triggering the release of cytokines
and cytotoxins [50]. Cancer cells are also able to trans-
port PD-L1 (carried in exosomes) to remote regions via
the circulatory system. Therefore, they can remotely
inhibit T cell activity before reaching metastatic lesions
[51-53].

Blocking the binding of PD-L1 to PD-1 blocks this
negative feedback and restores the function of T cells as
well as their ability to kill cancer cells. Therefore, ICIs
(PD-1/PD-L1 inhibitors) exert their anticancer effect
via the immune system of the host, which is quite dif-
ferent from conventional cancer therapies. To date,
the extraordinary efficacy of ICIs has been validated in
multiple types of solid tumor cancers and hematologi-
cal malignancies, with a sustained response and long-
term survival benefits [54—58]. The inhibitory effect of
PD-1/PD-L1 pathway on T cells is shown in Fig. 1.
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The regulation of PD-1/PD-L1 in the TME
The TME is mainly composed of tumor-associated stro-
mal cells, extracellular matrix (ECM) [59], nonmalignant
cells surrounding malignant lesions and complex signal-
ing networks for maintaining the internal interactions
of the TME [60]. TMEs not only promote the growth of
cancer cells but also trigger invasion and metastasis [61].
In addition, exosomes carrying noncoding RNAs are vital
components of the TME and provide favorable condi-
tions for the growth and migration of cancer cells [62].
The ECM is comprised of the basement membranes
and interstitial matrix [63], an important barrier for
metastasis. Various substances can be found in the ECM,
including a large number of growth factors, cytokines
and metalloproteinases secreted by cancer cells and other
cells in the TME, as well as acidic substances produced
by cancer metabolism. These acidic substances in turn
maintain the weakly acidic TME, induce epithelial-to-
mesenchymal transition (EMT) and promote the forma-
tion of a hypoxic microenvironment.

Regulatory effects of the TME on PD-1

The influence of PD-1 on immune suppression is very
complicated. Previous studies have shown that PD-L1
expressed in cancer cells induces immune suppres-
sion through the apoptosis of activated T cells and the
production of IL-10 by stimulated T cells [27]. Further-
more, persistent activation of PD-1 decreases glucose
metabolism in T cells and induces T cell incompetence
and exhaustion [64—66]. In a chronic lymphocytic cho-
riomeningitis virus (LCMV) infection mouse model,
persistent antigen exposure exhausted T cells and com-
pletely or partially eliminated effector T cell function,
which was reversed by the application of an anti-PD-L1
antibody [67]. In addition to inducing cell differentiation
into Tregs, PD-1 also regulates their development and
cellular functions [68].

When stimulated by inflammatory factors, DCs upreg-
ulate PD-1 and thus significantly inhibit the antibacte-
rial ability of the innate immune system [69]. PD-L1 on
the surface of macrophages regulates T cell migration,
leading to the active immune expulsion of T cells from
the TME [70]. In addition to regulating immune toler-
ance, PD-L1 expressed in cancer cells quickly establishes
a molecular barrier to fight against the killing effect of
immune effector cells [71]. By regulating the mTOR path-
way, PD-1 expressed in melanoma cells promotes malig-
nant growth [72].

As an immunosuppressive molecule, PD-1 inhibits the
activation of T cells and induces their apoptosis. PD-1 is
expressed at low levels in naive T lymphocytes and can
be immediately activated by TCRs. Transforming growth
factor B (TGF-B) is highly important in the process
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Fig. 1 PD-1/PD-L1 interaction mediated T cell inhibition. Factors that regulate PD-L1 expression mainly includes (1) genomic aberrations, (2)
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PI3K/Akt/mTOR, JAK/STATs signaling and TLRs/IKKs pathways are the main pathways regulating PD-L1 expression. IRF1, STATs, MYC, NF-kB, c-Jun
and HIF1a/2a are the main downstream transcription factors. Posttranslational modifications of PD-L1 include phosphorylation, ubiquitination,
glycosylation and palmitoylation. Induction of PD-L1 by cytokines, such as IFN-y, is considered a secondary mechanism. Activation of PD-1/

PD-L1 signaling leads to the recruitment of the phosphatase SHP-2 to the C-terminal of the ITSM, which downregulates the RAS-MEK-ERK and
PI3K-Akt-mTOR pathways and attenuates LCK-induced phosphorylation of ZAP70. In addition, SHP-2 induces the expression of BATF, which
inhibits the expression of some effector genes. In general, activation of PD-1/PD-L1 signaling leads to the inhibition of T cell proliferation and
activation. Activation of PD-1/PD-L1 can be blocked by anti-PD-1/PD-L1 antibodies. In addition, APCs uptake tumor antigens and regulate T cell
responses through the interaction between major MHC and TCRs. APCs (dendritic cells) regulate T cell activity through modulating the interaction
between PD-L1/PD-L2 and PD-1 and the interaction between B7 and CD28. CTLA-4 is a negative regulator of costimulation that is activated in the

of PD-1 activation by TCRs [73]. It induces abundant
expression of PD-1 on the immune cell membrane fol-
lowing antigen stimulation, which may be attributed to a
self-protection mechanism that prevents the overactiva-
tion of immune cells.

Other factors in the TME can also regulate the expres-
sion level of PD-1. IL-7, IL-15 and IL-21 can induce the
activation of PD-1 in peripheral T lymphocytes [74].
Although upregulated PD-1 does not affect the expan-
sion and survival of T cells, it inhibits the secretion of
cytokines [75]. IL-12 and IL-6 induce PD-1 during the
activation of TCRs by altering the chromatin struc-
ture of the PD-1 gene and activating the STAT3/STAT4

pathway, in which the proximal cis-acting elements in
the promoter region of PD-1 and the transcription fac-
tors FOXO1 and NF-kB are needed [76]. Moreover,
the inflammatory factors TNF-a and IL-6 regulate the
growth inhibition of T cells in osteoarthritis by blocking
the interaction between PD-1 and PD-L1 via induction
of the secretion of soluble PD-1 [77]. In macrophages,
interferon-a (IFN-a) regulates the expression of PD-1
by activating the JAK/STAT pathway. The interferon-
sensitive responsive element (ISRE) in the promoter
region of PD-1 enhances PD-1 transcription by form-
ing the p48/STAT1/STAT2 complex with the JAK/STAT
pathway [78]. Additionally, IFN-a has been reported
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to synergistically regulate the expression of PD-1 with
TCRs, producing a strong inhibitory feedback signal tar-
geting the T cell-induced immune response [79].

Regulatory effects of the TME on PD-L1

PD-L1 causes T cell exhaustion and immune tolerance,
which is the main factor for the immune escape of can-
cer cells [80, 81]. In addition to expression on the cell
surface of T lymphocytes, B lymphocytes, DCs and mac-
rophages, PD-L1 is also highly expressed on the surface
of cancer cells. A variety of cytokines and exosomes in
the TME inhibit the activation of cytotoxic lymphocytes
(CTLs) by inducing the expression of PD-L1 and activat-
ing the PD-1/PD-L1 pathway, which eventually promote
immune escape. The main regulatory factors for PD-L1
are reviewed below.

Interferon-y Interferon is a biologically active glycopro-
tein secreted following viral infections; it has antiviral,
antibacterial, antitumor and immunomodulatory func-
tions [82]. Interferon-y (IFN-y) is a type II IEN that is
mainly secreted by CD8" T lymphocytes, NK cells and
macrophages. IFN-y can promote cancer growth and
resist immune surveillance in certain circumstances [83].
An increasing number of studies have validated the induc-
tion of cancer progression by IFN-y through activation
of PD-L1 and immune escape from the attack of certain
subtypes of T cells [35, 84]. IEN-y induces the expression
of PD-L1 through multiple pathways, and analyzing these
pathways facilitates the development of novel cancer ther-
apies with fewer adverse events.

Tumor necrosis factor-a As an inflammatory cytokine,
tumor necrosis factor-a (TNF-a) activates inflammatory
cells, kills pathogens, stimulates tissue repair and induces
angiogenesis and connective tissue formation. However,
it facilitates the immune escape of tumor cells by upreg-
ulating expression of PD-L1 [85]. TNF-« is mainly pro-
duced by activated macrophages, T cells and NK cells,
which bind to specific homotrimeric receptors on the cell
membrane. By activating the NF-kB and ERK1/2 path-
ways, TNF-a upregulates PD-L1 expression at both the
mRNA and protein levels [85]. In addition, it stimulates
cell growth, differentiation and apoptosis by inducing an
inflammatory response through the activation of caspase,
JNK and NF-kB. TNF-a also regulates the expression of
PD-L1 by targeting miRNA-155 [86].

Interleukins Interleukins (ILs) are a type of cytokine that
are important in the maturation, activation, proliferation
and immune regulation of immune cells and participate
in multiple physiological and pathological processes. The
proinflammatory cytokines IL-6 and IL-17 regulate the
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expression of PD-L1 in the TME. Epithelial growth fac-
tor receptor (EGFR) regulates the expression of PD-L1
as well as cell proliferation through the IL-6/JAK/STAT3
pathway [35, 73, 76—80, 82-85, 87]. In addition, overex-
pression of PD-L1 and knockdown of NKG2D enhance
NSCLC patient tolerance of radiotherapy through the
IL-6/MEK/ERK pathway [88]. During carcinogenesis,
IL-6 interacts with proteins involved in the formation
of proliferative matrix and drives myeloid suppressor
cells, thereby suppressing the immune system. Therefore,
inhibiting the IL-6 pathway in the TME can enhance the
cytotoxic response and sensitivity of cancer cells to NK
cells by downregulating PD-L1 expression [89, 90].

Epithelial growth factor Epithelial growth factor (EGF)
is a small-molecule active peptide widely distributed in
the human body. EGF contributes to cell growth by bind-
ing to corresponding receptors and activating the EGFR
pathway. The EGFR pathway is well known for its regula-
tion of cancer cell migration and proliferation. Moreover,
EGFR mutations that trigger malignant proliferation and
metastasis without the need to bind to EGF have been
detected in many types of cancer cells. The EGFR path-
way has also been reported to be involved in immune
escape. EGF upregulates PD-L1 expression in lung cancer,
breast cancer, head and neck cancer, esophageal cancer
and salivary adenoid cystic carcinoma. MYC, an impor-
tant transcription factor in cancers, is also involved in
the regulation of PD-L1 by EGFR. In the EGFR-derived
PD-L1 pathway, knockdown of MYC significantly down-
regulates PD-L1 expression [91-93]. MYC upregulates
PD-L1 expression in T cell acute lymphoblastic leukemia
(T-ALL) cells by directly binding to the promoter region
of PD-L1, suggesting that the EGFR pathway is able to
upregulate PD-L1 by upregulating MYC and promoting
nuclear translocation [94]. EGF not only induces the tran-
scription of PD-L1 but also influences its protein stabil-
ity and biological function. Additionally, the RAS-EGFR
pathway is a classic oncogenic intracellular pathway that
promotes tumor immunoreactivity by regulating the
mRNA stability of PD-L1 [95]. A previous study reported
that K-RAS mutations in EGFR-driven lung cancer were
associated with the expression of PD-L1 [96, 97].

Exosomes Exosomes are extracellular vesicles (40—
150 nm in diameter) released by almost all types of cells.
They serve to transduce intracellular information to other
cells and thus change their activity [98, 99]. Function-
ally, exosomes can regulate the growth, migration and
angiogenesis of cancer cells [62, 100]. Cancer-derived
exosomes can promote macrophage polarization into
M2 macrophages and the expression of PD-L1 in these
macrophages by upregulating phosphorylated STAT3
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and further enhancing the immunosuppressive effect
[101]. Consistent with these findings, cancer-derived
exosomes containing PD-L1 have been found to have a
strong immunosuppressive effect [51]. Cancer-derived
exosomes in chronic lymphocytic leukemia induced an
immunosuppressive response in monocytes. Monocyte
activation is mainly induced by noncoding microRNAs
contained in exosomes which activate the TLR7 pathway
in monocytes, promoting monocyte-induced secretion
of cytokines and eventually inducing the expression of
PD-L1 [102]. At present, research on exosomes is in its
infancy, and we believe that the novel regulatory effects of
exosomes on PD-L1 will be elucidated in the future.

The PD-L2 pathway in cancer immunotherapy
Molecular structure and distribution of PD-L2

PD-L2, also known as B7-DC, CD273 or PDCDI1LG2,
is the second most important ligand for binding to PD-
lafter PD-L1 [103]. PD-L2 protein is a type I trans-
membrane protein encoded by the PDCDILG2 gene,
consisting of 270 amino acid residues and located on
chromosome 9 with PD-L1 [104]. The extracellular
domain of PD-L2 consists of a membrane-distal immu-
noglobulin variable region and a membrane-proximal
immunoglobulin constant region [22]. Several studies
have shown that the affinity of the PD-L2/PD-1 interac-
tion is 3—4 times higher than that of the PD-L1/PD-1
interaction. This difference in affinity is attributed to
the presence of a tryptophan residue unique to PD-L2
that binds to a binding site on the surface of PD-1 [105].
PD-L2 is expressed primarily by dendritic cells, mac-
rophages and cancer cells and downregulates the effector
functions of T cells through the PD-1/PD-L2 axis in the
TME [106]. PD-L2 is expressed on activated CD4* T cells
and CD8* T cell subsets, which can bind to PD-1 on T
cells and inhibit T cell activation and proliferation [107].

PD-1/PD-L2 axis-mediated immune escape in cancer

The PD-1/PD-L2 pathway plays a major and complex
role in the development and progression of cancer. The
regulatory role of PD-L2 on T cells in the TME has been
controversial. Some studies have shown that PD-L2 sup-
presses immune function by binding to PD-1 co-inhibi-
tory receptors [103, 108]. However, other studies have
shown that PD-L2 is a positive co-stimulatory molecule
that stimulates T cell proliferation and cytokine produc-
tion, exerting its functions through receptors other than
PD-1 [28, 109]. In human T cells, PD-L2 acts only as a
negative regulator of T cell activity, inhibiting T cell pro-
liferation by interacting with PD-1, reducing cytokine
production and leading to cell-cycle arrest [103, 107,
110]. Cancer cells frequently achieve immune escape
through the PD-1/PD-L2 pathway mediated by potent
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inhibitory signals, thereby hindering the proliferation
and function of effector T cells and forming an immune
escape microenvironment that suppresses anti-tumor
immunity [29, 111-113]. Tumors can induce immune
escape via various mechanisms, thereby evading cyto-
toxicity from the immune system, and eventually pro-
gress and metastasize to other parts of the body [112,
113]. During tumorigenesis, the PD-1/PD-L2 signaling
pathway can cause the exhaustion of T cell function and
promote immune escape. The inhibitory effect of PD-L2
on T cell function involves the regulation of the PI3K/
AKT and MEK/ERK pathways [110, 114]. T cell activity
is regulated not only by receptor tyrosine kinases (RTKs)
but also by non-RTKs. Studies on SHP-1 and SHP-2 have
shown that they regulate T cell activity [115, 116]. PD-L2
inhibits the PI3K/AKT and MAPK pathways while also
increasing the phosphatase activity of SHP-2 [110]. PD-1/
PD-L2-induced SHP-2 activation is involved in the early
signaling pathways required for negative regulation of T
cell function, such as cytokine production, and cell adhe-
sion [110]. Concomitant with T cell receptor (TCR) or
B-cell receptor (BCR) cross-linking, PD-1 binds to PD-L2
and induces inhibitory signals by recruiting phosphatases
(e.g., SHP-2) to the ITSM in the cytoplasmic tail of PD-1,
resulting in the dephosphorylation of effector molecules
involved in downstream TCR or BCR signaling[117].

