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Abstract: Immunotherapy has become a powerful clinical strategy in cancer treatment. Immune 
checkpoint inhibitors (ICIs) have opened a new era for cancer immunotherapy. Nowadays, the number of 
immunotherapy drug approvals has increased, with numerous treatment options in clinical and preclinical 
development. However, there remain some obstacles to improve the efficacy of ICIs further. The tumor 
immune microenvironment (TIME) consists of cancer cell, immune cells and cytokines, et cetera. The 
dynamics of TIME determine the efficacies of ICIs. Although the ICIs showed manageable toxicity, immune-
related adverse effects (irAEs) are still unignorable for clinicians. Since some primary resistance mechanisms 
exist in TIME, ICIs can only show effects in individual cancer patients. Even for the patients who responded, 
acquired resistance will occur to neutralize the effect of ICIs. Understanding how to increase the response 
rates and overcome the resistance to various classes of ICIs is the key to improving clinical efficacy. Besides 
the novel ICIs in development, there are some approaches to establish combination therapies are underway 
to improve further the efficacies of ICIs in treating cancer patients. Here, we describe the complicated 
TIME and state quo of ICIs to prospect the future of ICIs in cancer treatment.
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Introduction

Cancer has been the second leading cause of death 
worldwide (1). Cancers arise from malignantly transformed 
normal cells. Sustaining proliferative signaling, evading 
growth suppressors, enabling replicative immortality, 
et cetera. are essential hallmarks of cancer, among 
which, immune escape is a particularly critical phase of 
carcinogenesis (2). The cells undergo rigorous surveillance 
of the immune system. When normal cells are transformed 
into malignant cells, they can be eradicated efficiently (2). 
However, these associated mechanisms protecting against 
the development of malignancy can promote the selection 

of tumor cells, simultaneously. The weakly immunogenic 
malignant cells escaping from immune surveillance and 
elimination are in hibernation to strike a balance with 
the immune system. These cells can gradually break the 
balance between the transformed cells and immunity via 
sculpting the tumor immune microenvironment (TIME) (3).  
Consequently, the immune system loses the potential to 
recognize and eradicate these kinds of malignant cells and 
let them form clinically visible cancers.

Thus, cancer immunotherapy, which was developed 
based on studies of the mechanisms of tumor escape, can 
manipulate the immune system to remodel the balance 
between malignant cells and immunity. The early efforts 
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to manipulate the immune system to fight against cancer 
were pioneered by Dr. William B. Coley in the 1890s (4).  
However, the lack of knowledge of tumor biology 
limited the advancements of cancer immunotherapy. 
The orientation of cancer treatments turned to be 
more effective, while more direct methods such as 
radiotherapy and chemotherapy were used. Fortunately, 
investigations persisted in elucidating the interactions 
between immunity and cancer. The recent breakthroughs 
in the comprehension of the tumor immunology and 
molecular biology accelerated the development of cancer 
immunotherapy strategies. Some subsequent approaches 
to cancer immunotherapy targeted cytokines to stimulate 
the functions of immune cells. For instance, interleukin-2 
(IL-2) is regarded as the most promising cytokines to treat 
cancers since it can activate and promote the growth of 
T lymphocytes and natural killer (NK) cells (5). Due to 
its remarkable therapeutic effects, recombinant IL-2 was 
approved by the US Food and Drug Administration (FDA) 
for metastatic renal cancer and metastatic melanoma as an 
effective immunotherapy agent (6). Nevertheless, owing to 
the high rate of failure for vaccine clinical trials, progress in 
the field of cancer immunotherapy stalled at the beginning 
of the 21st century (7).

The identification of immune checkpoint programmed 
death-1 (PD-1) and cytotoxic T lymphocyte antigen-4 
(CTLA4) opened a new era of cancer immunotherapy (8). 
PD-1 and CTLA4 effectively block the activation of T 
cells. Thus, the strategies neutralizing these two pathways 
can release the T cells from suppression and restore their 
anti-tumor immunity (9,10). Over the past several years, 
many immune checkpoint inhibitors (ICIs) against CTLA4 
and PD-1 and its ligand PD-L1 have been developed 
and applied to clinical practice, such as Ipilimumab, 
Pembrolizumab, Nivolumab, Atezolizumab, et cetera (8). 
Even though ICIs have improved some cancer patients’ 
prognosis significantly, their overall clinical application 
status still is unsatisfactory. The obstacles in improving 
the efficacy of ICIs include low response rate, primary or 
acquired resistance, immune-related adverse event (irAE), 
et cetera (11).

TIME, which is a dynamic setting that is consistent with 
changing, plays a crucial role in the efficacy and adverse 
effect of ICIs (12). The main elements of TIME include 
cancer cells, antigen, immune cells, cytokines, et cetera, 
these components interact with each other to determine 
the tendency of anti-tumor immunity (13). Although the 
components of TIME are not identical among distinct kinds 

of cancers, the dynamics and functions of TIME present 
absolute consistency (14). 

  In this review, we provide a brief overview of TIME. 
We then focus on the state quo of ICIs and then discuss the 
challenges faced in the clinical translation of ICIs from the 
TIME aspect. Our overarching aim throughout this review 
is to provide insights into how to optimize the application 
of ICIs based on the concept of modulating TIME to 
improve the prognosis of cancer patients ultimately.

Tumor immune microenvironment

T cells

T cells are dominant participants of anti-tumor immunity, 
hence the T cell-mediated immunity determines the 
ultimate vigor of tumor-immunity balance. The T cell 
activation signal system contains two essential signals. The 
first signal is transduced by T cell receptor (TCR) after 
recognizing antigen along with the major histocompatibility 
complex (MHC) presented on the surface of antigen-
presenting cells (APCs) (15).  Simultaneously, the 
engagement of CD28 on the T cell surface with B7 family 
molecules (CD80 and CD86) on the APCs supplies the co-
stimulatory signals as the second signal (16). After initiation 
by these two signals, the activated T cells begin to attack 
and destroy the cancer cells which express tumor-specific 
antigens. Simultaneously, some immune-suppressive 
mechanisms also exist to break the immunity for preventing 
it is overactivated (13). However, these immune-suppressive 
mechanisms can be hijacked by cancers to compromise 
the immune response toward malignancy via blocking 
proliferation and inducing the energy of CTLs, which 
eventually help to form an immunosuppressive TIME (2). 
The immune-suppressive factors include immune cell-
derived and tumor cell-derived.