Advances in PD-1/PD-L1 blockade-based
combination treatment for cancer

As an adjuvant therapy, immunotherapy has become the
next focus of competition in the clinical development of
anticancer drugs. Immunotherapy has exhibited positive
results both as adjuvant or neoadjuvant therapy in the
clinical treatment of cancer. Since this review focuses on
PD-1/PD-L1 blockade, immunotherapy and ICB men-
tioned later refer to PD-1/PD-L1 blockade, and ICI refers
to PD-1/PD-L1 inhibitor.

Although great progress has been made in immu-
notherapy of cancer, they face challenges in cancer
therapy mainly due to their low response rate. Ate-
zolizumab is a human-derived anti-PD-L1 inhibi-
tor approved by the Food and Drug Administration
(FDA) in 2016 for the treatment of urothelial cancer.
The clinical trial IMVigor 210 reported that the target
response rate in patients with metastatic urothelial can-
cer expressing moderate to high levels of PD-L1 was
only 27%. The PD-L1 inhibitor does not exhibit its pre-
dicted effects in up to 73% of patients with high levels
of PD-L1, probably due to innate resistance [118, 119].
Unfortunately, this low level of therapeutic efficacy
may reduce even further in patients responsive to ICB
after a long-term treatment, a phenomenon known as
acquired resistance. Most melanoma patients with a



Wau et al. Journal of Hematology & Oncology (2022) 15:24

good response to ICB have been reported to only expe-
rience limited or transient benefits of ICB treatment
[4, 9]. Although clinical evidence has supported the
role of immune surveillance in controlling the recur-
rence and progression of some common types of can-
cers, such as prostate cancer, ovarian cancer, breast
cancer and colorectal cancer with microsatellite insta-
bility-high (MSI-H) [13, 120], most patients have dif-
ficulty benefiting from ICB [9, 121-123]. To date, the
molecular mechanisms underlying acquired resistance
remain unclear, which significantly hinders the sus-
tainability of ICB treatments. Hodgkin’s lymphoma
and melanoma have the best response to ICB, while
head and neck squamous cell carcinoma and gastroin-
testinal cancers do not show high response rates. The
response rate of NSCLC is medium, but the resistance
rate remains high. In general, the following five mech-
anisms are thought to explain acquired resistance to
ICB. First, tumor antigen presentation may be damaged
due to the downregulation of MHC class I molecules
or deficiency in antigen presentation induction; as a
result, TCRs would be unable to recognize tumor anti-
gens, and ICB would become invalid. Second, IFN-y
sensitivity may be lost. IFN-y activates the JAK-STAT
pathway, which upregulates MHC class I molecules and
enhances anticancer immunity. However, inactivating
mutations of JAK1 and JAK2 occur during ICI treat-
ment, which would eliminate the sensitivity of cancer
cells to IFN-y. Third, neoantigens may be eliminated.
Selective pressure in the TME during anti-PD-1 treat-
ment may clear the neoantigen without the production
of neoantigen-specific T cells, and therefore, immune
escape could develop. Fourth, cancer-induced immune
inhibition could occur. Stabilized B-catenin induced by
WNT and the loss or mutation of PTEN facilitates the
production of inhibitory cytokines, which would fur-
ther prevent the infiltration of CD8" T cells and inhibit
their functions. Fifth, positive expression of other ICIs
may occur. Several other immune checkpoints are pro-
duced during a single ICI treatment, thus resulting in
acquired drug resistance [124—127].

Most conventional anticancer therapies also lead to
drug resistance; however, combination with ICB may
produce a satisfactory outcome by overcoming drug
resistance. Combination therapy aiming to enhance anti-
cancer efficacy is of major interest. ICB can be combined
with chemotherapy, radiotherapy, surgery, targeted ther-
apy and antiangiogenic therapy. Combination therapy
with ICB not only enhances the capacity of antigen pres-
entation and rescues exhausted effector T cells but also
activates the immune system by releasing cancer antigens
and stimulating them to kill cancer cells, which may yield
enhanced anticancer efficacy [128]. In addition, changes
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in killing factors and immune factors that attack tumor
cells potentially influence immunotherapy efficacy.

Nevertheless, combination therapy is significantly
restricted by the occurrence of severe adverse events
(AEs). A recent systematic review and meta-analysis
reported that the incidence of treatment-related AEs in
combination therapy with chemotherapy and anti-PD-1/
anti-PD-L1 antibodies was up to 97.7%, which is the
highest of all types of combination therapies for cancers
[129]. This meta-analysis included 36 clinical trials with
43 regimens. Among them, the incidence of all-grade
treatment-related AEs was 97.7%, and the most com-
mon AEs were anemia (45.4%) and hair loss (45.1%). The
incidence of grade 3 and above AEs was 68.3%, and the
most common AEs were neutropenia (19.6%) and anemia
(11.4%) [129].

It also analyzed combination therapy with immuno-
therapy and targeted therapy in 45 clinical trials with 47
regimens. The incidence of all-grade treatment-related
AEs was 94.5%, and the most common AEs were fatigue
(34.3%) and diarrhea (31.7%). The incidence of grade 3
and above AEs was 68.3%, and the most common AEs
were hypertension (9.3%) and hyponatremia (3.6%) [129].

Additionally, combination therapy with different
immunotherapies was analyzed, including 54 clinical tri-
als with 57 regimens. The incidence of all-grade treat-
ment-related AEs was 86.8%, and the most common AEs
were fatigue (26.4%) and diarrhea (21.1%). The incidence
of grade 3 and above AEs was 35.9%, and the most com-
mon AEs were lipase increase (7.2%) and colitis (3.6%)
[129].

Moreover, the meta-analysis analyzed combination
therapy with immunotherapy and radiotherapy in 7
clinical trials with 7 regimens. The incidence of all-grade
treatment-related AEs was 89.4%, and the most common
AEs were dysphagia (30.3%) and nausea (24.9%). The
incidence of grade 3 and above AEs was 12.4%, and the
most common AEs were lymphocytopenia (10.3%) and
dysphagia (8.8%) [129].

It is urgent to develop more reasonable combination
therapies with fewer AEs and higher survival benefits.
In the following section, we mainly summarize combi-
nation therapy with ICIs and others in NSCLC patients.
ICB has achieved unprecedented efficacy in the treat-
ment of NSCLC patients. However, only a small number
of NSCLC patients have exhibited high response to ICB
[121].

Some of these therapies are displayed visually in Fig. 2.
PD-1 inhibitors nivolumab (Opdivo), pembrolizumab
(Keytruda), cemiplimab (Libtayo) and PD-L1 inhibi-
tors atezolizumab (Tecentriq), avelumab (Bavencio) and
durvalumab (Imfinzi) are the PD-(L)1 inhibitors already
approved. Numerous clinical trials have been designed
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the mechanisms by which radiotherapy may enhance immunotherapy is through activation of certain types of club cells which release proteins
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to study the efficacy or safety of these approved PD-(L)1
inhibitors in combination with other approved standard
treatment regimens. Key information on those clinical
trials that have been completed is summarized in Table 1.
As can be seen from the table, among those completed
clinical trials, more than half of the combination regi-
mens were based on the anti-PD-1 antibody pembroli-
zumab and nivolumab. The number of combination
regimens of the two anti-PD-L1 antibodies atezolizumab

and durvalumab also exceeded 30. There are few strat-
egies regarding the combination therapy of cemipli-
mab and avelumab. From the combination regimen of
nivolumab, it can be seen that nivolumab combined with
CTLA-4 antibody ipilimumab with/without other treat-
ment strategies has the largest number. Regarding the
combination regimen of pembrolizumab, it can be seen
that the number of regimens with combined targeted
therapy (including anti-angiogenic therapy) is the largest.
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The number of regimens combined with chemotherapy
was the second largest. Because these combination regi-
mens are based on approved treatments, many of them
are already approved for cancer treatment.

In addition to the above combination experiments,
there are a large number of clinical trials studying the
efficacy and side effects of approved/investigational
PD-(L)1 inhibitors in combination with other cancer
treatment regimens. Key information on representative
ongoing clinical trials of such combination therapy is
shown in Table 2. As can be seen from the table, most
of the combination strategies are PD-1/PD-L1 blockade
combined with chemotherapy, targeted therapy, radio-
therapy and other immune checkpoint inhibitors. Chem-
otherapy, targeted therapy and radiotherapy are classic
strategies for cancer treatment, and most approved can-
cer treatment strategies belong to them. Therefore, com-
bination regimen containing these treatment strategies
is likely to show numerous breakthroughs. PD-1/PD-L1
blockade has also been combined with many biotherapy
regimens, such as cell therapy and vaccine. In addition,
PD-1/PD-L1 blockade has also been combined with
many novel cancer treatment options, such as electric
field therapy, which has shown excellent efficacy in the
treatment of glioma. More than half of the combination
regimens belong to dual combination therapy, such as
PD-1/PD-L1 blockade combined with chemotherapy. We
can also see clinical trials with triple combination ther-
apy. The results of these clinical trials will bring valuable
data to improve the efficacy of PD-1/PD-L1 blockade.

Combination therapy with PD-1 and CTLA-4 blockers
Upregulation of other immune checkpoints is a potential
cause of resistance to PD-1 inhibitors. Therefore, com-
bination therapy with other ICIs can be a crucial strat-
egy, including the combination of PD-1 inhibitors and
CTLA-4 inhibitors, which is commonly used in clinical
applications.

The combination of the anti-PD-1 antibody nivolumab
and the anti-CTLA-4 antibody ipilimumab was used for
the first time in humans in December 2009 and targeted
two unrelated pathways [130]. CTLA-4 produces a strong
inhibitory signal to terminate the proliferation and acti-
vation of T cells, which can be blocked by CTLA-4 inhib-
itors, thus restoring the activation of T cells. Therefore,
CTLA-4 mainly acts on interactive signal transmission
between lymphocytes. PD-1 blocks the activation of the
immune response [131]. Flow cytometry also indicated
that CTLA-4 and PD-1 inhibitors target proteins in dif-
ferent pathways [132]. Additionally, a preclinical study
demonstrated the synergistic effect of nivolumab and
ipilimumab in a mouse cancer model [133].
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Combination therapy was initially designed for popu-
lations that do not express PD-L1. The clinical trial
CheckMate 227 (NCT02477826) reported that the effi-
cacy of first-line combination therapy with nivolumab
and ipilimumab was superior to that of platinum-dou-
blet chemotherapy in advanced NSCLC patients with
a high tumor mutation burden (TMB>10 mut/Mb);
combination therapy with nivolumab and ipilimumab
significantly enhanced the overall response rate (ORR,
45.3% vs. 26.9%) and median progression-free survival
(mPFS, 7.2 months vs. 5.5 months) [134]. The results of
the CheckMate-227 trial on advanced NSCLC immuno-
therapy showed that treatment with nivolumab plus ipili-
mumab for 4 years provided robust and long-term OS
benefits for patients with advanced NSCLC compared
to that for chemotherapy regardless of PD-L1 expression
or histological type. However, the incidence of immune-
related AEs (irAEs) is significantly higher in combination
therapy than in monotherapy and requires further ana-
lyzed [135].

The NEOSTAR phase II randomized clinical trial
(NCT03158129) found that the combination of
nivolumab plus ipilimumab resulted in a higher pCR rate
(38% vs. 10%), less viable tumor (median 9% vs. 50%), and
greater frequencies of effector, tissue-resident memory
and effector memory T cells compared to nivolumab
alone [136].

In the CheckMate O9LA trial, nivolumab + ipili-
mumab +two cycles of chemotherapy exhibited durable
survival benefit compared with chemotherapy alone in
advanced NSCLC patients with or without brain metas-
tases [137]. The POSEIDON trial reported for the first
time that first-line durvalumab + tremelimumab + chem-
otherapy for metastatic NSCLC patients achieved both
the PFS and OS endpoints, with an mPFS of 6.2 months
and an mOS of 14 months, compared with 4.8 months
and 11.7 months for chemotherapy alone [138].

Combination therapy with PD-1 and CTLA-4 blockers
also showed benefit in other cancer types. In the Check-
Mate 648 trial, first-line use of nivolumab combined
with ipilimumab in patients with advanced esophageal
squamous cell carcinoma showed an OS benefit over
chemotherapy alone. In patients with tumor cell PD-L1
expression of 1% or higher, the OS of nivolumab com-
bined with ipilimumab was significantly longer than
that of chemotherapy, with mPFS of 13.7 months and
9.1 months, respectively. Overall survival was also sig-
nificantly longer with nivolumab plus ipilimumab than
with chemotherapy in the overall population [139].The
data from CheckMate 204 showed that combination
nivolumab plus ipilimumab was efficacious in patients
with asymptomatic melanoma brain metastases (MBM).
The 36-month intracranial PFS was 54 1%, and OS was
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Table 2 Representative ongoing clinical trials for PD-1/PD-L1 blockade in combination with other cancer treatment regimens

Interventions Target Conditions Phase Development status Trial number

1. PD-1/PD-L1 blockade + Other type of immune checkpoint inhibitors

Approved immune-checkpoint PD-1+PD-L14+CTLA-4 Melanoma; NSCLC Phase 4 Recruiting NCT03673332

inhibitors therapies

Nivolumab + ipilimumab PD-1+CTLA-4 NSCLG; SCLC Phase 2 Recruiting NCT03823625,
NCT03285321,
NCT03333616

Nivolumab + ipilimumab PD-1+CTLA-4 NSCLC Phase 2 Active, not recruiting NCT03001882,
NCT03091491,
NCT03262779

Nivolumab + ipilimumab PD-1+CTLA-4 NSCLG; SCLC Phase 2 Enrolling by invitation NCT03083691

Nivolumab + ipilimumab PD-1+CTLA-4 NSCLG; SCLC Phase 3 Active, not recruiting NCT02538666

Nivolumab + ipilimumab PD-1+CTLA-4 NSCLG; SCLC Phase 4 Active, not recruiting NCT02869789

Pembrolizumab + ipilimumab PD-1+CTLA-4 NSCLC Phase 3 Active, not recruiting NCT03302234

Nivolumab + relatlimab PD-14+LAG-3 NSCLC Phase 2 Recruiting NCT04205552,
NCT04623775

BI 754091 4Bl 754111 PD-1+LAG-3 NSCLC Phase 1 Active, not recruiting NCT03156114

XmAb®23104 + ipilimumab PD-1/ICOS 4 CTLA-4 Melanoma; NSCLG; SCLC Phase 1 Recruiting NCT03752398

Nivolumab + ipilimumab or chemo-  PD-1+ CTLA-4/chemotherapy NSCLC; SCLC Phase 2 Recruiting NCT03158129

therapy

Nivolumab + ipilimumab or PD-1+4CTLA-4/PD-1+4chem- NSCLC Phase 3 Recruiting NCT02477826

nivolumab + platinum-doublet otherapy

chemotherapy

Durvalumab + tremeli- PD-L1+4CTLA-4 4+ chemo- NSCLC Phase 3 Recruiting NCT03164616

mumab + chemotherapy therapy

2. PD-1/PD-L1 blockade + Chemotherapy

Nivolumab + decitabine + tetrahy- PD-1+ chemotherapy NSCLG; SCLC Phase 2 Active, not recruiting NCT02664181

drouridine

Nivolumab + gemcitabine PD-1+ chemotherapy NSCLC Phase 4 Not yet recruiting NCT04331626

Nivolumab + docetaxel PD-1+ chemotherapy NSCLC Phase 3 Recruiting NCT03906071

Nivolumab/pembrolizumab 4+ chem-  PD-1+ chemotherapy SCLC Not Applicable Not yet recruiting NCT04306042

otherapy

Nivolumab + carboplatin + paclitaxel  PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT02259621

Nivolumab + platinum-based PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT03823625

chemotherapy

Nivolumab + paclitaxel 4 carboplatin - PD-1+ chemotherapy NSCLC Phase 1 Recruiting NCT04699721

AUCS

Nivolumab + carboplatin + nab- PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT04015778

paclitaxel

Nivolumab +temozolomide PD-1+ chemotherapy SCLC Phase 2 Active, not recruiting NCT03728361

Nivolumab + decitabine + tetrahy- PD-1+ chemotherapy NSCLG; SCLC Phase 2 Active, not recruiting NCT02664181

drouridine

Nivolumab +irinotecan PD-1+ chemotherapy SCLC Phase 1 Recruiting NCT04173325

Nivolumab + carboplatin + cispl- PD-1+ chemotherapy SCLC Phase 2 Active, not recruiting NCT03382561

atin+ etoposide

Toripalimab + platinum-based PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT05055583

chemotherapy

Opdivo/Keytruda + tirapazamine PD-1+ chemotherapy NSCLG; SCLC Phase 2 Recruiting NCT03259867

Camrelizumab 4 nab-paclitaxel PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT04167774

PD-1 inhibitor + chemotherapy PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT04941417

Pembrolizumab + pem- PD-1+ chemotherapy NSCLC Phase 2 Recruiting NCT04586465

etrexed + gemcitabine + cispl-

atin+ carboplatin

Pembrolizumab + tirapazamine PD-1+ chemotherapy NSCLG; SCLC Phase 2 Recruiting NCT04701476

Atezolizumab + gemcitabine PD-L1+ chemotherapy NSCLC Phase 2 Recruiting NCT04480372

Nivolumab + relatlimab + carbopl- PD-1 4 LAG-3 + chemo- NSCLC Phase 2 Recruiting NCT04623775

atin 4+ cisplatin 4 paclitaxel + nab- therapy

paclitaxel + pemetrexed

Nivolumab + BMS-986012 + carbopl-  PD-1+fucosyl-GM1 4 chemo-  SCLC Phase 2 Recruiting NCT04702880

atin+ etoposide

therapy
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Interventions Target Conditions Phase Development status Trial number

Nivolumab + ipilimumab + platinum-  PD-1+ CTLA-4 +chemo- NSCLC Phase 2 Active, not recruiting NCT02659059

doublet chemotherapy therapy

Nivolumab + ipilimumab + oxali- PD-1+ CTLA-4 4 chemo- NSCLC Phase 1, Phase 2 Recruiting NCT04043195

platin therapy

Nivolumab + ipilimumab + paclitaxel  PD-1+ CTLA-4 +chemo- NSCLC Phase 2 Active, not recruiting NCT03573947
therapy

Nivolumab + ipilimumab 4 guadecit-  PD-1+ CTLA-4 4+ chemo- Melanoma; NSCLC Phase 2 Not yet recruiting NCT04250246

abine therapy

Nivolumab + ipilimumab + platinum-  PD-1+ CTLA-4 +chemo- SCLC Phase 2 Active, not recruiting NCT03670056

based chemotherapy therapy

Anti-PD-1/PD-L1 monoclonal anti- PD-1/PD-L1 4 chemother- NSCLC Phase 2, Phase 3 Not yet recruiting NCT04702009

body 4+ Chemotherapy + bronchos-  apy + interventional therapy

copy-assisted interventional therapy

Immune checkpoint inhibi- PD-1/PD-L1/CTLA-4 +chemo- NSCLC Not applicable Recruiting NCT04807114

tor+chemotherapy therapy

Durvalumab + bevacizumab +pem-  PD-L1+ EGFR + chemother- NSCLG; SCLC Phase 2 Not yet recruiting NCT04517526

etrexed + cisplatin/carbopl- apy + SBRT

atin+4-SBRT

Camrelizumab + apatinib +albumin ~ PD-1+4VEGF + chemotherapy  NSCLC; SCLC Phase 2 Not yet recruiting NCT04459078

paclitacxel

Nivolumab + ipilimumab/ PD-14CTLA-4/PD-1+4chem- NSCLC Phase 3 Active, not recruiting NCT02998528

nivolumab 4 chemotherapy otherapy

Pembrolizumab + carboplatin-pacli- ~ PD-1+ chemotherapy NSCLC Phase 3 Active, not recruiting NCT02775435

taxel/nab-paclitaxel

Atezolizumab + chemotherapy PD-L1 4 chemotherapy NSCLC Phase 3 Active, not recruiting NCT02486718

Pembrolizumab + chemother- PD-1+chemotherapy +radi-  NSCLC Phase 2 Active, not recruiting NCT03631784

apy + radiotherapy otherapy

Atezolizumab + carboplatin/cispl- PD-L1 4 chemotherapy NSCLC Phase 3 Active, not recruiting NCT02657434

atin 4+ pemetrexed

3. PD-1/PD-L1 blockade + Radiotherapy

Nivolumab/pembrolizumab +radio-  PD-1 4 radiotherapy Melanoma Phase 2 Recruiting NCT04017897

therapy

Sintilimab + radiotherapy PD-1+ radiotherapy NSCLG; SCLC Phase 2 Recruiting NCT04513301

Nivolumab + radiosurgery PD-1+radiosurgery NSCLC Phase 2 Active, not recruiting NCT02978404

Nivolumab + intensity modulated PD-1+IMRT NSCLC Phase 2 Recruiting NCT04577638

radiotherapy (IMRT)

Nivolumab + SBRT PD-1+SBRT NSCLC Phase 2 Recruiting NCT04271384

Nivolumab + ipilimumab + radiation ~ PD-1+ CTLA-4 + radiotherapy ~ NSCLC Phase 1, Phase 2 Recruiting NCT03168464,

therapy NCT04013542,

NCT02696993

Nivolumab + ipilimumab +thoracic ~ PD-1+CTLA-4+TRT SCLC Phase 1, Phase 2 Active, not recruiting NCT03043599

radiation therapy(TRT)

Nivolumab + BMS-986218 4 SBRT PD-14 CTLA-44SBRT NSCLG; SCLC Phase 1, Phase 2 Recruiting NCT04785287

Nivolumab + ipilimumab + SBRT PD-1+CTLA-44-SBRT SCLC Phase 1 Recruiting NCT03223155

Durvalumab + radiotherapy PD-L1 + radiotherapy NSCLC Phase 2 Recruiting NCT04062708

Durvalumab + tremelimumab +radi-  PD-L1+4 CTLA-4 + radio- NSCLC Phase 2 Active, not recruiting NCT02888743

ation therapy therapy

Atezolizumab + SBRT PD-L1+SBRT NSCLC Phase 2 Recruiting NCT02992912

Nivolumab/pembrolizumab/ PD-1/PD-L1+ SBRT Melanoma; NSCLC Phase 2 Active, not recruiting NCT03511391

atezolizumab + stereotactic body

radiotherapy (SBRT)

Immunotherapeutic agent + radia- PD-1/PD-L1/CTLA-4 + radio- NSCLC Not applicable Active, not recruiting NCT03035890

tion therapy

Immunotherapy + radiation PD-1/PD-L1/CTLA-4 +radio- ~ NSCLC; SCLC Not applicable Recruiting NCT03705806
therapy

Nivolumab, pembrolizumab, ipili- PD-1/PD-L1/CTLA-4 4 SBRT Melanoma; NSCLC; SCLC Phase 2 Recruiting NCT03693014

mumab or atezolizumab + SBRT

Durvalumab + bevacizumab 4+ pem-  PD-L1+4EGFR+ Chemother- ~ NSCLC; SCLC Phase 2 Not yet recruiting NCT04517526

etrexed + cisplatin/carbopl-
atin+SBRT

apy + SBRT
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Interventions Target Conditions Phase Development status Trial number
4. PD-1/PD-L1 blockade + targeted therapy

Spartalizumab + PBF-509 PD-1+AR NSCLC Phase 1, Phase 2 Active, not recruiting NCT02403193
Pembrolizumab + INCB001158 PD-1+Arg NSCLG; SCLC Phase 1, Phase 2 Active, not recruiting NCT02903914
PD-1 inhibitor + metformin PD-1+ AMPK SCLC Phase 2 Recruiting NCT03994744
Nivolumab + metformin hydro- PD-1+4 AMPK NSCLC Phase 2 Active, not recruiting NCT03048500
chloride

Nivolumab + ceritinib PD-1+ALK NSCLC Phase 1 Active, not recruiting NCT02393625
PD-1 inhibitor + CAB-AXL-ADC PD-1+AXL NSCLC Phase 2 Recruiting NCT04681131
PD-1 inhibitor + CAB-AXL-ADC PD-1+ AXL Melanoma; NSCLC Phase 1, Phase 2 Recruiting NCT03425279
Nivolumab + BMS-986340 PD-14-CCR8 NSCLC; SCLC Phase 1, Phase 2 Recruiting NCT04895709
Spartalizumab +NIR178 PD-1+4CD73 NSCLC Phase 2 Recruiting NCT03207867
Nivolumab + pembroli- PD-14+CD163 Melanoma; NSCLC; SCLC Phase 1, Phase 2 Recruiting NCT05094804
zumab + OR2805

Nivolumab + cabirali- PD-1+CSF1R+CD40 Melanoma; NSCLC Phase 1 Recruiting NCT03502330
zumab + APX005M

Nivolumab + nimotuzumab PD-1+EGFR NSCLC Phase 1, Phase 2 Recruiting NCT02947386
Nivolumab + nintedanib PD-1+EGFR NSCLG; SCLC Phase 1, Phase 2 Recruiting NCT04046614
Nivolumab +BT5528 PD-1+EphA2 NSCLC Phase 1, Phase 2 Recruiting NCT04180371
Sintilimab + pemigatinib PD-1+FGFR NSCLC Phase 2 Not yet recruiting NCT05004974
Nivolumab + BMS-986012 + carbopl-  PD-1+fucosyl-GM1 4 chemo- SCLC Phase 2 Recruiting NCT04702880
atin+ etoposide therapy

Nivolumab + BMS-986012 PD-1+fucosyl-GM1 SCLC Phase 1, Phase 2 Active, not recruiting NCT02247349
Nivolumab + plinabulin PD-1+ GEF-H1 NSCLC Phase 1 Recruiting NCT02812667
Nivolumab + ACY-241 PD-1+HDAC6 NSCLC Phase 1 Active, not recruiting NCT02635061
Nivolumab + HBI-8000 PD-1+HDAC Melanoma; NSCLC Phase 1, Phase 2 Active, not recruiting NCT02718066
PDRO01 + DKY709 PD-1+ helios (IKZF2) Melanoma; NSCLC Phase 1 Recruiting NCT03891953
Nivolumab + Ipilimumab + BMS- PD-1+1D0O1 Melanoma; NSCLC Phase 1, Phase 2 Active, not recruiting NCT02658890
986205

Nivolumab + LT-803 PD-1+1L-15 NSCLC Phase 1, Phase 2 Active, not recruiting NCT02523469
Spartalizumab +JDQ443+TNO155  PD-1+KRAS G12C+SHP2 NSCLC Phase 1, Phase 2 Recruiting NCT04699188
Spartalizumab + capmatinib PD-1+MET NSCLC Phase 2 Active, not recruiting NCT04323436
Nivolumab + glesatinib +sitra- PD-1+MET/ NSCLC Phase 2 Active, not recruiting NCT02954991
vatinib 4+ mocetinostat SMO + RTK+HDAC (Class I/1V)

Nivolumab + rucaparib PD-14-PARP SCLC Phase 2 Recruiting NCT03958045
Nivolumab + copanlisib PD-1+PI3K NSCLC Phase 1 Active, not recruiting NCT03735628
Nivolumab +eganelisib PD-1+PI3K-y Melanoma; NSCLC Phase 1 Active, not recruiting NCT02637531
Nivolumab +TPST-1120 PD-1+PPARa NSCLG; SCLC Phase 1 Recruiting NCT03829436
Nivolumab 4+ COM701 PD-1+4PVRIG NSCLC; SCLC Phase 1 Recruiting NCT03667716
Nivolumab + denosumab PD-1+ RANKL NSCLC Phase 2 Recruiting NCT03669523
PD-1 inhibitor 4+ CAB-ROR2-ADC PD-1+ROR2 Melanoma; NSCLC Phase 1, Phase 2 Recruiting NCT03504488
Nivolumab + sitravatinib PD-1+RTKs NSCLC Phase 3 Recruiting NCT03906071
Spartalizumab +TNO155 +ribociclib  PD-1+ SHP2 4+ CDK4/6 NSCLC Phase 1 Recruiting NCT04000529
PD-1 inhibitor 4+ JAB-3068 PD-1+SHP2 NSCLC Phase 1, Phase 2 Recruiting NCT04721223
Camrelizumab + famitinib PD-1+TKI NSCLC Phase 3 Recruiting NCT05106335
Immune checkpoint inhibitor4anti- ~ PD-14VEGF NSCLC Not applicable Recruiting NCT04137588
angiogenesis agents

Ezabenlimab + Bl 836880 PD-1+VEGF/Ang2 NSCLC Phase 1 Recruiting NCT03468426
Camrelizumab +apatinib+albumin ~ PD-1+4VEGF + chemotherapy ~ NSCLC; SCLC Phase 2 Not yet recruiting NCT04459078
paclitacxel