PD-1 is  one of  the most  wel l-studied immune 
checkpoints expressed on activated T cells. PD-1, 
belonging to the CD28 family, has two ligands, PD-L1 (also 
known as B7-H1) and PD-L2, with different expression 
patterns (17). There are still some controversies about 
the functions of PD-L2 in tumor immunity. Thus, the 
current studies focus on PD-L1, dominantly. The binding 
of PD-1 and PD-L1 releases an immune-inhibitory signal 
suppressing activation and proliferation of T cells (18). T 
cell activation could be suppressed by B7-H4 (also known 
as B7-S1), a relatively new member of the B7 superfamily 
that shares approximately 25% amino acid homology 
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with other B7 family members in the extracellular  
portion (19). Although the receptor for B7-H4 remains 
unknown, B7-H4 expressing cells and its-immunoglobulin 
fusion proteins could inhibit proliferation and cytokine 
production of T cells from suppressing T cell-mediated 
anti-tumor immunity (20). Also, a V-domain Ig- containing 
suppressor of T cell activation (VISTA, also known as  
PD-1H) is another recently-discovered immune checkpoint 
that shares molecular similarities with PD-1 (21). VISTA 
can be found on activated T cells, neutrophils, and 
macrophages. Emerging studies have revealed that VISTA 
can function as both a ligand on APCs and a receptor on T 
cells in regulating immune responses (22,23). 

Furthermore, lymphocyte activation gene 3 (LAG3) 
is another immune checkpoint, which can be found 
on activated T cells, Tregs, B cells, NK cells, and 
plasmacytoid dendritic cells (pDC) (24). The structure 
of LAG3 is like CD4 protein. Consequently, it can 
competitively bind to the antigen-MHC class II complex 
on APCs with higher affinity. Thus, the T cells cannot be 
efficiently activated, consequently (25). B Besides the above 
factors, the immunoglobulin and mucin domain (TIM) 
family are another group of immune-suppressing proteins, 
among which TIM-3 was shown to be the most potent 
immunosuppressive activity in cancers (26).

Besides the effector T cells, the thymus can also derive 
regulatory T cells (Tregs) from expressing the IL-2 receptor 
α-chain (also known as CD25) and the transcription 
factor forkhead box p3 (FOXP3). Tregs can suppress T 
cell responses through the secretion of some inhibitory 
cytokines such as IL-10, IL-35, and transforming growth 
factor-β (TGF-β) or by direct cell contact (27). PD-1 
expression can promote naïve CD4+ T cells to convert to 
Tregs by inhibiting the mTOR-Akt signaling cascade (28). 
The majority of Tregs express CTLA4. These Treg can 
bind to APCs and decrease their costimulatory molecules 
(e.g., CD80 and CD86) and, therefore, deprive stimulatory 
signal to T cells (29). 

Although PD-L1 is mainly expressed on immune 
cells such as activated T cells and macrophages, many 
types of cancer cells express PD-L1 to generate an 
immunosuppressive TIME to avoid the destiny of being 
eliminated by cytotoxic T lymphocytes (CTLs) (18). 
The expression of PD-L1 on cancer cells is regulated by 
multiple mechanisms involving numerous regulatory levels, 
such as intrinsic control and extrinsic control. The former 
includes genomic alterations, epigenetic regulation, and 
oncogenic signaling activation, while the latter mainly 

refers to cytokines (30). Genomic alterations induce  
PD-L1 expression in cancer, which includes copy number 
alterations (CNAs) and gene polymorphism, which are 
both commonly observed in cancers (31,32). Budczies  
et al. showed that gains of copy numbers of CD274, which 
encoding PD-L1, occurred in breast, bladder, colorectal, 
cervical, and ovarian carcinomas. In contrast, the deletion 
of CD274 occurred in melanoma and non-small cell lung 
cancer (NSCLC) patients (31). The PD-L1 expression-
related epigenetic regulatory mechanisms include DNA 
methylation, histone modification, and non-coding 
RNAs. DNA methylation of the PD-L1 promoter can 
often be observed in melanoma, head, and neck squamous 
cell carcinoma, and lung cancer (33-35). The histone 
modifications involved in CD274 gene regulation include 
histone deacetylases (HDACs) and histone methylation 
(H3K4me3), which both down-regulated the PD-L1 
expression in cancer cells (36,37). Also, non-coding RNAs 
are important parts of epigenetic mechanisms, including 
microRNAs (miRNAs), long non-coding RNAs (lncRNAs), 
and circular RNAs (cirRNAs). miRNAs can trigger target 
mRNA degradation or translation inhibition by targeting 
the 3’-untranslated regions (UTRs) (38). miR-148a-3p, 
miR-146a-3p, miR-873-5p were reported to downregulate 
PD-L1 in colorectal cancer, melanoma, breast cancer, 
respectively (39-41). Some lncRNAs can act as competing 
endogenous RNAs (ceRNAs) sponging miRNAs to form 
a regulatory axis for indirectly regulating the expression 
of PD-L1 in cancers, for instance, MIR17HG/miR-17-
5p axis in colorectal cancer, the linc00473/miR-195-5p 
axis in pancreatic cancer, MALAT1/miR-200a-3p axis in 
NSCLC (42,43). Furthermore, the oncogenic signaling 
activation plays pivotal roles in PD-L1 expression in some 
cancers. These oncogenic transcription factors include 
AP-1, MYC, IRF1 (interferon regulatory factor 1) and 
NF-κB, etc. (44). In NSCLC, the activation of mutated 
EGFR can upregulate the PD-L1 upregulation on cancer 
cells, and this phenomenon contributes to EGFR-TKI  
resistance (45). In this regulatory axis, the presence of tumor 
suppressor bridging integrator-1 (BIN1) can partially block 
the downstream signal of mutated EGFR and subsequently 
inhibited the upregulation of PD-L1 on NSCLC cells (46). 
As for the cytokines, interferon-γ (IFN-γ), IFN-α, IFN-β, 
tumor necrosis factor-α (TNF-α), TGF-β, IL-4, IL-17, and 
IL-27 could induce upregulation of PD-L1, among which 
IFN-γ shows the most potent potential (47). IFN-γ can 
activate the JAK/STAT and NF-κB pathway to upregulate 
PD-L1 expression on cancer cells (48). Since these 
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cytokines can affect and reflect the dynamics of TIME, they 
often determine the expression status of PD-L1 during 
cancer progression and treatment.