Tislelizumab + anlotinib +irinotecan ~ PD-1+VEGFR SCLC Not applicable NCT05027100
PD-1 inhibitor +anlotinib PD-1+4VEGFR NSCLG; SCLC Phase 2 Recruiting NCT04790409
Nivolumab + anlotinib PD-1+VEGFR NSCLC Phase 2 Not yet recruiting NCT04211896
Nivolumab + ramucirumab PD-1+VEGFR2 NSCLC Phase 2 Recruiting NCT03527108
Nivolumab + anlotinib PD-1+VEGFR2 NSCLC Phase 1, Phase 2 Recruiting NCT04507906
Nivolumab +AL3818 PD-1+VEGFR2 NSCLC; SCLC Phase 1, Phase 2 Recruiting NCT04165330
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Nivolumab + X-82 PD-1+4VEGFR/PDGFR NSCLG; SCLC Phase 1, Phase 2 Recruiting NCT03583086
Nivolumab + ipilimumab + nint- PD-1+4CTLA-4+EGFR NSCLC; SCLC Phase 1, Phase 2 Active, not recruiting NCT03377023
edanib

Nivolumab + ipilimumab + plinabu-  PD-1+4 CTLA-4 + GEF-H1 NSCLG; SCLC Phase 1, Phase 2 Recruiting NCT03575793
lin

Nivolumab + ipilimumab +NKTR-214  PD-14CTLA-4 +1L-2 Melanoma; NSCLC Phase 1, Phase 2 Active, not recruiting NCT02983045
Nivolumab + ipilimumab +Tocili- PD-1+CTLA-4+1L-6 NSCLG; SCLC Phase 2 Recruiting NCT04940299
zumab

Nivolumab + ipilimumab + deno- PD-1+ CTLA-4 + RANKL Melanoma Phase 1, Phase 2 Recruiting NCT03161756
sumab

Nivolumab + ipilimumab + BMS- PD-1+4 CTLA-44TIGIT NSCLC Phase 2 Not yet recruiting NCT05005273
986207

Nivolumab + ipilimumab + certoli- PD-1+CTLA-4+TNF-a Melanoma Not applicable Active, not recruiting NCT03293784
zumab/infliximab

Pembrolizumab + GEN 1046 PD-1+PD-L1+44-1BB NSCLC Phase 2 Recruiting NCT05117242
Durvalumab/avelumab/atezoli- PD-1/PD-L1 +1L-15+cell Melanoma; NSCLC; SCLC Phase 2 Active, not recruiting NCT03228667
zumab/nivolumab/pembroli- therapy

zumab +N-803 +PD-L1 t-haNK

ICB+MDNAT11 PD-1/PD-L1/CTLA-4 +11-2 Melanoma; NSCLC Phase 1, Phase 2 Recruiting NCT05086692
Durvalumab + oleclumab/cerala- PD-L1+4CD73/ATR NSCLC Phase 2 Recruiting NCT03833440
sertib

Durvalumab + bevacizumab +pem-  PD-L1 4 EGFR+ chemother- NSCLG; SCLC Phase 2 Not yet recruiting NCT04517526
etrexed + cisplatin/carbopl- apy +SBRT

atin+ SBRT

Atezolizumab + tocilizumab PD-L1+IL-6R NSCLG; SCLC Phase 1, Phase 2 Not yet recruiting NCT04691817
Atezolizumab + cabozantinib PD-LT4TKI NSCLC Phase 1, Phase 2 Recruiting NCT03170960
Atezolizumab 4 ramucirumab PD-L14VEGFR-2 NSCLC Phase 2 Active, not recruiting NCT03689855
Durvalumab-platinum-etopo- PD-L1+4VEGF SCLC Phase 2 Not yet recruiting NCT04660097
side +anlotinib

Ipilimumab + osimertinib CTLA-4+EGFR NSCLC Phase 1 Recruiting NCT04141644
5.PD-1/PD-L1 blockade + cell therapy

Nivolumab + pembrolizumab +ate-  PD-1+PD-L1+NK cell cancer  Melanoma; SCLC Phase 1 Recruiting NCT03841110
zolizumab + FT500 immunotherapy

Sintilimab + CIK cell + pem- PD-1+CIK cell ther- NSCLC Phase 2 Not yet recruiting NCT04836728
etrexed + albumin paclitaxel 4 car- apy + chemotherapy

boplatin

Nivolumab +MILs™—NSCLC +Tada-  PD-1 4 cell therapy 4 PDE-5 NSCLG; SCLC Phase 2 Active, not recruiting NCT04069936
lafil

Nivolumab, ipilimumab, pembroli- PD-1+CTLA-4+TIL cell NSCLC Phase 2 Recruiting NCT03645928
zumab, lifileucel, LN-145, LN-145-S1  therapy

Atezolizumab 4 cyclophospha- PD-L1+cell therapy +Chem-  NSCLC; SCLC Phase 1, Phase 2 Recruiting NCT04639245
mide 4 fludarabine + MAGE-A1-spe-  otherapy

cific T cell receptor-transduced

autologous T cells

Nivolumab 4+ IRX 2 PD-1 + cell therapy Melanoma; NSCLC; SCLC Phase 1 Active, not recruiting NCT03758781

6. PD-1/PD-L1 blockade + vaccine

ICB + ChAdOx1-MAGEA3-NYESO/
MVA-MAGEA3 + chemotherapy
Nivolumab + ipilimumab + dendritic
cell-based p53 Vaccine
Nivolumab + UCPVax

Nivolumab + pembroli-

zumab + pemetrexed 4 viagenpu-
matucel-L

Nivolumab +TG4010 + chemo-
therapy

Nivolumab + ipilimumab + GRT-
C901/GRT-R902

Nivolumab + ipilimumab + GRT-
C903/GRT-R904

PD-1/PD-L1/CTLA-4 4 vac-
cine + chemotherapy

PD-1+4 CTLA-4 +vaccine
PD-1+vaccine

PD-1+4 DHFR+ vaccine

PD-1 + vaccine 4+ chemo-
therapy

PD-1+4 CTLA-4 + vaccine

PD-1+4 CTLA-4 +vaccine

NSCLC

NSCLG; SCLC

NSCLC

NSCLC

NSCLC

NSCLC

NSCLC

Phase 1, Phase 2

Phase 2

Phase 2

Phase 1, Phase 2

Phase 2

Phase 1, Phase 2

Phase 1, Phase 2

Recruiting

Active, not recruiting

Recruiting

Active, not recruiting

Active, not recruiting

Active, not recruiting

Recruiting

NCT04908111

NCT03406715

NCT04263051

NCT02439450

NCT03353675

NCT03639714

NCT03953235
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Table 2 (continued)
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Interventions Target Conditions Phase Development status Trial number
Nivolumab + pembroli- PD-1+vaccine NSCLC Phase 1, Phase 2 Active, not recruiting NCT02955290
zumab + recombinant human EGF-

rP64K/montanide ISA 51 vaccine

Nivolumab + ipilimumab+UV1 vac-  PD-1+4 CTLA-4 4 vaccine NSCLG; SCLC Phase 2 Recruiting NCT04300244
cine+leukine

Nivolumab + pembrolizumab + GEN-  PD-1+-vaccine NSCLC Phase 1, Phase 2 Active, not recruiting NCT03633110

009 adjuvanted vaccine
7.PD-1/PD-L1 blockade + Other treatment regimens

ICI 4 fecal microbial transplantation PD-1/PD-L1/CTLA-4 4+ FMT

(FMT)

Melanoma; NSCLC

Phase 2 Not yet recruiting NCT04951583

Nivolumab + FMT by capsules PD-14FMT Melanoma; NSCLC Phase 1, Phase 2 Recruiting NCT04521075

Opdivo 4+ Yervoy + Novocure Optune  PD-1+4CTLA-4+electric field ~ Melanoma Phase 1 Not yet recruiting NCT05004025
therapy

Camrelizumab + microwave ablation  PD-1+MWA NSCLG; SCLC Phase 2 Recruiting NCT05053802

(MWA)

Pembrolizumab + laser interstitial PD-14LITT Melanoma; NSCLC; SCLC Phase 1 Recruiting NCT04187872

thermotherapy (LITT)

Pembrolizumab + Radium-223 PD-1+radiotherapeuticdrug ~ NSCLC Phase 1 Active, not recruiting NCT03996473

dichloride (Xofigo, BAY 88-8223)

ICB 4 CAN-2409 + valacyclovir PD-1/PD-L1/CTLA-4 4 gene NSCLC Phase 2 Recruiting NCT04495153
therapy

ICB + Different sleep conditions ICB + sleep disturbances NSCLG; SCLC Not Applicable Recruiting NCT04070651

Exercise intervention + standard ICB 4 chemotherapy + exer- NSCLG; SCLC Not Applicable Recruiting NCT04263467

oncological treatments cise intervention

Phase 4: Only after the drug is approved can it enter the phase 4 of the trial. At this stage, new uses or new populations of drugs, long-term effects and subjects’

responses to different doses can be further studied

NSCLC non-small-cell lung cancer, SCLC small-cell lung cancer, PD-1 programmed cell death-1, PD-L1 PD-1 ligand, CTLA-4 cytotoxic T-lymphocyte-associated protein
4, LAG-3 lymphocyte-activation gene 3, ICOS inducible co-stimulator, EGFR epidermal growth factor receptor, VEGF vascular endothelial growth factor, VEGFR
vascular endothelial growth factor receptor, IMRT intensity modulated radiotherapy, SBRT stereotactic body radiation therapy, TRT thoracic radiation therapy,

AR adenosine receptor, Arg arginase, AMPK adenosine 5'-monophosphate-activated protein kinase, ALK anaplastic lymphoma kinase, ATR ATR serine/threonine
kinase, AXL AXL receptor tyrosine kinase, CCR8 CC chemokine receptor 8, CD73 ecto-5"-nucleotidase, CSF1R colony stimulating factor 1 receptor, EphA2 ephrin A
receptor 2, FGFR fibroblast growth factor receptor, GEF-H1 guanine nucleotide exchange factor H1, HDAC histone deacetylase, Helios IKAROS-family genes, IDO1
indoleamine 2,3-dioxygenase 1, IL-2 interleukin-2, IL-6 interleukin-6, IL-6R interleukin-6 receptor, IL-15 interleukin-15, KRAS KRAS proto-oncogene, SHP2 Src homology
2 domain tyrosine phosphatases, MET MET proto-oncogene, RTKs AXL, MER, VEGFR2, PDGFR, KIT, RET, MET, DDR2, TRKA, PARP poly ADP ribose polymerase, PI3K
phosphatidylinositol 3-kinase, PPARa peroxisome proliferator activated receptor a, PVRIG CD112 receptor, RANKL receptor activator of nuclear factor kappa-B ligand,
ROR2 recombinant receptor tyrosine kinase like orphan receptor 2, CDK4/6 cyclin-dependent kinase 4/6, TK| tyrosine kinase inhibitor, PDGFR platelet-derived growth
factor receptor, TIGITT cell immunoreceptor with Ig and ITIM domains, TNF-a tumor necrosis factor-a, CIK cytokine-induced killer, TIL tumor infiltrating lymphocytes,
DHFR dihydrofolate reductase, FMT fecal microbial transplantation, MWA microwave ablation, LITT laser interstitial thermotherapy

71 9%, supporting first-line use of nivolumab plus ipili-
mumab. Some patients with symptomatic disease also
achieve a long-term response with the combination
[140]. Dual PD-1 and CTLA-4 blockade by balstilimab
and zalifrelimab combination showed promising and
durable clinical activity in patients with recurrent and/
or metastatic cervical cancer who relapsed after plati-
num-based therapy. Compared with the ORR of 4% to
14% for current second-line therapy, the combination
therapy achieved an ORR of 25.6%, and the effect was
durable, which is very promising. ORR was higher in
PD-L1-positive patients and squamous cell carcinoma
patients, reaching 32.8% and 32.6%, respectively [141].
Other important clinical trials that assessed the efficacy
of dual PD-1 and CTLA-4 blockade include NEOSTAR
in NSCLC, CheckMate-214 in renal cell carcinoma,
Checkmate-142 in colorectal cancer, CheckMate 067 in
Melanoma, CheckMate 040 in hepatocellular carcinoma,

CheckMate 743 in malignant pleural mesothelioma and
CheckMate 648 in esophageal squamous cell carcinoma.

Combination therapy with chemotherapy

Chemotherapy was previously thought to directly or
indirectly damage CTLs to inhibit the immune system.
Recent studies have shown that chemotherapy not only
directly kills cancer cells but also positively regulates
the immune system to change the local tumor immune
microenvironment. For example, chemotherapy induces
immunogenic cell death (ICD) [142], promotes the
release of tumor antigens and damage-associated molec-
ular patterns (DAMPs) and activates DCs to increase
cross-presentation of antigens. In addition, chemother-
apy can also induce local production of CXCL10, recruit
T cells to the tumor bed [134] and enhance the differen-
tiation of antitumor-specific CTLs [143]. Chemotherapy
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can also reduce the number of immunosuppressive cells,
such as myeloid-derived suppressor cells (MDSCs) [144]
and Tregs [145]. In addition to prolonging the efficacy of
immunotherapy, tumor shrinkage due to chemotherapy
also reduces the risk of drug-resistant clones.

In the past decade, different types of chemothera-
peutic drugs have demonstrated the ability to regulate
multiple anticancer immune pathways [146]. Given
the wide application of chemotherapy in regulating the
cancer immune response, combination therapy with
ICIs and chemotherapeutic drugs remarkably improves
clinical outcomes by enhancing the activity of CTLs.
Systemic chemotherapy (SC) has been reported to have
a negative immune effect, but local chemotherapy (LC)
enhances the immune response. Combination therapy
with LC and anti-PD-1 antibodies significantly pro-
moted the immune response and survival rate of glio-
blastoma. The proliferation of antigen-specific effector
T cell clones increases with the upregulated infiltration
of cancer-associated DCs in LC-treated mice. In con-
trast, SC leads to systemic and intratumoral lymphatic
exhaustion and reduced immune memory in long-term
survivors [147].

Combination therapy with ICB and chemotherapy
has been highlighted in the medical field and exten-
sively evaluated in clinical trials, especially for treat-
ing advanced NSCLC. To date, combination therapy
with ICB and standardized chemotherapy has achieved
promising efficacy in NSCLC (KEYNOTE-189,
IMpower130), small-cell lung cancer (SCLC, KEY-
NOTE-407, IMpower133) and triple-negative breast
cancer (TNBC, KEYNOTE-355, IMpassion130).

The advantages of combination therapy with ICIs and
chemotherapy have been confirmed [130]. In the clini-
cal trial KEYNOTE-021, the efficacy of combination
therapy with pembrolizumab and chemotherapy was
much higher than that of chemotherapy alone (55% vs.
29%), and it decreased the risk of disease progression
by 47% [148].