NK cells

NK cells are founding members of the innate lymphoid 
cell (ILC) family (49). NK cells have been confirmed to 
play critical roles in anti-tumor immunity. Since antigen 
recognition is not essential for NK cells to exert functions, 
they can eliminate the abnormal and malignant cells without 
prior sensitization, and even preferentially kill cancer stem 
cells (50,51). NK cells can form immune synapses with 
target cancer cells, thereby to release preformed cytolytic 
granules (e.g., perforin and granzymes) to induce cell 
lysis (52). However, numerous factors in TIME limit the 
function of NK cells. First, the function of NK cells can 
be impaired by Tregs. For instance, Tregs can induce 
apoptosis of NK cells by secreting β-galactoside-binding 
protein (βGBP) to escape from immunity and increase lung 
metastasis of breast cancer cells (53). Furthermore, the T 
cell-suppressing factors, including PD-1, CTLA4, TIM-3, 
and LAG3, can bind to their ligand and transmit inhibitory 
signals to dampen NK cell activation (52,54). Last but 
the most important, NK cells can be disabled by specific 
HLA class I-specific inhibitory receptors, such as killer-cell 
immunoglobulin-like receptors (KIRs) and NKG2 family.

NKG2A is an intracytoplasmic tyrosine-based inhibitory 
motif (ITIM)-bearing receptor, which is phosphorylated 
and recruits the phosphatases responsible for transmitting 
the inhibition signal to immune effector cells. In healthy 
individuals, only 5% of CD8+ T lymphocytes in peripheral 
blood express NKG2A at a steady state, but this expression 
can be upregulated by chronic antigenic stimulation (55). 
Commonly, NKG2A is expressed at the cell surface and 
form a heterodimer with CD94 and recognizes the non-
classical class I major histocompatibility complex (MHC-I) 
molecules (56). Binding of NKG2A/CD94 to its cognate 
ligand can inhibit the effect of T lymphocytes and NK cells 
via an SHP-1-dependent inhibition signal transmission (57). 
The ligand of NKG2A is HLA-E in humans and Qa-1 in 
the mouse. Some factors inhibiting the function of T cells 
can also suppress the NK cells, such as LAG. Approximately 
half of NK cells in peripheral blood express NKG2A. 

Myeloid cells

Myeloid-derived suppressor cells (MDSCs) are reported 

to be a significant regulator of the immune response 
in various diseases, including cancer (58). These cells 
derive from hematopoietic stem cells (HSCs) existing in 
bone marrow, which induce an immature myeloid cell  
population (59). It has been shown that hypoxia-induced 
factor 1α (HIF1α) is upregulated in MDSCs that are 
essential for their immunosuppressive function in 
TIME (60). In TIME, the recruitment and activation of  
MDSCs depend on vascular endothelial growth factor 
(VEGF), G-CSF, GM-CSF, TGF-β, IL-10, etc. (61). The 
expression of VISTA increased 10-fold on MDSCs in TIME, 
compared to those in the peripheral lymph node (62). 

Also, MDSCs are the principal cells to derive tumor-
associated macrophages (TAMs). Besides MDSCs, 
mononuclear cells and tissue-resident macrophages can also 
derive TAMs. TAMs are the most abundant population of 
tumor-infiltrating immune cells in TIME (63). According 
to the polarization status, macrophages can be divided 
into two subtypes: the M1 subtype promoting anti-tumor 
immunity, and the M2 subtype exerting pro-tumorigenic 
effects (64). In detail, M1 macrophages play critical roles in 
killing tumor cells by producing reactive oxygen/nitrogen 
species (ROS/RNS) and pro-inflammatory cytokines such 
as TNF-α, IL-1β, and IL-6 (65). M1 and M2 macrophages 
can be distinguished based on the differential expression 
of transcription factors. Furthermore, they are also 
distinguished by surface molecules and the disparities in 
their cytokine profile and metabolism (66). M1 macrophages 
polarization are mainly mediated by Th1 cytokines and 
activated Toll-like receptors (TLRs), and M2 macrophage 
polarization, which are induced by Th2 cytokines such 
as IL-4, IL-10, and IL-13 (65,67). Although the anti-
tumor effect is the dominant function of M1 macrophages, 
numerous studies emerge to prove that they also exert pro-
tumor effects. M1 macrophages are reported to induce PD-
L1 expression in hepatocellular carcinoma and promote 
immune escape (HCC) (68). M2 macrophages are divided 
into four phenotypes, including M2a, M2b, M2c, and M2-
like, among which M2-like plays the most crucial role in 
cancers. M2-like macrophages can be activated by growth 
factors and cytokines to turn into M2d subtype with 
the immunosuppressive role and pro-tumor function in 
TIME (67). During this process, the activation of colony-
stimulating factor 1 receptor (CSF1R) signaling in TAMs 
may play crucial roles (69).

In general, TAMs tend to present the characteristics 
of M2 macrophages with Th2 immune response (70). 
Clinical studies have confirmed that higher frequencies 
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of TAMs are associated with poor prognosis of cancer  
patients (70). TAMs took part in promoting cancer 
initiation and development via numerous pathways, such 
as pro-angiogenesis, stimulating epithelial-mesenchymal 
transition (EMT), and immunosuppression (71). TAMs 
can suppress naïve T cell proliferation in vitro and inhibit 
cytotoxic T cell response directly. TAMs inhibit T cell 
function by expressing Arginase 1 (ARG1) to exhaust 
L-arginine, which is essential for the activation of T cells. 
L-arginine depletion leads to the failure to re-express CD3 
ζ-chain in the TCR complex, thus suppressing effector 
T cell activation (72). In TIME, TAMs are influenced 
by some tumor-derived factors to secrete an array of 
immune-suppressive cytokines, such as IL-10, TGF-β, and 
prostaglandin-E2 (PGE2), which modulate the TIME to 
inhibit T cell-mediated immune responses (73). Besides 
secreting immune-suppressing factors, TAM also induces 
immune suppression by expressing inhibitory receptors, 
including classical and non-classical MHC-I molecules, 
which are regarded to be associated with the antigen 
presentation process. Macrophages can express human 
leukocyte antigen (HLA) molecules, such as HLA-C, 
HLA-E, and HLA-G, which could bind to CD94 and 
leukocyte immunoglobulin-like receptor subfamily B 
member1 (LIR1) to inhibit the activation of NK cells and a 
subset of activated T cells, respectively (63). Simultaneously, 
TAMs also express immune checkpoints, including PD-
L1, PD-L2, CD80, CD86, and B7-H4 (63,66). Otherwise, 
TAMs can inhibit the function of effector T cells by 
recruiting natural Tregs to the TIME and sustain their 
survival through the secretion of C-C chemokine ligands 
(CCLs), including CCL-2, CCL-3, CCL-4, CCL5, CCL-
20 and CCL-22 (74). 

Besides, emerging evidence shows that tumor-associated 
neutrophils (TANs) play crucial roles in regulating anti-
tumor immunity. TANs exert different functions according 
to their polarization states. Briefly, the N1 phenotype is 
cytotoxic toward tumor cells by producing a high level 
of TNF-α, H2O2, and Fas, which mainly exist in early 
cancers (75). When N1 neutrophils have physical contact 
with cancer cells, they can trigger a TRPM2 Ca2+ channel-
dependent cell death via secreting H2O2 (76). Meanwhile, 
the Fas expressed on N1 neutrophils can bind to the Fas 
ligand on tumor cells to result in a “self-destruction” 
mechanism (77). 

However, under the factors released during the process 
of the cancer establishment, TANs are resculpted to be 
the more tumorigenic N2 phenotype (78). In TIME, the 

main factors inducing N2 polarization are G-CSF and 
TGF-β (75,79). TANs of the N2 phenotype express a high 
level of arginase and derive immune-suppressing factors 
such as CCL2, CCL3, IL-17, and CXCL8 (80). Tsuda  
et al. confirmed that CCL2 and CCL3 affected the immune 
effector cells in TIME to form a host immune suppression 
setting (81). The release of CXCL8 by N2 neutrophils may 
suggest a feedforward loop of neutrophil recruitment (82).

The agents taken above targeting TAMs or TANs might 
be an ideal strategy to be combined with ICIs for improving 
the patient outcome.

Cancer and stroma cells

Under the selective pressure of the anti-tumor immunity, 
cancer cells arise to present some immune-suppressive 
features and sculpt the TIME to create suitable conditions. 
The metabolism status in TIME may determine the 
functions of immune cells. Indoleamine 2,3-dioxygenase 
(IDO) can alter the amino acid metabolism by catalyzing 
the tryptophan (Trp) into kynurenine (Kyn) which is 
detrimental to T cells (83). The upregulation of IDO 
in cancer cells has been regarded to be a crucial factor 
promoting carcinogenesis and is related with poor 
prognosis of cancer patients (84). Simultaneously, cancer 
cells can hijack the innate chemokine networks to promote 
immune suppression and metastatic cancer cell trafficking. 
Furthermore, cancer cells and stroma cells in TIME can 
secret exceptionally high level of VEGF, which leads to 
formation of abnormal vessels and impaired perfusion. 
VEGF can reduce interaction between immune cells and 
endothelial cells. These phenomena can restrict immune 
cells to infiltrate into TIME (85). VEGF also directly 
inhibits DC maturation and activation of Tregs to prevent 
the activation of T cells (86).

Carcinoma-associated fibroblasts (CAFs) are the most 
prominent components of tumor stroma and mainly act 
as immunosuppressive cells. CAFs release some cytokines 
(e.g., IL-6 and TGF-β) and chemokines (e.g., CXCL1, 
CXCL12 and CCL2) which are necessary to attract and 
retain suppressive immune cells into the TIME (87). 
Meanwhile, CAFs can attract macrophages, T cells and NK 
cells toward the juxtatumoral stroma and trapped them to 
prevent the immunological access to TIME (88). Besides 
direct effects, CAFs also exhibit immune suppressive 
functions via inducing polarization of resident macrophages 
and neutrophils in TIME toward M2 and N2 subtype (89). 
Thus, targeting CAFs might benefit the ICIs in clinical 
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conditions by relieving immune suppression and promoting 
immune cell infiltration.

State quo of ICIs

Single-agent therapy

The ICIs approved by the FDA to treat cancers include the 
agents targeting PD-1, PD-L1, and CTLA4, respectively. 
Nivolumab (Opdivo) and Pembrolizumab (Keytruda) are 
anti-PD-1 agents approved by FDA in 2014, followed by 
anti-PD-L1 agents Atezolizumab (Tecentriq), Durvalumab 
(Imfinzi) and Avelumab (Bavencio) approved in 2018 (90). 
Ipilimumab is the first anti-CTLA4 agent for clinically 
commercial use (91). Since the TIME varies by cancer and 
the agent molecular structures are not entirely the same, 
the efficacies of these ICIs are also different among various 
cancers. Present studies have confirmed that the cancers 
harboring highly immunogenic mutations are sensitive to 
ICIs, such as melanoma, renal cell carcinoma (RCC), and 
NSCLC (92). For instance, in the above three cancers, the 
overall survival in the cohort of phase I clinical trial for 
Nivolumab is 9.9, 16.8, and 22.4 months, respectively (93). 

In 2016, FDA permitted Pembrolizumab as a single 
agent for first-line treatment of metastatic NSCLC 
patients with PD-L1 ≥50%, according to the results 
from KEYNOTE-024 phase III trial (94). Also, results 
from KEYNOTE-042 phase III trial revealed that 
Pembrolizumab could even improve the metastatic NSCLC 
patients with PD-L1 ≥1% (95). However, Nivolumab 
exhibited no significantly better effect on improving the 
overall survival (OS) or progression-free survival than 
chemotherapy in previously untreated patients at stage IV 
or recurrent patients with PD-L1 ≥5% and even PD-L1 
≥50% (96). As for the second-line treatment, Nivolumab 
and Pembrolizumab also exhibited promising effects. 
Results from the CHECKMATE-017 trial showed that 
Nivolumab significantly improved the objective response 
rate (ORR), OS, and PFS in patients with previously treated 
advanced squamous NSCLC, compared to docetaxel (97). 