Breast cancer is the most prevalent malignancy in
females, and TNBC is the subtype with the highest
recurrence and mortality rates. Hormone therapy and
targeted therapy are ineffective for treating TNBC;
it is mainly treated with conventional chemotherapy,
but the efficacy is not ideal. Despite great advances in
immunotherapy, its application to treatment of TNBC
is a huge challenge. The combination of nab-pacli-
taxel and atezolizumab can effectively prolong PES in
patients with metastatic TNBC. However, the combi-
nation of paclitaxel and atezolizumab did not meet the
primary endpoint of the clinical trial [149, 150]. This
shows that the combination of different chemother-
apy drugs with ICB may induce different therapeutic
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effects in the same type of tumor. A systematic analy-
sis of the TME before and after chemotherapy and/or
immunotherapy in TNBC patients would help to clarify
the therapeutic mechanism and improve its efficacy.
Paclitaxel-based chemotherapy may weaken the core
anticancer immune cells. However, the activities of
those cells can be significantly enhanced by IClIs, sug-
gesting that combination therapy with paclitaxel and
atezolizumab influences the efficacy of anti-PD-L1
antibodies in TNBC patients [151]. The dosage form of
chemotherapeutic drugs may also influence the efficacy
of combination therapy. Paclitaxel nanomicelles can
stimulate the antigen presentation of DCs and activate
anticancer immunity. Combination therapy with low-
dose paclitaxel nanomicelles and anti-PD-1 antibodies
enhanced therapeutic efficacy by inducing CD8" T cell-
dependent anticancer immunity [152].

The combination of immunotherapy with chemother-
apy also showed potential advantages in clinical trials
compared to immunotherapy alone.

The CheckMate-816 phase III clinical trial showed that
nivolumab plus adjuvant chemotherapy can markedly
improve event-free survival in patients with resectable
NSCLC, meeting its primary endpoint. Nivolumab plus
chemotherapy exhibited a statistically significant clinical
improvement in event-free survival compared to that of
neoadjuvant chemotherapy alone.

In the KEYNOTE-407 (NCT02775435) randomized
trial, pembrolizumab plus chemotherapy substantially
improved OS and PFS in NSCLC patients compared to
that of placebo plus chemotherapy [153].

Among the clinical trials on perioperative immuno-
therapies for NSCLC patients, IMpower010 is the first
phase 3 clinical trial demonstrating that immunother-
apy can considerably improve DFS in patients with early
stage resectable NSCLC compared with best supportive
care after adjuvant platinum-based chemotherapy. Based
on this clinical trial, atezolizumab has been approved by
the FDA as an adjuvant therapy for stage II-IIIA NSCLC
patients whose tumors expressed PD-L1>1% after sur-
gery and platinum-based chemotherapy [154].

The NADIM trial showed that combination of neoad-
juvant nivolumab with platinum-based chemotherapy
is feasible in patients with resectable stage IIIA NSCLC.
Neoadjuvant immunotherapy combined with chemo-
therapy has the potential to change some stage III
NSCLC to curable disease [155].

Immunotherapy plus chemotherapy has demonstrated
good therapeutic efficacy in unresectable locally advanced
NSCLC. Five-year follow-up data from the PACIFIC
study showed that the combination of durvalumab after
chemoradiotherapy significantly improved OS and PES
in patients with unresectable stage III NSCLC. The
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KEYNOTE-799 trial showed that the combination of
pembrolizumab plus chemoradiotherapy has promising
anti-tumor activity in patients with unresectable, locally
advanced, stage III NSCLC [156]. The results of the GEM-
STONE-301 trial showed that consolidation therapy with
sugemalimab has superior efficacy and acceptable side
effects in patients with stage III NSCLC after concurrent
or sequential chemoradiotherapy.

The results of the KEYNOTE-811 trial showed that
the addition of anti-PD-1 antibodies to the conven-
tional treatment regimen (trastuzumab plus chemo-
therapy) for HER2-positive gastrointestinal malignancies
improved therapeutic efficacy with a longer duration
of survival [157]. In addition, the adverse effects of this
new treatment regimen (anti-PD-1 antibody+ trastu-
zumab + chemotherapy) are also completely manageable.
Based on these data, this new treatment regimen has
been approved by the FDA as a first-line intervention for
the treatment of HER2-positive gastric and gastroesoph-
ageal adenocarcinomas (GEACs).

However, due to the high heterogeneity of the TME,
the overall efficacy of immunotherapy on tumors
remains low, and the combination of immunotherapy
and other therapies does not produce synergistic effects
in all patients. A retrospective analysis of three cohorts
of patients with advanced GEAC found that in patients
with low PD-L1 expression in the tumor, compared with
chemotherapy alone, the combination of chemotherapy
and PD-L1 inhibitor had no significant effect on OS
and PFS [158].The results of the GEMSTONE-302 trial
on sugemalimab in the treatment of stage IV NSCLC
showed that sugemalimab plus chemotherapy provided
significant and clinically meaningful PFS improvement
in different subtypes of metastatic NSCLC regardless of
PD-L1 expression, with a 52% reduction in the risk of
disease progression and death [159]. Additionally, the
combination therapy showed some benefit to OS, with a
2-year survival rate of 47.1%.

The CHOICE-01 trial showed that the combination
of toripalimab with first-line standard chemotherapy
resulted in longer PFS, higher objective response rate
(ORR) and longer duration of relief in patients with
advanced NSCLC with manageable side effects [160]. In
the IMpowerl132 trial, the addition of atezolizumab to
the combination of pemetrexed + platinum complexes
showed improved PFS in patients with stage IV nonsqua-
mous NSCLC [161].

Combination therapy with radiotherapy

Radiotherapy is a local treatment that directly kills cancer
cells with radiation. In addition, it triggers an antitumor
immune response by releasing tumor-associated anti-
gens, inducing type I interferons (IFNs) and changing the
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immunosuppressive TME. Immunotherapy aims to kill
cancer cells and lesions by utilizing the immune system.
Notably, the immunogenicity induced by radiotherapy in
the body can stimulate the release of cellular contents,
thus producing in situ vaccines, which is conducive to the
anticancer effect. As a novel therapeutic strategy, com-
bination treatment with radiotherapy and immunother-
apy has achieved good clinical outcomes. To date, more
than 100 clinical trials have been conducted to analyze
the efficacy of combination treatment with radiotherapy
(radioconjugates) and immunotherapy.

It has been reported that radiotherapy markedly upreg-
ulates the cell adhesion factors ICAM-1 and VCAM-1
on the surface of cancer cells. Combination treatment
with radiotherapy and anti-PD-1 antibodies activates
tumor-specific T cells in the TME [162]. In addition,
combination treatment with radiotherapy and anti-PD-
L1 antibodies increases the infiltration of CD8' T cells
and reduces the accumulation of MDSCs and regula-
tory T cells, thereby improving anti-tumor immunity
[163]. Preclinical studies have shown that the addition
of immunotherapy can achieve higher local control rates
at the same radiation dose [164]. A recent preclinical
study demonstrated that radiotherapy facilitates immu-
notherapy in NSCLC by activating certain types of club
cells. These cells subsequently release proteins that alle-
viate the inflammatory response and enhance the antitu-
mor immune response by effectively inhibiting MDSCs,
thereby significantly enhances the therapeutic efficacy
of PD-1 inhibitors [165]. The authors compared the effi-
cacy of hypofractionated radiotherapy (different hypof-
ractionated doses of radiotherapy)+PD-1 inhibitor and
PD-1 inhibitor monotherapy in mouse NSCLC models
and found that the tumor-free survival rate of mice in the
combination group was 4 times that of the monotherapy
group (40% vs. 10%). In addition, the secreted protein
CC10 is thought to be a biomarker for the efficacy of
combination treatment with radiotherapy and immuno-
therapy. Interestingly, the gene Scgblal, which encodes
CC10, is a biomarker for radiotherapy-activated club
cells.

Local radiotherapy (RT) induces an antitumor immune
response partially by activation of immune evasion and
tissue remodeling processes, e.g., via upregulation of
PD-L1 and TGEF-p expression. A combination treatment
with Bintrafusp alfa (BA) and RT (BART) enhanced
tumor infiltrating white blood cells, reprogramed the
TME and reduced radiotherapy-induced fibrosis, lead-
ing to reconstitution of immune TME and spontaneous
lung metastasis regression. Combination treatment with
BART may further support clinical transformation by
eradicating cancer lesions while preserving normal tis-
sues [166].
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Clear clinical evidence indicated that colon cancer
patients with mismatch repair defects (MMRd) or those
with microsatellite instability-high (MSI-H) respond well
to immunotherapy, but the vast majority of microsatel-
lite-stable (MSS) patients do not benefit from immuno-
therapy [167]. PDAC is one of the cancers most resistant
to immunotherapy. So far, immunotherapy alone has
been proved to be ineffective for the treatment of PDAC
patients, so it is necessary to carry out combination ther-
apy based on the mechanism of intrinsic resistance to
immunotherapy [168]. A phase II trial study found that
radiation therapy enhances the response to immunother-
apy with ipilimumab and nivolumab in patients with MSS
CRC and PDAC [169].

Recent studies have suggested that combination treat-
ment with radiotherapy and anti-PD-1/anti-PD-L1 anti-
bodies has better therapeutic efficacy compared with
that of anti-PD-1/anti-PD-L1 antibodies monotherapy.
Conventional fractionated radiotherapy, hypofrac-
tionated radiotherapy and stereotactic body radiation
therapy (SBRT) have been applied in combination with
radiotherapy and immunotherapy in advanced NSCLC
patients, with radiotherapy administered prior to immu-
notherapy. The PEMBRO-RT clinical trial was the first
to explore the efficacy of pembrolizumab as a mainte-
nance therapy following SBRT in advanced lung cancer
patients, which double that of the placebo group (41%
vs. 19%) with an acceptable tolerance [170]. A phase
I clinical trial recruited patients with advanced solid
tumors that had progressed after standard therapy and
were given nivolumab 4+ urelumab or nivolumab + cabi-
ralizumab concurrently with and after SBRT. The results
showed that 2 patients achieved complete response (5%),
7 patients exhibited partial response (17%), 12 patients
showed stable disease (29%), 20 patients had disease
progression (49%), mPFS and mOS were 3.0 months
and 17.0 months, respectively. Patients with elevated
serum IL8 prior to SBRT did not respond to treatment.
These data demonstrate that SBRT in combination with
nivolumab + urelumab or nivolumab + cabiralizumab is
feasible in advanced solid tumors with modest antitumor
activity and acceptable toxicity [171].

It remains unclear what is the optimal time for combi-
nation treatment with ICIs and radiotherapy to maximize
the efficacy and minimizing the AEs in different types of
cancers, which merits further investigation.

Combination therapy with surgery

Under normal circumstances, tissue damage caused by
surgery can trigger an inflammatory response and the
transformation to a Th2 immune response, involving
enhanced activity of Tregs and expansion of MDSCs.
Surgical stress results in dysfunction of NK and T cells.
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Therefore, the perioperative period is critical to enhance
immunity and reduce cancer recurrence. Neoadjuvant
therapy can preoperatively shrink cancer lesions, reduce
surgical difficulty and resect micrometastases to decrease
the risk of recurrence. This therapy may even be benefi-
cial for patients who are unable to be surgically treated.
A phase II clinical trial, CheckMate-159 (NCT02259621),
showed the safety of preoperative neoadjuvant immu-
notherapy with nivolumab in NSCLC patients; this
treatment was associated with fewer AEs, did not delay
surgical treatment and caused a major pathological
response in 45% of excised tumors. Intraoperative pathol-
ogy also confirmed the massive infiltration of T cells and
macrophages in cancer sections, suggesting that preop-
erative ICIs can enhance the antitumor immune response
[172]. The clinical trial NADIM (NCT03081689) on
stage IIla lung cancer patients showed that after preop-
erative neoadjuvant treatment with nivolumab + carbopl-
atin 4 paclitaxel, the main pathological response (MPR),
pathological complete remission (pCR) and partial remis-
sion (PR) in imaging examinations achieved 85.36%,
71.4% and 72%, respectively [173].

Taken together, these results indicate that neoadju-
vant therapy with ICIs achieves extraordinary outcomes,
although its efficacy needs to be validated in multi-
center large-scale clinical trials. In addition, imaging-
based response was significantly later than pathological
response, which is a huge obstacle for the conventional
preoperative imaging. At present, multiple clinical tri-
als on neoadjuvant immunotherapies for NSCLC are
ongoing, including NCT02938624, NCT03217071,
NCT02818920 and NCT02259621, which are expected
to provide more data.

Combination therapy with targeted drugs

Combination therapy with EGFR-TKI

EGFR mutations are the most common malignant driv-
ers of lung cancer. NSCLC patients with EGFR muta-
tions express PD-L1 at varying levels, and as a result,
the therapeutic efficacy of combination treatment with
EGFR inhibitors and ICIs remains controversial [174,
175]. EGFR mutations activate transcription factors such
as STAT3, STAT1 and NF-«xB, which further translocate
into cell nuclei to induce PD-L1 expression. In addition
to EGFR, PD-L1 can also be influenced by TP53, KRAS,
STK11 and other genes. Tyrosine kinase inhibitors (TKIs)
enhance immune presentation by upregulating MHC
class I and II molecules [176]. TKIs can enhance CTL-
mediated anticancer activity, inhibit apoptosis of T cells
and stimulate the production of IFN-y [177]. Moreo-
ver, TKIs reduce the infiltration of Tregs in the TME by
accelerating Foxp3 degradation [178]. Due to the immu-
nomodulatory effects of TKIs, combination treatment
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with TKIs and immunotherapy is considered a promising
strategy, although current findings are ambiguous.

However, several clinical trials have suggested that nei-
ther ICI monotherapy nor combination treatment with
TKIs and ICIs is recommended for lung cancer driven
by gene mutations due to the low efficacy, high incidence
of AEs and rapid progression of diseases. The efficacy of
PD-1 inhibitors in advanced NSCLC patients with EGFR/
ALK mutations is generally lower than 5%, while that of
targeted therapy is up to 70% [174]. A retrospective study
in Japan involving more than 20,000 advanced lung can-
cer patients with EGFR mutations found that the overall
incidence of interstitial pneumonia or immune pneu-
monia was 4.8%: 4.6% in targeted monotherapy, 6.4% in
ICI monotherapy and 25.7% in combination treatment
with ICIs and TKIs [179]. A number of clinical trials on
TKIs were discontinued due to poor efficacy and severe
AEs. A recent clinical trial analyzed immunotherapy effi-
cacy and genetic data in 155 cancer patients. Of these
patients, 2 lung adenocarcinoma patients with EGFR
mutations developed drug resistance after chemotherapy
and EGFR-TKI medication, and they further suffered
rapid progression after switching to the PD-1 inhibitor
nivolumab, with significant enlargement of cancer lesions
by 53.6% and 125%, respectively [85]. Representative
clinical trials using PD-(L)1 inhibitor in EGFR-mutant
NSCLC include KEYNOTE-010 and CheckMate 012 for
PD-1 inhibitor monotherapy, and NCT02088112, TAT-
TON, NCT01998126 for combination treatment with
PD-(L)1 inhibitor and TKIs.