Furthermore, Nivolumab also achieved a better ORR 
and OS than docetaxel in nonsquamous NSCLC patients 
according to the results from the CHECKMATE-057  
trial (98). Atezolizumab can further improve the PFS and 
OS in patients with metastatic nonsquamous NSCLC, 
regardless of PD-L1 expression and EGFR or ALK genetic 
alteration status, according to the ATLANTIC phase II 
trial (99). The results from the OAK trial showed that 

Atezolizumab had a clinically relevant effect on OS versus 
docetaxel in previously treated NSCLC patients, regardless 
of PD-L1 expression or histology (100). 

For treating melanoma, the ICIs also exhibit promising 
effects. Nivolumab is the first anti-PD-1 antibody approved 
by the FDA in 2014 for treating melanoma according to 
the results from the CHECKMATE-066 (101). The results 
showed that Nivolumab achieved better ORR, PFS, and 
1-year survival rate in the previously untreated patients 
with metastatic melanoma and wild-type BRAF, compared 
to the dacarbazine (101). Pembrolizumab also exhibited a 
satisfactory effect in treating metastatic melanoma. Results 
from KEYNOTE-001 trial demonstrated that the ORR 
was 52% with 25% complete remission (CR), and the 
disease control rate (DCR) was 72%. The median PFS was 
8.3 months in all patients and 16.9 months in treatment-
naïve patients, and the estimated 5-year OS rate was 34% 
and 41%, respectively (102). Furthermore, Pembrolizumab 
can be applied as adjuvant therapy for high-risk stage III 
melanoma with significantly longer recurrence-free survival 
than placebo (103). FDA approved Ipilimumab in 2015 
as an adjuvant therapy for patients with regional lymph 
node metastases who have undergone complete resection 
according to the results from EORTC 18071 phase III 
trial (104). 

ICIs have been the central part of treating clear cell 
renal cell cancer (ccRCC). CHECKMATE-025 phase III 
trial enrolled 821 patients with advanced ccRCC patients 
who had received one or two prior regimens (including 
at least one targeting VEGFR). The results showed that 
Nivolumab achieved better ORR than everolimus with a 
significant odds ratio of 5.98. Meanwhile, the OS and PFS 
were longer in the Nivolumab group than the everolimus 
group, regardless of PD-L1 expression (105).

ICIs also achieved promising efficacies in some other 
cancers, including triple-negative breast cancer (TNBC), 
bladder cancer and head and neck squamous cell cancer 
(HNSCC). The TNBC cohort in KEYNOTE-012 phase 
Ib trial enrolled 32 cases of heavily pre-treated patients 
with PD-L1 positivity in the stroma or PD-L1 ≥1% tumor 
cells using their Qualtek assay. The results showed that the 
ORR of the patients receiving Pembrolizumab was 18.5%, 
with the median time to response of 17.9 weeks (106).  
In another clinical trial, KEYNOTE-086, evaluating 
Pembrolizumab monotherapy in metastatic TNBC as first-
line or above treatment, the cohort B consisting patients 
with previously untreated metastatic disease and PD-L1  
CPS ≥1% had an ORR of 23%, with 4% achieving a  
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CR (107). Atezolizumab is the first ICI allowed by the 
FDA to treat advanced bladder cancer as second-line 
therapy. The patients receiving Atezolizumab had better 
ORR and OS than those treated with other second-line 
regimens (108).

Combination therapy

Combination with radiotherapy
In the past century, radiotherapy has been an indispensable 
part of cancer treatment. Currently, 50% of all cancer 
patients receive radiotherapy alone or in combination 
with surgery or chemotherapy (109). Recently, preclinical 
evidence has revealed that radiotherapy can modulate the 
TIME via different mechanisms. First, radiotherapy can 
trigger immunogenic cell death (ICD), resulting in the 
release of neo-antigens and increase the cross-presentation 
of these antigens via APCs to directly stimulate T-cell 
responses in TIME (110). Furthermore, radiotherapy 
can upregulate cell surface molecules (e.g., MHC class I 
and CD95) and increase the secretion of IFN-1 or other 
components of the antigen processing machinery to 
enhance the recognition ability of T cells (111). Moreover, 
radiotherapy promotes the release of cytokines to decrease 
the presence of MDSCs and increase the infiltration of 
effector T cells in the TIME (112). Also, radiotherapy can 
upregulate the expression of pro-inflammatory cytokines and 
chemokines, as well as NK activating ligands in TIME (13). 

However, the immune cells are commonly susceptible 
to radiation. Thus, they can be eliminated at much lower 
radiation doses than needed to kill tumor cells. Thereby, 
despite multiple mechanisms by which radiotherapy 
can activate anti-tumor immunity, high-dose radiation 
is immune suppressive in most clinical situations (13). 
Meanwhile, radiotherapy can upregulate the TIM-3 on 
CD8+ T cells and recruit Tregs in the TIME, which in turn 
suppresses the T cell-mediated anti-tumor immunity (113). 
Thus, the actual efficacy of radiotherapy plus ICI therapy 
still need to be determined in clinical trials.

Guided by these concepts, some trials were performed to 
reveal the potential clinical application value of radiotherapy 
plus ICI therapy. Results from KEYNOTE-001 phase I 
trial demonstrated that the PFS and OS of the patients 
previously received radiotherapy before Pembrolizumab 
were both significantly increased than those of the patients 
never received radiotherapy, and this improvement was 
regardless of radiation area or doses (114). Similarly, the 
results of a meta-analysis included 16 clinical trials revealed 

that the metastatic melanoma patients received combination 
therapy of radiotherapy plus Ipilimumab had higher ORR 
and longer OS than those received Ipilimumab alone (115). 
Further, radiotherapy can bring some potential benefits to 
those patients who are not sensitive to ICIs. For instance, 
despite Ipilimumab did not significantly improve the 
prognosis of the NSCLC patients, addition of radiotherapy 
could induce responses to Ipilimumab in part of NSCLC 
patients (115). In conclusion, combination of radiotherapy 
and ICIs showed great clinical applicant potential, but it is 
still urgent to elucidate the concrete efficacies with more 
specific clinical trials.