EGFR T790M mutation-negative and KRAS/TP53
comutation NSCLC patients were responsive to combi-
nation treatment with targeted therapy and ICIs, which
may be attributed to the higher incidence of coexisting
high expression levels of PD-L1 (>10%), high percent-
age of CD8" tumor infiltrating lymphocytes (TILs) (20%
vs. 4%) and lower frequency of FOXP3" TILs in EGFR
T790M mutation-negative NSCLC patients compared to
those in EGFR T790M mutation-positive patients [180].
The relatively high TMB in NSCLC patients with KRAS
mutations may be a potential explanation of their good
response to ICIs, while that in patients carrying other key
driver gene mutations (e.g., EGFR, ALK, ROS1) was rela-
tively low [181].

Thus, targeted therapy is still preferred for EGFR-
mutant lung cancer patients. The efficacy and safety of
combination treatment with ICIs and TKIs in lung cancer
patients carrying driver gene mutations remain uncertain
and should be further analyzed to identify specific popu-
lations that may benefit from it.
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Combination therapy with agonists of the STING pathway
MYC binds to the DNMT1 promoter and activates its
transcription, thereby inhibiting the cGAS-STING path-
way through epigenetic regulation [182]. The cGAS-
STING pathway is vital in linking innate immunity and
adaptive immunity against cancers [183]. Cancer cells
can escape immune surveillance by inhibiting the cGAS-
STING pathway [182]. The cytosolic DNA-sensing
cGAS-STING pathway has therefore been widely ana-
lyzed in immune activation [184, 185].

The surface expression of PD-L1 can be upregulated
by targeting the DNA damage response (DDR) protein
poly ADP-ribose polymerase (PARP) and checkpoint
kinase 1 (CHK1) [186]. PARP is a DNA repair enzyme,
and its inhibitors (PARPis) significantly upregulate
PD-L1 [187], which activates the STING/TBK1/IRF3
pathway, upregulates chemokines such as CXCL10 and
CCL5 [94] and induces the activation of CTLs [188].
DDR protein inhibitors also upregulate chemokines
such as CXCL10 and CCL5 by activating the STING/
TBK1/IRE3 pathway, thereby inducing the activation of
CTLs [188].

By promoting the accumulation of cytosolic DNA
fragments, PARPis induce antitumor immunity inde-
pendent of BRCAness by activating the DNA-sensing
cGAS-STING pathway and stimulating the produc-
tion of type I interferons. ICB further enhances the
regulatory effects of PARPis [189]. Therefore, PARPis
are promising immunomodulators for ICB in cancer
treatment.

Remarkable results have been achieved in the mainte-
nance treatment of recurrent ovarian cancer and breast
cancer with PARPis combined with ICIs [190-192]. At
present, four PARPis have been approved by the FDA,
including olaparib, rucaparib, talazoparib and niraparib.
SCLC, which is highly sensitive to platinum-based chem-
otherapy, usually express high levels of PARPI, suggest-
ing the important role of DNA damage repair [193]. A
phase II randomized clinical trial showed that combina-
tion treatment with the PARPi veliparib and standard
chemotherapy achieved an ORR of 39% in SCLC patients
[194]. Other representative clinical trials combining
PARPi and PD-(L)1 inhibitors include TOPACIO/Key-
note-162, NCT 04681469, NCT04837209, NCT03824704,
NCT02873962, NCT03694262, NCT03737643,
NCT03642132 and NCT03598270. Currently, the appli-
cation of PARPis combined with ICIs in the treatment of
SCLC is in its infancy, and the specific mechanisms need
further investigation. In addition, combination treatment
with ICB and inhibitors of DDR, ATR, ATM, CHK1 and
MK2 requires in-depth examination.
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Combination with other targeted therapy

ICB with anti-G-CSF antibodies and Src inhibitors is
capable of blocking neutrophil infiltration, thereby pre-
venting pY696-EZH2-driven brain metastases. EZH?2 is
upregulated in brain metastases and phosphorylated at
tyrosine 696 by Src tyrosine kinase, which changes its
binding preference from histone H3 to RNA polymerase
IT and switches EZH2’s function from a methyltransferase
to a transcription factor responsible for upregulating
c-JUN. Upregulation of c-JUN further triggers the acti-
vation of carcinogenic inflammatory cytokines such as
granulocyte-colony stimulating factor (G-CSF), which
accelerates brain metastases by recruiting Argl-positive
and PD-L1-positive immunosuppressive neutrophils into
the brain [195]. The therapeutic efficacy of combination
treatment with anti-G-CSF antibodies or ICB for treat-
ing brain metastases has been verified in multiple mouse
models.

PGE2 driven by cyclooxygenases is produced by vari-
ous types of cancers and consequently induces malig-
nant growth by escaping type I interferon and/or T
cell-induced eradication of cancer cells. The synergistic
effect of cyclooxygenase inhibitors combined with ICB
has been proven to significantly induce cancer cell eradi-
cation [196].

Combination treatment with ICB and MDSC-targeted
therapy in primary and metastatic castration-resistant
prostate cancer (CRPC) presents a strong synergistic
response by upregulating interleukin-1 (IL-1) receptor
antagonists and inhibiting proinflammatory cytokines
released by prostate cancer cells [197].

Reasonable sequencing assists in overcoming innate
and acquired drug resistance following combination
treatment with PD-1/PD-L1 inhibitors and MAPK-tar-
geted therapy. Clinical benefits obtained from MAPK
inhibitors (MAPKis) are linked with prior ICI treat-
ment. Anti-PD-1/PD-L1 antibody lead-in before MAPKi
treatment not only inhibits melanoma brain metasta-
sis (MBM) but also enhances the survival rate of mice
through the potent clonal expansion of T cells in intrac-
ranial and extracranial metastasis sites [198].

The KEYNOTE-775 phase III clinical trial showed that
patients with advanced endometrial cancer treated with
the anti-PD-1 monoclonal antibody Pembrolizumab
plus the oral multi-receptor TKI Lenvatinib exhibited
significant improvements in OS and PFS compared to
that seen with chemotherapy alone. The median PFS
(7.2 months vs. 3.8 months) and median OS (18.3 months
vs. 11.4 months) of the Pembrolizumab/Lenvatinib group
were significantly higher than that for the chemotherapy
group.

Studies have shown that intermittent PI3K inhibition
can attenuate the inherent immunosuppressive activity
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of Pten-null cancer cells and transform cold tumors into
a state of high T cell infiltration, paving the way for suc-
cessful immune checkpoint therapy [199].

Pattern recognition receptors (PRRs) are molecules
central to initiating and maintaining innate immunity
and which include TLRs, the RGR family and cGAS-
STING; they monitor local infection and/or tissue dam-
age, thereby preventing systemic infection the production
of malignant cells. TLRs are the best-studied PRRs and
central to the activation of the innate immune response.
TLRs agonists are a major direction for anti-tumor
immunotherapy. In addition, as TLRs agonists activate
innate immunity and are the cornerstone of activation
of the adaptive immune response, they have an inherent
advantage when combined with anti-PD-(L)1 therapy.

Intratumoral immunotherapy using TLR agonists aims
to induce or enhance local tumor inflammation and
immunity by mimicking intracellular microorganisms
(viruses or bacteria), thereby evoking cytotoxic CD8+T
cell responses, promoting the infiltration of TILs, and
stimulating CD4+ T cells to produce effector molecules
such as IFN-y, which in turn enhances the anticancer
effects of anti-PD-1 antibodies. In addition, the use of
TLR agonists as vaccine adjuvants is also a direction of
future development. However, as the systemic adminis-
tration of TLR agonists may lead to systemic inflamma-
tion and treatment-related side effects, current clinical
development has focused on local intratumoral injection
to localize inflammation to the tumor [200, 201].

Combination therapy with anti-angiogenic drugs
Local hypoxia and low pH levels caused by the abnormal
structure and function of tumor blood vessels result in an
inhibitory tumor immune microenvironment. Hypoxia
triggers the accumulation of MDSCs and accelerates the
differentiation of tumor-associated macrophages (TAMs)
into immunosuppressive M2 macrophages [202]. In
addition, hypoxia indirectly stimulates the aggravation
of Tregs by upregulating CC chemokine ligands. It also
upregulates PD-L1 expression in cancer cells and TIM-3
and CTLA4 expression in TAMs, MDSCs and Tregs
and indirectly upregulates PD-1 expression in CD8" T
cells, thus inhibiting the activation of immune cells. The
increased tumor vascular permeability and decreased
lymphatic vessels contribute to the high tumor intersti-
tial fluid pressure (TIFP), which hinders immune effector
cells from entering the cancer lesion [203].
Anti-angiogenic drugs reprogram the TME by normal-
izing immature blood vessels and reducing the activi-
ties of immunosuppressive cells such as MDSCs and
Tregs [204]. T cells that bind to tumor antigens are more
effectively activated through blocking VEGEF-induced
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inhibition of DC maturation. The normalized tumor vas-
cular structure is favorable to the infiltration of CTLs into
cancer lesions. However, high-dose antiangiogenic drugs
result in excessive vascular pruning, which further exac-
erbates the hypoxia and acidosis of the TME. In addition,
high-dose anti-VGEF drugs can also accelerate the depo-
sition of ECM, local hypoxia and immunosuppression
[204]. However, low-dose vascular endothelial growth
factor inhibitors can reduce the sprouting of immature
blood vessels and make them structurally and function-
ally normal, facilitating the delivery of chemotherapy
drugs and promoting the infiltration of killer T cells into
tumors [205].

Anti-angiogenesis therapy promotes the intratumoral
infiltration of PD-1% Tregs. There are two types of TAMs.
They are derived from monocytes or alveolar cells. The
former type relies on CSE-1R, and the latter is sensitive
to cisplatin and contributes to the establishment of a
TGF-B-rich TME. Dual inhibition of TAMs with CSF1IR
inhibitors and cisplatin suppresses Tregs, which redirect
anti-PD-1 antibodies to CD8" T cells. As a result, immu-
notherapy with antiangiogenic drugs exerts an excellent
efficacy to eradicate cancer lesions in most cases [206].

Anti-angiogenic therapy can enhance the efficacy of
immunotherapy by downregulating immunosuppressive
factors during tumor angiogenesis and reversing the de-
energized state of endothelial cells [207]. As a malignant
ecosystem, the TME is composed of “normal cells” that
behave extremely abnormally in addition to cancer cells.
Endothelial cells in tumor vasculature are a good exam-
ple. Despite its abundant vasculature, the tumor is still
highly hypoxic due to the abnormal function and struc-
ture of these blood vessels. Some multi-target TKIs can
simultaneously inhibit fibroblast growth factor recep-
tors (FGFR) and platelet-derived growth factor receptors
(PDGEFR), thereby reducing the activity of cancer-associ-
ated fibroblasts [208]. How to combine targeted therapy
that brings “normalized microenvironment” with immu-
notherapy to exert excellent efficacies in cancer patients
still needs to be explored.

The clinical trial IMpower150 assessed the efficacy
and safety of combination treatment with atezoli-
zumab and bevacizumab/chemotherapy on newly
treated stage IV nonsquamous NSCLC. Compared
with bevacizumab + carboplatin 4 paclitaxel, the addi-
tion of atezolizumab to the above regimen presents
controllable side effects and satisfactory anticancer
activity, which provides a novel option for treating non-
squamous NSCLC patients [209]. The phase 1a/b JVDF
clinical trial explored the efficacy of ramucirumab com-
bined with pembrolizumab on advanced NSCLC and
found it achieved an ORR of 30% with controllable side
effects [175]. Taken together, these studies suggest that
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combination treatment with ICIs and antiangiogenic
drugs is a promising strategy, and its efficacy, safety and
mechanisms should be further analyzed.

The influence of dietary composition on immunotherapy
The effect of diet composition on immunotherapy has
shown broad importance in cancer treatment.

Vitamin C is an electron donor involved in the biochem-
ical reactions of cancer stem cells and the synthesis of col-
lagens and hypoxia-inducible factors, which are important
for metastasis as they regulate ECM reprogramming [210].
Specific doses of vitamin C are able to prevent glycolysis in
cancer cells as well as the synthesis of nitroso groups, indi-
cating the importance of this vitamin for cancer treatment
[210]. Recent studies have shown that vitamin C indirectly
enhances the anticancer immune response of anti-PD-L1
antibodies [211]. High-dose vitamin C regulates the infil-
tration of immune cells in the TME and delays malignant
growth in a T cell-dependent manner. Vitamin C not only
enhances the cytotoxic activity of adoptively transferred
CD8*' T cells but also has promoted the therapeutic effi-
cacy of immune checkpoint therapy (ICT) [212]. The syn-
ergistic effect of vitamin C and anti-PD-1 antibodies has
been validated in mouse models of lymphoma [211, 213];
it enhances the intratumoral infiltration of CD8* T lym-
phocytes, macrophages, DCs and NK cells and upregulates
the expression of granzyme B and IL-12 [211].

Stimulator of interferon genes (STING) agonists
derived from the microbiota regulate macrophage
polarization and NK cell-DC crosstalk by inducing the
production of type I interferon (IFN-I) in intratumoral
monocytes. Microbiota modulation with a high-fiber diet
enhances anticancer the efficacy of ICB by triggering the
IFN-I/NK cell/DC cell axis [214].

Ketogenic diet is becoming popular. A recent study
reported that energy change induced by a ketogenic diet
enhanced the efficacy of anti-CTLA-4 immunotherapy
by downregulating PD-L1 expression and upregulating
expression of IFN-I and antigen presentation genes. The
activated AMPK pathway is responsible for phosphoryl-
ating PD-L1 at Ser283, which in turn disrupt its inter-
action with CMTM4 and degrades PD-L1. Moreover,
activated AMPK also represses PRC2 by phosphorylating
EZH2 and eventually upregulates the expression of IFN-I
and antigen presentation genes [202].

The recently proposed fasting/fasting-mimicking diet
reduces the survival of cancer stem cells and delays the
progression of TNBC by inhibiting the activity of glu-
cose-dependent protein kinase A. In differentiated tumor
cells, the activation of starvation escape signaling path-
ways can be blocked using certain inhibitors to inhibit
tumor progression and improve patient outcomes [215].
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Alcohol consumption induces ALDH2 and subse-
quently upregulates PD-L1 expression in CRC, thereby
protecting it from immune surveillance. Therefore, the
combination of ALDH2 inhibition and anti-PD-1 therapy
enhances the anti-tumor immunity and can be used as
a novel strategy to enhance the efficacy of ICB in CRC
patients, especially those who consume alcohol [216].

Combination therapy with TIL adoptive cell therapy
Although great progress have been made in utilizing ICB
for treating NSCLC, a considerable number of NSCLC
patients do not benefit from the treatment. Additionally,
its efficacy in combination treatment is far from satisfac-
tory. A relevant study reported that most NSCLC cases
relapsed within 12 months of combination treatment
with ICB and platinum-based chemotherapy [217]. Nota-
bly, some NSCLCs are cold tumors that lack activated
tumor-specific T cells, which is a vital reason of primary
resistance to ICB. More effective combination treatment
regimens are needed to turn the cold advanced NSCLC
into hot tumors. Some studies proposed that adoptive
cell therapy (ACT) using the patient’s own T cells may be
ideal for regulating the TME.