Combination with chemotherapy
Chemotherapy is another standard anti-tumor therapy 
widely in use worldwide for decades. Chemotherapy 
agents can enhance anti-tumor immunity through multiple 
pathways, such as exposing the tumor-associated antigens in 
cancer cells, promoting T cells infiltration, downregulating 
Tregs (116,117). Thus, to increase the response rate of ICIs, 
chemotherapy is an ideal partner to set up a combination 
treatment strategy. In the KEYNOTE-021 phase II 
trial, the ORR of Pembrolizumab plus chemotherapy 
(carboplatin and pemetrexed) group (55%) is significantly 
higher than that of chemotherapy alone group (29%), even 
in the patients with PD-L1 <1% (118). Based on these 
significant results, the combination of Pembrolizumab 
and chemotherapy (carboplatin plus pemetrexed) is under 
an accelerated approval process by the FDA as first-
line treatment for patients with metastatic nonsquamous 
NSCLC (119). 

Results from Impower 133 trial demonstrated that the 
extensive-stage small-cell lung (ES-SCLC) cancer patients 
receiving a combination of Atezolizumab and chemotherapy 
(carboplatin plus etoposide) as first-line treatment presented 
significantly longer OS and PFS, compared to those 
receiving chemotherapy alone (120). CASPIAN is a phase 
III trial to evaluate the potential of a combination strategy 
of Durvalumab and chemotherapy (platinum plus etoposide) 
as first-line treatment in ES-SCLC. The results showed 
that Durvalumab plus platinum-etoposide significantly 
improved the OS of ES-SCLC patients versus a clinically 
relevant control group (121). 

Results  from Impassion 130 trial  revealed that 
Atezolizumab plus nanoparticle albumin-bound (nab)-
paclitaxel significantly prolonged the PFS of metastatic 
TNBC patients in both the intention-to-treat population 
and the PD-L1-positive subgroup (122).
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Combination with other therapies
Similar to radiotherapy and chemotherapy, some other 
therapies also showed great potential to be combined 
with ICIs due to their effect on altering the TIME. Anti-
VEGF therapy, especially Bevacizumab, is a nonnegligible 
part of cancer treatment and achieved amazing success 
in recent years. In view of the immune-suppressing 
effect of VEGF in TIME, anti-VEGF agent is ideal 
for establishing combination therapy based on ICIs. 
Bevacizumab significantly extended the PFS from a median 
of 6.1 months for ICI monotherapy to 11.7 months for the 
doublet in patients with previously untreated hepatocellular  
carcinoma (123). Another anti-VEGF agent, Axitinib, 
also showed outstanding efficacy as first-line treatment of 
advanced renal cell carcinoma (aRCC) in a phase III clinical 
trial (124). Since deficiency of PD-L1 contributes to anti-
PD-1/PD-L1 therapy, treatments upregulating PD-L1 
expression in TIME might sensitize ICIs targeting PD-1/
PD-L1 axis (125). Also, the agents targeting epigenetic 
mechanisms are potential cooperators of ICIs. The addition 
of decitabine, which induced the inhibition of global 
methylation, could significantly improve the efficiency of 
anti-PD-1 therapy via upregulating constitutive PD-L1 
expression (126). Furthermore, the combination of novel 
epigenetic agent JQ1 and anti-PD-1 agents significantly 
improved the anti-tumor immunity in mice bearing KRAS-
driven NSCLC (127). 

Challenge of ICI

Primary resistance

Although there is a significant improvement in patient 
prognosis achieved with ICIs, the durable objective 
responses are variations among different cancer types 
and limited in only a minority of patients. Specific 
immunotherapy resistance mechanisms may exist in some 
patients before ICI treatment, and these individuals have 
primary resistance to ICIs. These mechanisms involve 
tumor cell-extrinsic factors and tumor cell-intrinsic factors. 
Tumor cell-extrinsic mechanisms resulting in ICI primary 
resistance involve components other than tumor cells within 
the TIME. These factors mainly apply to the cells or factors 
that suppress the immune system mentioned above.

Tumor cell-intrinsic factors that contribute to ICI 
primary resistance include expression or repression of 
specific genes in cancer cells that prevent infiltration or 
activation of immune cells within the TIME. First, since 

the absence of tumor neoantigens is necessary for T 
cells to recognize cancer cells, the poorly immunogenic 
tumors show unsatisfactory response to ICIs, for instance, 
pancreatic ductal adenocarcinoma (128). Furthermore, 
lacking infiltrating T cells is an essential reason for ICI 
primary resistance, the TIME with low TILs is also called 
“immune desertic landscape.” IDO, an endoenzyme 
expressed in pDC, TAM, and cancer cells, can induce 
immune tolerance by inhibiting the proliferation and 
activation of T cells. The presence of IDO significantly 
decreased the TILs while increasing the Treg/CD8+ T cell 
proportion in TIME (83). 

Meanwhile, stabilization of β-catenin resulting in 
constitutive Wnt signaling can induce T cell exclusion 
from cancers and therefore lead to ant-PD-1/anti-CTLA4 
resistance (129). Also, since abundant IFN-γ is essential 
for the efficacy of ICIs, some cancer patients lacking the 
genes (e.g., IFNGR1/2, JAK2, and IRF1) for a response 
to IFN-γ are more resistant to ICIs (130). Also, the tumor 
cell-intrinsic factors include activation of oncogenic 
proteins (e.g., MAPK and Wnt/β-catenin) and loss of 
tumor suppressor (e.g., PTEN). Activation of the MAPK 
pathway upregulated the secretion of immune-inhibitory 
proteins (e.g., IL-8 and VEGF) of cancer cells, which 
suppressed the recruitment and function of T cells (131). 
Besides, high density of VEGF can suppress the migration 
of immune cells to TIME, which is significantly correlated 
with formation of “cold tumor” microenvironment (132). 
Moreover, there is some epigenetic modification of the 
DNA in cancers leading to changes in gene expression 
of immune-related genes, which can impact antigen 
processing, presentation, and immune escape (11). In 
conclusion, some factors existing in TIME before treatment 
may contribute to primary ICI resistance.

Acquired resistance

The induction of long-lasting responses is regarded 
as a hallmark of cancer immunotherapy. However, 
because immunotherapy resculpts the tumor-immunity 
balance, some activated factors may in turn cause other 
immune-tolerant or inhibitory mechanisms, called 
acquired resistance. First, like PD-L1, IDO is also under 
the regulation of both intracellular and extracellular 
mechanisms. Since IFN-γ is the most potent inducer for 
IDO in cancer cells, the release of IFN-γ by ICIs can result 
in an upregulated expression of IDO in TIME, which can 
induce acquired resistance for ICIs (133). 
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Moreover, emerging evidence suggests that cancer 
cells can develop acquired resistance through decreased 
expression or mutations in the tumor antigens, which are 
essential for T cells to exert antitumor immunity. Since T 
cells reactivated by ICIs primarily recognize mutational 
neoantigens, the genetic deletions, mutations, or epigenetic 
changes that lead to loss of expression of these mutational 
neoantigens can result in acquired resistance to ICIs (58). 
Meanwhile, loss of B2M, an essential part of HLA class I 
folding and transport to the cell surface, can be observed 
after anti-PD-1 therapy. Due to the vital role of HLA class, 
I, in recognition ability of T cells, the genetic deficiency 
of B2M can lead to acquired resistance to ICIs (134). Also, 
some immune-suppressing factors can be upregulated after 
the first ICI treatment. In prostate cancer and melanoma 
patients following Ipilimumab therapy, elevated expression 
of VISTA on TILs and TAMs may be observed; suggesting 
that VISTA might be a compensatory resistance mechanism 
of ICIs (135). Of note, methylation of the PD-L1 promoter 
enhanced by anti-PD-1 therapy results in acquired 
resistance to ICIs in NSCLC (136). 

irAE

The release of T-cell function by ICIs may enhance T cell 
activity throughout the whole organism and therefore eases 
autoimmune reactions. Herein, ICIs can exacerbate pre-
existing processes and trigger autoimmunity in patients with 
genetic or acquired predisposing factors, or induce novel 
autoimmune disease in affected organs. These alterations 
can form clinical symptoms, the irAEs. Most commonly, the 
irAE profile consists of endocrine disorders, pneumonitis, 
dermatologic lesions, and colitis, but it also involves serious 
events such as cardiotoxicity, immune-related encephalitis, 
and peripheral nervous system disorder (137). irAEs typically 
occur within in early phase of ICI therapy (≤12 weeks  
after initial therapy) and rarely occur after one year of  
therapy (138). The incidence of irAEs with single-agent ICI 
varies by agents, cancer type, and disease setting. irAEs can 
be variable in their onset, dynamics, and presentation and 
often require specific management. Briefly, minor irAEs 
occur in about 90% of patients receiving anti-CTLA4 
agents while in 70% of patients receiving PD-1/PD-L1 
blockade agents (139). According to Common Terminology 
Criteria for Adverse Events (CTCAE) v5.0, irAEs are 
classified as low-grade (grades 1–2), high-grade (grades 3–4) 
and lethal (grade 5) (140). The frequency of high-grade and 
lethal irAEs are tripled in combination therapy, compared 

to ICI monotherapy (141). 
Emerging evidence presents the irAE onset is positively 

correlated with the efficacy of PD-1/PD-L1 blockade. 
Studies performed in different cancers, including NSCLC, 
melanoma, RCC, UCC, and HNSCC, revealed that the 
patients who experience irAEs had superior PFS and OS 
compared to the patients who did not experience irAEs. 
Also, the ORR and DCR were prolonged in patients 
who experienced irAEs, compared to those who did not 
experience irAEs (142-144). And further analysis revealed 
that, for NSCLC patients, the different irAE types seem to 
reflect the therapeutic efficacy, the patients who experienced 
thyroiditis had statistically significantly longer OS and PFS, 
compared to those who did not experience thyroiditis (142). 

Since some tumor-associated antigens are not specific, 
the reactivated T cells may target the tumor and healthy 
tissues harboring the same antigens. The study, including 
73 NSCLC patients receiving anti-PD-1 agents, revealed 
that shared T-cell clones between skin and cancer were 
present in all patients. Further experiments showed nine 
candidates shared antigens between skin and cancer, which 
showed the potential to elicit IFN-based T cells responses 
in stimulated peripheral blood mononuclear cells (145). 
Multiple mechanisms have been proposed to account for 
the development of irAEs, but the exact pathophysiology 
still is to be elucidated.  

Glucocorticoids have been proved to be effective 
methods to manage irAEs, but they can partially neutralize 
the effect of ICIs (146). Therefore, finding other effective 
agents to manage the irAEs is urgent to improve the efficacy 
of ICIs further. A phase II clinical trial, combining high-
dose with or without GM-CSF in metastatic melanoma 
patients, revealed that GM-CSF showed lower toxicities 
and better survival with equal ORR (147). Based on this 
finding, a phase III study (NCT02339571) of Ipilimumab 
and Nivolumab with or without GM-CSF is performed. 
For the patients who experienced irAEs during first ICI 
retreatment, about 52% of cases experienced irAEs again in 
the ICI treatment (148). 

Future of ICI

Novel ICIs

Since CSF1R signaling is essential for TAMs to acquire 
the immunosuppressive and pro-tumorigenic M2-like 
phenotype, Pexidartinib (PLX3397) which blocks CSF1/
CSF1R signaling is a potential trial to improve the efficacy 
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of ICIs (69). LAG3 blockade is regarded as a potential 
method to increase the responsiveness of CTLs. Nowadays, 
four agents are targeting LAG3 are in clinical trials as 
cancer treatment adjuvants, including MK-4280 (Merck), 
BMS-986016 (Bristol-Myers), IMP321 (Immutep) and 
LAG525 (Novartis) (149). IPH 2201 (Monalizumab), 
a humanized anti-NKG2A blocking mAb, increased 
degranulation and IFN-γ production by NKG2A+ NK cell 
against HLA-E+ target cells, thereby promoting NK cell 
effector functions. Since HLA-E was widely expressed on 
the surfaces of multiple cancer types, NKG2A blockade 
alone or, in combination with ICIs, might improve the 
anti-tumor efficacy of NK and CD8+ T cells in TIME,  
simultaneously (150). Emerging studies have proved that 
Monalizumab is a possible and ideal partner of ICIs for 
building a novel combination treatment strategy. The 
clinical trial NCT02671435, aiming at evaluating the 
toxicity and efficacy of Monalizumab plus Durvalumab, 
cons i s t s  o f  a  cohort  o f  pat ients  wi th  metas ta t ic 
microsatellite-sable (MSS) colorectal cancer, a population 
historically nonresponsive to PD-1/PD-L1 blockade. 
Preliminary data demonstrate that this combination 
of Monalizumab and Durvalumab has a manageable 
toxicity profile and encouraging activity in these patients. 
Meanwhile, for reactivating the NK cells, anti-KIR agents 
have also been developed, such as IPH2101 and IPH2102 
(Lirilumab), which are clinical grade IgG4 mAbs interacting 
with KIR2D (151). Most clinical trials of these two agents 
are performed in patients with hematologic malignancies, 
and there is no available data about their effects when in 
combination with ICIs. 