A previous study demonstrated that some melanoma
patients benefitted from ACT using TILs extracted from
tumor tissue from patients [218]; this therapeutic strat-
egy has also been reported to be effective in treating
cholangiocarcinoma [219], cervical cancer [220], colo-
rectal cancer [221] and breast cancer [222]. A recent
phase 1 clinical trial (NCT03215810) was the first study
to analyze the efficacy of TILs combined with nivolumab
in advanced NSCLC patients and found that 2 patients
achieved sustained complete remission 1.5 years later
[223].

Combination with cell therapy

The combination of PD-1 blockade and third-generation
anti-GD2-CAR-T cell therapy produced robust responses
in melanoma patients [224]. A preclinical study showed
that CAR-T cell therapy targeting PD-1-blocking scFv
improves the viabilities of tumor-specific T cells. The
scFv secreted by CAR-T cells are localized in the tumor,
which may prevent the cytotoxicity associated with sys-
temic checkpoint inhibition [225].

Combination with oncolytic virus therapy

Oncolytic virus therapy can increase the activities tumor-
specific effector and memory T cells that attack tumor
cells [226, 227]. Therefore, oncolytic virus therapy is
also considered a type of immunotherapy. Engineered
oncolytic viruses recombinantly expressing monoclo-
nal antibodies against the immunosuppressive molecule
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TIGIT have been constructed in a previous study. These
recombinant oncolytic viruses could turn the “cold” TME
to “hot” and induce an effective anti-tumor immune
response [228]. In addition, combination of these viruses
with PD-1 inhibitors or LAG-3 inhibitors resulted in bet-
ter efficacy and caused tumor regression.

A novel combination of the colony-stimulating fac-
tor 1 receptor (CSF-1R) inhibitor PLX3397, oncolytic
viruses and anti-PD-1 antibodies has been analyzed and
significantly controls malignant growth and prolongs
the survival of colorectal cancer (CRC) mouse models.
Approximately 43% and 82% of CRC mice implanted with
CT26 and MC38 cells survived long-term after the triple
combination treatment, respectively, which can be attrib-
uted to reprogrammed antitumor immunity by enhanc-
ing T cell infiltration and CD8" T cell function [229].

Combination with mechanical immune checkpoint
blockade

In addition to traditional immune checkpoints, one
study have proposed the concept of mechanical immune
checkpoints, which can be used for developing a new
generation of targeted therapies, thereby improving the
efficacy of cancer immunotherapy [230]. The study found
that cancer-cell stiffening could serve as a mechanical
immune checkpoint. By depleting the cholesterol level
in the plasma membrane of tumor cells to increase the
stiffness of cancer cells, the cytotoxicity against stiffened
cancer cells can be augmented, and the effect of adoptive
T cell therapy can be improved.

Combination with immunomodulatory vaccines

A phase I/II clinical study showed that the combination
of nivolumab and 10102/I0103, an investigational vac-
cine targeting indoleamine 2, 3-dioxygenase (IDO) and
PD-L1, showed an ORR of up to 80% in metastatic mela-
noma patients [231]. This combination of immunomodu-
latory vaccine with PD-1 inhibitor significantly reduced
tumor burden and increased the PFS to 26 months.

The effects of circadian rhythm on the efficacy

of immunotherapy

A recent study found for the first time an evident corre-
lation between the body’s biological clock and circadian
rhythm and the efficacy of immune checkpoint inhibi-
tors. If at least 20% of the dose was infused after 16:30 pm
during treatment, the patient’s risk of death was doubled,
and the 5-year survival rate was also reduced by 20%
[232]. Some small-scale clinical studies showed that the
immune response activated by the injection of a vaccine
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between 09:00 and 11:00 a.m. was significantly better
than that injected between 15:00 and 17:00 p.m. [233].
Cytokine immunotherapy with recombinant human IL-2
injections also seems to exhibit differences in efficacy at
different times of day [234].

Combination with DNA damage response (DDR)-targeted
therapy

Immunotherapy has revolutionized cancer treatment
and dramatically improved the outcomes in patients
with multiple tumor types. However, most patients still
do not benefit from these treatments, especially those
lacking pre-existing T cell infiltration. Loss of DDR is a
major determinant of tumor immunogenicity. Growing
evidence supports the following roles of DDR-targeted
therapy in tumor immunity [235]: (1) promoting anti-
genicity by increasing mutability and genomic instabil-
ity, (2) enhancing adjuvanticity by activating cytosolic
immunity and immunogenic cell death and (3) favoring
reactogenicity by modulating of factors that control the
tumor-immune cell synapse.

Combination with inhibition of M2 macrophages
Histamine from allergic reactions can activate mac-
rophages and inhibit the anti-tumor immune response
of T cells, thereby causing resistant to PD-1 inhibitors.
HRH1-activated macrophages polarize to an M2-like
immunosuppressive phenotype and increased expression
of the immune checkpoint VISTA, leading to T cell dys-
function [236]. H1-antihistamines can effectively reverse
the immunosuppressive effects of M2 macrophages,
thereby restoring T cell activity and the therapeutic effi-
cacy of anti-PD-1/CTLA-4 treatment. Targeting HRH1
and VISTA may identify powerful combination therapies
to overcome ICB resistance.

Improvement of ICl efficacy by regulating

the expression of PD-L1

In addition to combination treatment with ICIs, other
interventions that influence the expression of PD-L1
also affected the efficacies of PD-(L)1 blockade. PD-L1 is
upregulated on the surface of many types of cancer cells
by IEN-y and TNF-a, and the regulation involves some
endogenous carcinogenic pathways (e.g., the PI3K-AKT
and AMPK pathways). Upregulated PD-L1 assists can-
cer cells in immune escape by negatively regulating anti-
tumor immunity after binding to PD-1 [174]. Altered
PD-L1 expression (either through upregulation or down-
regulation) yields better efficacy in combination with
immunotherapy. After downregulation of PD-L1 expres-
sion, the inhibited PD-L1/PD-1 axis releases the brake
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on the immune system. In contrast, upregulated PD-L1
turns cold tumors into hot tumors; therefore, the PD-L1/
PD-1 axis might have more power to inhibit the anti-
tumor immune system. Targeting this pathway can also
produce good therapeutic effects.

Targeting PD-L1 regulation can also produce good
therapeutic effects. A multistage sensitive nanocom-
plex (MUSE) loaded with PD-L1/CD47 multiple target-
ing CRISPR/Cas9 system was developed for coactivation
of both T cells and macrophages-mediated antitumor
immune response [237]. The prepared MUSE has some
beneficial characteristics, including prolonged blood
circulation, rapid response to the MMP-9-rich TME,
enhanced lysosomal escape, rapid nuclear localization
and high transfection efficiency. With these advantages,
MUSE loaded with MT-CRISPR/Cas9 demonstrated
effective elimination of PD-L1 and CD47 in tumor cells
and activated both innate and adaptive antitumor immu-
nity, thereby significantly improving overall survival in
mouse model of melanoma with no detectable off-target
effects. This study provides new avenues for the devel-
opment of anticancer treatment regimens and paves the
way for CRISPR-based anticancer therapies in the future.

Signaling pathways for regulating the expression level

of PD-L1

Several factors have been found to abnormally enhance
PD-L1 expression, including genomic alterations, consti-
tutive activation of oncogenic pathways (e.g., activation
of EGFR, mTOR, PI3K, AKT and AMPK pathways and
deficiency of PTEN) [175-179] and exogenous factors
(e.g., IFN-y, TGEB1, TNF-a and IL-17) [85, 179-181].

Factors that regulate the expression level of PD-L1

Many factors affect the expression levels of PD-L1 in the
TME and circulation and thus can affect the efficacy of
ICB. Here, we categorize these factors as endogenous
factors, signaling pathway changes and external factors.
Table 3 summarizes representative preclinical studies
of influencing factors. From these studies, we can see
that the expression of PD-L1 is complexly regulated. In
addition, most studies provide strategies to exploit the
expression changes of PD-L1 to enhance the therapeutic
effect of ICB.

Endogenous factors

Endogenous factors refer to changes in oncogenes or
tumor suppressor genes that enhance the expression of
PD-L1 in cancer cells, such as overexpression of MYC,
mutation of the RAS oncogene and activation mutation
of the EGFR, which can upregulate PD-L1 expression and
thus promote immune escape.
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The transcription factor Myc is usually overexpressed
in human cancers and regulates many genes associated
with cell proliferation and survival [186]. Casey et al.
[94] found that Myc directly activated the transcrip-
tion of CD47 (also known as IAP) and PD-L1, which are
involved in innate and adaptive immune escape. CD47 is
an antiphagocytic protein that is overexpressed in multi-
ple types of cancers and transmits a “do not eat me” sig-
nal to macrophages and DCs [188, 190]. The expression
levels of CD47 and PD-L1 are related to anti-angiogene-
sis and the induction of senescence in T cell acute lymph-
oblastic leukemia (T-ALL) cells [190].

The RAS-EGER pathway is a classic intracellular sign-
aling pathway, and carcinogenic RAS signaling has been
shown to regulate the mRNA stability of PD-L1 to pro-
mote tumor immune reactivity [95]. In TNBC, EGF-
induced interaction between PD-L1 and PD-1 requires
the expression of -1,3-N-acetylglucosaminyl transferase
(B3GNT3). Downregulation of B3GNT3 can enhance
the antitumor immune effect of cytotoxic T cells. Mono-
clonal antibodies against glycosylated PD-L1 (gPD-L1)
blocked the PD-L1/PD-1 interaction and promoted the
internalization and degradation of PD-L1 [243].

Caspase 8 is a caspase involved in cell apoptosis and
other cellular behaviors. Its mutation is linked with
increased cancer risk, and low expression of Caspase
8 is closely correlated with poor prognosis. Caspase
8 induces the degradation of PD-L1 by upregulating
TNFAIP3 (A20) expression, which is an ubiquitin editing
enzyme that results in PD-L1 ubiquitination. Caspase 8
is a promising biomarker for predicting the sensitivity to
anti-PD-L1/PD-1 immunotherapy [219].

Multispecific platinum (IV) complex DNP exhibits high
cytotoxicities and anti-inflammatory properties that are
superior to those of NP (another multispecific platinum
[IV] complex), cisplatin and naproxen. Cyclooxygenase-
2(COX-2) plays an important role in the progression of
breast cancer, correlating with the levels of PD-L1. Mech-
anistic studies revealed that DNP reduces the expression
of COX-2 and PD-L1 in vitro and in vivo, suppresses the
secretion of prostaglandin, reduces the expression of
BRD4 and phosphorylated Erk1/2 and blocks the onco-
gene c-Myc in breast cancer cells [244].

The targets of sunitinib and inhibitory immune check-
points and suppressive immune cells were significantly
positively correlated. Sunitinib modulates the expres-
sion of tumor PD-L1 via p62, which binds to PD-L1 and
specifically enhance its translocation into autophagic
lysosomes for degradation. Sunitinib showed synergis-
tic anticancer efficacy with CTLA-4 blockade in immu-
nocompetent mice models of melanoma and NSCLC by
increasing tumor-infiltrating T cell activity. In anti-PD-1-
treated NSCLC patients, higher PD-L1 levels and lower
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p62 levels was observed in the tumor of responders com-
pared to those of nonresponders [247].

Signaling pathway changes

Multiple oncogenic pathways are involved in the post-
transcriptional regulation of PD-L1FGFR2 is highly
expressed in CRC and upregulated PD-L1 expression in
CRC xenograft in the mice through the JAK/STAT path-
way [191]. Loss of function or mutations of the JAK/
STAT pathway induce loss of PD-L1 expression in cancer
cells, leading to primary and acquired resistance to anti-
PD-1 antibodies. In addition, the inactivated IFNGR/
JAK/STAT pathway is detected in recurrent patients fol-
lowing ICB [192]. The PTEN/PI3BK/AKT/mTOR path-
way is responsible for the transcription of PD-L1. PTEN
deficiency or mutations of PIK3CA upregulate PD-L1
expression by activating the AKT/mTOR pathway in
glioma, breast cancer and prostate cancer [193]. Interest-
ingly, upregulated PD-L1 expression in a mouse model
of lung squamous cell carcinoma accelerated PTEN defi-
ciency [194]. Thus, PTEN has been suggested to interact
with PD-L1 in cancer.

Ketogenic diet activates AMPK pathway through
inducing energy changes, which enhances the immuno-
therapy efficacy by downregulating PD-L1 expression
and upregulating expression of IFN and antigen presen-
tation genes [202]. Metformin is able to activate AMPK,
which directly phosphorylates S195 on PD-L1. S195
phosphorylation impairs glycosylation of PD-L1, lead-
ing to its accumulation in the endoplasmic reticulum and
the degradation of endoplasmic reticulum-associated
proteins (ERAD). In breast cancer patients treated with
metformin, activated AMPK and downregulated PD-L1
expression were observed in the tumor tissue [203].
Blocking the inhibitory signal of PD-L1 by metformin
can enhance the activity of CTLs against cancer cells.
Therefore, ketogenic diet or AMPK agonists are recom-
mended for combination treatment with immunotherapy
in cancer patients.

Curcumin inhibits the growth and reduces surface
PD-L1 expression in Hep3B cells. Curcumin has a syner-
gistic effect with anti-PD-1 antibodies in slowing Hep3B
cell proliferation, activating lymphocytes, inhibiting
immune evasion and downregulating TGF-$1 expression.
Curcumin inhibits thrombin to reduce P300-induced
histone acetylation in the promoter region of TGF-p1,
which is known to induce PD-L1 expression. Anti-PD-1
antibodies suppress the binding of PD-1 and PD-L1 to
promote anticancer immune activity. Therefore, the com-
bination of curcumin and anti-PD-1 antibodies showed
better anticancer effects in vitro. The combination also
slowed tumor growth and improved the TME in mouse
model of HCC [245].
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External factors

Proinflammatory cytokines in the TME inhibit antitumor
immunity. IFN-y and TNF-« are two key factors for trig-
gering immunosuppression and resistance to immuno-
surveillance of T cells [85, 179-181].

IEN-y exerts its critical role in cancer through the
JAK/STAT1/interferon regulatory factor 1 (IREF-
1) pathway [204]. The IFN-y pathway is important
in inducing PD-L1 expression in the TME. Endog-
enous IFN-y has been reported to upregulate PD-L1
expression in head and neck squamous cell carcinoma
through the IFNAR1/STAT1 pathway, thereby promot-
ing immune escape [209]. JAK1/JAK2 inhibitor rux-
olitinib inhibits the IFN-y pathway, which enhances
anti-PD-1 efficacy by downregulating PD-L1 expres-
sion in MDSCs [238].

Both cancer cells and IFN-y-induced expression of
PD-L1 are dependent on the mTOR pathway. The AKT/
mTOR pathway promotes immune escape by driving
PD-L1 expression [175]. Therefore, combination treat-
ment with mTOR inhibitors and ICIs may enhance the
efficacies of immunotherapies.