Combination of multiple ICIs

ICIs reactivate the T cells in TIME by inhibiting the 
immune checkpoint to exhibit therapeutic effects. However, 
T cells reactivated by anti-PD-1/PD-L1 or anti-CTLA4 
agent alone are possibly inhibited by other immune 
suppressing cells or factors in TIME (152). For instance, 
the T cells which are reactivated by Pembrolizumab could 
be suppressed by CTLA4, and they still in a state of anergy 
in TIME, consequently. Thus, the combination therapy 
of multiple ICIs is a potential way to further improve the 
efficacies of ICIs. The results from the CHECKMATE-227 
trial demonstrated that first-line treatment with Nivolumab 
plus Ipilimumab resulted in a longer duration of OS 
than chemotherapy in NSCLC patients, independent 
of the PD-L1 expression, despite Nivolumab alone 

exhibited no significantly better effects on OS than 
chemotherapy in advanced NSCLC patients (153). In the 
CHECKMATE-067 trial, the therapy-naïve patients with 
metastatic melanoma receiving Ipilimumab and Nivolumab 
had better ORR and 5-year survival rate with manageable 
irAEs, compared to Nivolumab or Ipilimumab alone (154).  
Results from CHECKMATE-032 demonstrated that, 
for treating patients with locally advanced or metastatic 
chemotherapy-re fractory  gas t r ic ,  e sophagea l  or 
gastroesophageal junction cancer, Ipilimumab further 
improved the ORR and 12-month PFS rate achieved by 
Nivolumab (155). Meanwhile, since the increase in Kyn/
Trp ratio has been regarded as an adaptive resistance 
mechanism associated with worse survival of patients treated 
with Nivolumab, targeting this metabolomic alteration 
caused by IDO expressed in TIME might benefit the  
ICIs (156). Guided with this concept, phase III EHO-301/
KEYNOTE-252 trial was performed, but the combination 
of Epacadostat (a selective IDO1 inhibitor) did not 
exhibit satisfactory results, unfortunately (157). A timely 
and appropriate monitoring serum Kyn/Trp should be 
highlighted to evaluate and select patients who are proper 
for combination of Epacadostat and anti-PD-1 agents (156).  
Taken above, for cancers with a certain status, the 
combination of various ICIs can overcome some problems 
of ICI monotherapy.

Patient selection

Although combination therapy of ICI and radiotherapy, 
chemotherapy can improve the efficacy of ICIs, the ORRs 
remain unsatisfactory. Thus, many efforts are underway to 
name reliable biomarkers to predict the response of ICIs. 
Nowadays, the best predictive biomarker identified is tumor 
mutational burden (TMB). TMB is highly relevant, as 
tumors with a higher mutational load exhibit higher levels 
of neoantigens capable of inducing anti-tumor immune 
responses (153). An elevated level of blood-based tumor 
mutational burden is positively correlated with the efficacy 
of Atezolizumab in treating NSCLC. Thus, it can be a 
clinically actionable biomarker for choosing appropriate 
patients (158). However, there are also some controversies 
about the predictive significance of TMB for ICIs. Since 
the inflamed tumors can undergo immune editing by 
promoting the loss of heterozygosity (LOH) in HLA locus 
(termed as HLA-LOH), whether high TMB tumors from 
highly inflamed cancers like NSCLC ultimately derive 
enhanced survival benefit ICIs. The latest results from 
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CHECKMATE-227 and MYSTIC revealed that high 
TMB might not be a useful predictor for survival benefit 
from a combination of Nivolumab and Ipilimumab (11). 
Besides, the TIME with high CD8+ T cell infiltration 
(termed as “hot tumor”) is associated with better ORR to 
ICIs (159). Similarly, the expression of intra-tumoral PD-
L1 is correlated with a better response to PD-1 or PD-
L1 antibodies in patients across multiple cancers (160). 
Moreover, in melanoma, baseline gut microbiota enriched 
with Faecalibacterium and other Firmicutes is associated 
with beneficial clinical response to Ipilimumab but more 
frequent occurrence of Ipilimumab-induced colitis (161). 

Prospect

Significant advancements have been made in the field 
of cancer immunotherapy due to elegant research work 
conducted to elucidate the dynamics of TIME. ICIs and 
chimeric antigen receptor (CAR)-T cells are the most 
potential approaches to further improve the prognosis 
of  cancer patients .  However,  despite the CAR-T 
cells achieved great success in treating hematological 
malignancies, they still face many obstacles in treating 
solid tumors. First, most CAR-T cells cannot recognize 
the tumor-specific antigens efficiently to exhibit adequate 
anti-tumor immunity. Furthermore, the physical barriers 
can prevent the afferent CAR-T cells to infiltrate into 
tumor microenvironment, and their poor infiltration 
cannot guarantee a valid killing efficiency. Last, those 
CAR-T cells successfully infiltrated into TIME cannot 
survive or proliferate as expected (162). ICIs exhibit ant-
tumor effects by reactivating the immune cells in TIME, 
thus ICIs showed better clinical efficacies than CAR-T 
cells in treating solid tumors. Due to its promising 
efficacy and low toxicity, ICIs have opened a new era for 
cancer treatment. However, the dynamics and complexity 
of TIME still limit the clinical advancement of ICIs. 
Since some patients who lack TIL or IFN-γ signaling 
in TIME are primarily resistant to ICIs, selecting the 
right patients is especially crucial for improving clinical 
efficacy. Thus, it is necessary to find new biomarkers 
for choosing proper patients to receive ICIs. Also, the 
immune-regulatory network can affect the efficacy of ICIs 
via inducing acquired resistance. Herein, establishing 
therapeutic strategies based on novel ICIs and other 
classical treatments is urgent to improve the efficacy of 
tumor immunotherapy further. Taken above, TIME plays 
a crucial role in regulating the efficacy and irAEs of ICIs. 

Deeper comprehension is required for studying the TIME 
to improve the clinical application of ICIs.
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