NF-xB p65-induced COP9 signalosome 5 (CSN5) is
essential for maintaining TNF-a-induced stability of
PD-L1 in cancer cells. CSN5 inhibits the ubiquitination
and degradation of PD-L1. By downregulating CSN5,
curcumin enhances the sensitivity of cancer to anti-
CTLA-4 treatment and the function of antitumor T cells
by downregulating PD-L1 expression, thus alleviating
cancer growth [239].

Intra-tumoral copper levels promoted PD-L1 expres-
sion at mRNA and protein levels in tumor cells. Copper
chelator downregulates PD-L1 expression by inhibiting
the response of cancer cells to proinflammatory cytokines
such as IFN-y, TNF-a and TNF-a/p. Copper-chelating
drugs inhibits the expression of PD-L1 by downregulat-
ing phosphorylated STAT3, EGFR, AKT and GSK3p and
mediates the ubiquitination and degradation of PD-L1
in cancer cells [179]. Dietary composition also affects
PD-L1 expression. Epigallocatechin gallate (EGCG), the
most abundant ingredient in green tea, downregulates
PD-L1 expression in NSCLC induced by IFN-y and EGF
[240].

TAM depletion and hypoxia alleviation synergisti-
cally reprogram the TME. This combination concur-
rently downregulates PD-L1 expression in tumor cells,
decreases the levels of immunosuppressive cytokines
such as IL-10 and TGEF-p, elevates immunostimulatory
IFN-y, enhances the CTL response and boosts the mem-
ory response. TAM-targeted chemoimmunotherapy
markedly inhibit cancer metastasis and recurrence [246].
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Others

In addition to the abovementioned mechanisms, other
mechanisms are involved in the anticancer effects
through regulation of PD-L1. Unique proline isomer-
ase Pinl drives immunosuppressive TME by influencing
CAFs and induces lysosomal degradation of PD-L1. Inhi-
bition of the Pinl simultaneously blocks multiple cancer
pathways, disrupts the immunosuppressive TME and
upregulates the expression of PD-L1 and gemcitabine
transporter ENT1, thus benefiting PDAC patients under-
going immunochemotherapy [241].

N°® methyladenosine (m°A) is an important posttran-
scriptional regulator. ALKBH5 is an m°A demethylase
that coordinates PD-L1 expression in human intrahe-
patic cholangiocarcinoma (ICC). N®-methyladenosine
sequencing (m°A-seq) confirmed that PD-L1 mRNA
is the direct target of m6A modification, which is regu-
lated by ALKBH5. ALKBHS5 inhibits T cell expansion and
cytotoxicity by stabilizing the expression level of PD-L1
in cancer cells [242].

Serotonin [5-hydroxytryptamine (5-HT)] is an inflam-
matory mediator associated with the proliferation and
invasion of multiple types of cancer cells [248, 249].
Serotonin promoted expression of PD-L1 on cancer cells
in vitro via serotonylation and its levels at metastatic sites
of abdominal cancer were negatively correlated with the
proportion of tumor-infiltrating cytotoxic T cells. Deple-
tion of serotonin cargo enhanced CD8" T cell infiltra-
tion and decreased PD-L1 expression. Pharmacological
serotonin depletion enhances anticancer effects of PD-1
inhibitors in mice with colorectal and pancreatic cancer
[223].

Preclinical models used in research about PD-1/
PD-L1 blockade

The success of PD-1/PD-L1 blockade in cancer treat-
ment is inseparable from the foundation laid by preclini-
cal experiments. In preclinical research, the selection of
tumor cells and animal models is critical to obtain clini-
cally translational data. Therefore, we will briefly describe
the tumor cells and animal tumor models used in pre-
clinical studies on PD-1/PD-L1 interaction. PD-1/PD-L1
inhibitors have high response rates in melanoma relative
to other cancer types. Lung cancer is currently the second
most common cancer, and some PD-1/PD-L1 inhibitors
have also achieved good therapeutic effects in specific
lung cancer patients. Table 4 summarizes the repre-
sentative cell lines and animal models for PD-1/PD-L1
interaction studies in melanoma and lung cancer. The
information in the table indicates that many mouse and
human tumor cells were used in in vitro experiments. For
studies in mice, most experiments established xenograft
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models using mouse tumor cells in immunocompetent
C57BL/6 mice and BALB/c mice. Other studies used
NSG mice with/without human CD34" human stem cell-
engrafted to establish xenograft models of human tumor
cells [250, 251]. However, one of the limitations of the
xenograft model is that it is too far from the real process
of tumorigenesis, and the conclusions obtained in those
models cannot be better translated into clinical research.
Therefore, the regulation of PD-1/PD-L1 signaling path-
way has also been investigated using a transgenic mouse
tumor model [252]. Several studies have also established
metastasis models by i.v. injection to study the thera-
peutic effect of PD-1/PD-L1 blockade on tumor metas-
tasis [253, 254]. Most studies have examined the effects
of modulating PD-1/PD-L1 in tumor therapy, some of
which include the combination of PD-1/PD-L1 blockade
with other therapeutic strategies [251, 255].

Organoids are tiny, self-organized three dimensional
multicellular in vitro tissue construct that displays real-
istic micro-anatomy and mimics their corresponding
in vivo organs. Such cultures have the ability to replicate
much of the complexity of an organ and recapitulate cer-
tain functions of the represented organ [256]. Reliable
methods for predicting treatment response are urgently
needed in clinical oncology. Cancer organoids can accu-
rately reproduce important genetic and phenotypic char-
acteristics of the tissue from which they are derived,
tumor subtypes, and maintain intra- and inter-tumor
heterogeneity, and thus have the potential to be used
to predict individualized treatment response [257]. In
recent years, many studies have used cancer organoids,
especially patient-derived cancer organoids (PDO) to
conduct comprehensive studies of PD-1/PD-L1 inter-
action. Table 5 summarizes this aspect of research con-
ducted in cancer organoids. Most cancer organoids were
derived from cancer tissues of patients with gastroin-
testinal tumors. Organoid/immune cell co-cultures can
model tumor-immune microenvironment. Most studies
used cancer organoids to mimic the interaction of can-
cer cells with the human immune system in vitro. When
conducting in vivo studies, NSG mice are required. After
establishing tumor models in mice by orthotopic trans-
plantation, these cancer organoids can predict the effi-
cacy of PD-1/PD-L1 blockade as well as other treatment
regimens [258-261]. These studies used organoids to
investigate PD-1/PD-L1 interaction in various aspects,
including testing the anticancer efficacy of PD-1/PD-L1
inhibitors [261-263], analyzing the regulation mecha-
nism of PD-L1 expression [258, 259], finding strategies to
enhance the therapeutic effect of PD-1/PD-L1 blockade
[260, 264—-268], finding new immune checkpoints [269].
Through these studies, we can see that cancer organoids
can be used to simulate the immune microenvironment
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in cancer patients, providing an effective tool for improv-
ing the efficacy of PD-1/PD-L1 blockade.

Adverse events of ICls

Although ICIs induce the immune system to fight against
cancer cells by activating T cells, they may also help to
attack normal cells and thus result in immune-related
adverse events (irAEs). The infiltration of immune cells,
especially T cells, caused by combination treatment with
anti-CTLA-4 and anti-PD-1/PD-L1 antibodies leads to
irAEs.

Some irAEs caused by immunotherapy may be similar
to AEs of other therapeutic strategies. However, simi-
lar AEs (e.g., diarrhea, enteritis, rashes and itching) can
be caused by different mechanisms. The occurrence of
irAEs is related to inflammatory responses, especially
those mediated by CD8" T cell activation. Other types
of inflammatory cells such as Th17 may also be involved.
An immunohistochemistry assay revealed the infiltration
of CD4" and CD8™ T cells in damaged skins and organs,
and highly activated effector T cells are correlated with
the incidence of AEs [29, 304—306]. Generally, irAEs are
classified into organ-specific AEs (e.g., colitis, hepatitis
and pneumonia), common AEs (e.g., fatigue, diarrhea
and rashes) and others related to systemic inflammation.
Most irAEs are mild to moderate, but serious or life-
threatening irAEs have also occurred, with the highest
fatality rates due to AEs in the nervous system and heart
[307].

Compared with AEs caused by conventional chemo-
therapy, irAEs are characterized by delayed onset, long-
term duration and different toxicity spectra. Pneumonia
and arthralgia are the most common irAEs [29, 307—
310]. The incidence of all-grade AEs caused by PD-1/
PD-L1 inhibitors is lower than that of chemotherapy, and
that of grade 3—4 AEs accounts for 7-13% with a rela-
tively high safety [310-312]. Although the incidence of
AEs increases in combination treatment, most of them
are well tolerated [130, 313]. At present, management
strategies for irAEs have been published, and most irAEs
can be controlled or even reversed by withdrawal with or
without corticosteroid hormone medication [309, 314].

Compared with those of conventional treatment, AEs
caused by ICIs mainly affect the skin, endocrine system
and lungs [315, 316]. Of the common ICIs, nivolumab
is considered the safest, followed by atezolizumab, pem-
brolizumab, ipilimumab and tremelimumab. Their main
AEs are summarized as follows: atezolizumab (hyper-
thyroidism, nausea and vomiting), nivolumab (endo-
crine toxicity), pembrolizumab (arthralgia, pneumonia
and hepatotoxicity), ipilimumab (skin, gastrointestinal
and kidney toxicity) and tremelimumab (rashes, diarrhea
and fatigue). Taken together, these findings indicate that
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Table 5 Published studies that investigated PD-L1/PD-1 signal pathways in cancer organoids
Cancer type Source of cancer organoids Mouse strain Method for establishing Immunotherapy strategy ~ References
receiving mouse tumor model from  or other treatment in
organoid organoid cancer organoid
CRC Biopsies from patient na n.a Anti-PD-L1 Ab [264]
CRC Tumor tissue from patient n.a n.a Pembrolizumab, nivolumab,  [262]
atezolizumab
CRC Tumor tissues of AIMMR CRCs  n.a n.a Anti-PD-1 Ab, Anti-DKK1 Ab  [265]
Diverse tumor types Biopsies from patient or NSG mice Injected subcutaneously Anti-PD-1 Ab, anti-PD-L1 Ab  [261]
mouse tumors (B16-SIY,
MC38, A20-OVA)
Gastric cancer Biopsied or resected tumor NSG mice Orthotopic transplantation Nivolumab, targeted therapy  [258]
tissues
Gastric cancer Tumor tissue from patient NSG mice Orthotopic transplantation Nivolumab, targeted therapy  [259]
Gastric cancer human gastric tissue, n.a n.a Targeted therapy, nivolumab  [267]
induced pluripotent stem
cells
Gastric cancer Gastric glands from normal n.a n.a n.a [303]
mouse stomach, cancer tis-
sue of transgenic mouse
Gastric cancer Tumor tissue from patient n.a n.a Dexamethasone, pembroli-  [268]
zumab,
NSCLC Biopsies from patient na na Anti-PD-L1 Ab (atezolizumab, [266]
avelumab), targeted therapy
QOvarian cancer Tumor tissue from patient n.a n.a Bispecific anti-PD-1/PD-L1 [263]
antibody, pembrolizumab,
anti-PD-L1 Ab (LY3300054)
Pancreatic cancer, TNBC  Tumor tissue from patient n.a na Anti-PD-1, PD-LT and TIM3 [269]
and mouse Ab or NKG2A, TIM3, TIGIT and
LAG3 protein
PDAC Tumor tissue from patient NSG mice Orthotopic transplantation Anti-PD-1 Ab, targeted [260]

and mouse

therapy, chemotherapy

n.a. not applicable, CRC colorectal cancer, NSCLC non-small-cell lung cancer, TNBC triple negative breast cancer, PDAC pancreatic ductal adenocarcinoma, dMMR

different mismatch repair, NSG NOD scid gamma, Ab antibody

nivolumab is the safest ICI that is specifically suitable for
lung cancer treatment. In conclusion, irAEs are insidious
onset, lack specificity and have a wide spectrum of tox-
icity. Clinicians need to strengthen the management of
irAEs from five aspects: prevention, assessment, exami-
nation, treatment and detection, so as to effectively con-
trol the disease.

Conclusion

Based on the regulatory mechanisms in T cells, PD-1/
PD-L1 blockade has greatly advanced cancer treat-
ment by enhancing the antitumor immune response.
Its efficacy in the treatment of melanoma and NSCLC,
in particular, is extraordinary, as it achieves long-
term remission in a portion of cancer patients without
recurrence.

Hot tumors identified by relevant biomarkers, such
as T cell infiltration and PD-L1 expression, are closely
linked with the clinical benefits of anti-PD-1/PD-L1
antibodies. In cold tumors, anti-CTLA-4 treatment
creates a TME that is favorable to anti-PD-1/PD-L1

antibody treatment by recruiting T cells to target can-
cer lesions and inducing PD-L1 expression, which pro-
vides a rationale for combination therapy. Currently,
great effort is directed to identifying predictive bio-
markers for ICB.

PD-1/PD-L1 blockade has low response rates in many
cancer patients due to innate and acquired resistance.
Therefore, based on the resistance mechanism, PD-1/
PD-L1 blockade combined with other treatment regi-
mens is an effective strategy to improve anticancer
efficacy and reduce side effects. Combining approved
PD-1/PD-L1 inhibitors with other approved treat-
ments may facilitate rapid approval of an effective
combination. On the other hand, combining approved/
investigational PD-1/PD-L1 inhibitors with other
investigational treatment will lead to many break-
throughs. The expression of PD-L1 in TME also affects
the effect of PD-1/PD-L1 blockade. This review intro-
duces the factors affecting PD-L1 expression and strat-
egies to regulate its expression. The success of PD-1/
PD-L1 inhibitors in cancer therapy relies on extensive
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preclinical research. The selection of cell lines, ani-
mal strains and cancer models is critical for obtain-
ing translational data. Therefore, this review describes
the models used in preclinical studies of PD-1/PD-L1
interaction in melanoma and lung cancer. Notably,
many studies have utilized cancer organoids to mimic
the interaction of cancer cells with the human immune
system in vitro, and these organoids are able to accu-
rately replicate key genetic and phenotypic features of
patient cancer tissue while maintaining heterogeneity.
They can be used to simulate the immune microenvi-
ronment of cancer patients and provide an effective
tool for improving PD-1/PD-L1 blockade.

PD-1/PD-L1 blockade and its combination therapy can
control or even cure malignant diseases in the long term,
providing new insights into cancer treatment. Specific
agents or interventions can modulate the level of PD-1
and PD-L1, so as to exert a similar effect to ICIs. Owing
to the inherent specificity, adaptability and memory of
the immune system, researchers are able to continuously
target and precisely kill cancer cells. The next goal of pre-
clinical and clinical research is to find reasonable combi-
nations of PD-1/PD-L1 blockade and other treatments
to reduce toxic side effects, exert stronger anti-tumor
immune responses and precisely kill cancer cells, so that
cancer can become a type of curable chronic disease.
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