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Immune-based combination therapy to convert
immunologically cold tumors into hot tumors:
an update and new insights
Jiao-jiao Ni1,2,3,4, Zi-zhen Zhang2,3,4, Ming-jie Ge5, Jing-yu Chen2,3,4 and Wei Zhuo1,3,4

As a breakthrough strategy for cancer treatment, immunotherapy mainly consists of immune checkpoint inhibitors (ICIs) and other
immunomodulatory drugs that provide a durable protective antitumor response by stimulating the immune system to fight cancer.
However, due to the low response rate and unique toxicity profiles of immunotherapy, the strategies of combining immunotherapy
with other therapies have attracted enormous attention. These combinations are designed to exert potent antitumor effects by
regulating different processes in the cancer-immunity cycle. To date, immune-based combination therapy has achieved
encouraging results in numerous clinical trials and has received Food and Drug Administration (FDA) approval for certain cancers
with more studies underway. This review summarizes the emerging strategies of immune-based combination therapy, including
combinations with another immunotherapeutic strategy, radiotherapy, chemotherapy, anti-angiogenic therapy, targeted therapy,
bacterial therapy, and stroma-targeted therapy. Here, we highlight the rationale of immune-based combination therapy, the
biomarkers and the clinical progress for these immune-based combination therapies.
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INTRODUCTION
Cancer treatment has progressed rapidly over the past 30 years,
and has entered a new era of targeted therapy and immunother-
apy, moving from traditional radiotherapy and chemotherapy.
Especially for cancer immunotherapy, boosting the body’s
immune system to fight cancer, was considered one of the top
10 breakthroughs in 2013 in the Science journal. Immunotherapies
have exhibited remarkable and durable clinical efficacy in some
refractory cancers and have been broadly applied across multiple
cancer types.
However, given the complexity of the tumor immune micro-

environment and the multifactorial mechanisms affecting the
responses to immunotherapy, immunotherapy as monotherapy
has not exhibited satisfactory efficacy in some clinical settings.
Therefore, numerous studies have extensively investigated the
interaction and crosstalk between immunotherapy and other
therapies. Researchers are dedicated to improving the tolerance
and response rate of immunologic agents, prolonging the
response time, and strengthening the control of tumor progres-
sion through immune-based combination therapies.
In this article, we overview the emerging strategies of immune-

based combination therapy, including combinations with another
immunotherapeutic strategy, radiotherapy, chemotherapy, anti-
angiogenic therapy, targeted therapy, bacterial therapy, and
stroma-targeted therapy. We also highlight the rationale of

immune-based combination therapy, the biomarkers and the
clinical progress for these immune-based combination therapies.

CANCER-IMMUNITY CYCLE
The principle of immunotherapy is based on the cancer-immunity
cycle, including the release and presentation of cancer cell
antigens, the priming and activation of antigen-specific T cells, the
transport and infiltration of T cells into tumors, and the
recognition and killing of cancer cells by activated T cells [1].
Normally, this cycle is complete and continuous, and effectively
defends against cancer cells without being restrained. However,
immune evasion is a characteristic of malignant tumors. There are
numerous mechanisms by which cancer cells evade immune
recognition and avoid immune destruction, including poor
immunogenicity of tumor antigens, immunosuppressive antigen
presenting cells, poor T-cell priming, impaired T-cell trafficking,
disordered neovascularization, low affinity for tumor antigens, and
exhausted or dysfunctional T cells (Fig. 1). Once the immunity
cycle is interrupted, cancer starts to occur and progress [1].
A comprehensive understanding of the mechanisms of the

cancer-immunity cycle provides a theoretical basis for immu-
notherapy. In addition to immune checkpoint inhibitors (ICIs),
other types of immunotherapies are also progressing rapidly,
including cytokines, costimulatory receptor agonists, chimeric
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antigen receptor T (CAR-T) cells, cancer vaccines, oncolytic viruses,
macrophage-targeted therapy, and agonists of the cyclic GMP-
AMP synthase-stimulator of interferon genes (cGAS-STING) path-
way, which play specific roles in different steps in the cancer-
immunity cycle (Fig. 1) [2]. In addition, other conventional
therapies, such as chemotherapy, radiotherapy, targeted therapy,
and anti-angiogenic therapy, all participate in the regulation of the
cancer-immunity cycle and synergistically promote antitumor
responses when combined with immunotherapy (Fig. 1). Hence,
immune-based combination therapies activate the immune
system and strengthen antitumor responses to turn cold tumors
into hot tumors, and this process deserves further study.

IMMUNE CHECKPOINT INHIBITORS
Immunotherapies mainly consist of ICIs, cytokines, costimulatory
receptor agonists, adoptive T-cell transfer, oncolytic viruses,

cancer vaccines, macrophage-targeted therapy, and cGAS-STING
agonists, among which ICIs are the most widely used. Immune
checkpoints are divided into costimulatory immune checkpoints
and coinhibitory immune checkpoints. Inhibitory immune check-
points are protective sites that inhibit immune overreactions and
prevent autoimmune responses, and these checkpoints are often
upregulated by tumors to cause immune evasion. Hence, immune
checkpoint inhibitors (ICIs) promote the immune activation state
and exert potent antitumor effects by blocking coinhibitory
receptor-ligand interactions and rejuvenating dysfunctional or
exhausted cytotoxic T cells (CTLs).
Currently, ICIs are mainly designed to target cytotoxic

T lymphocyte-associated antigen-4 (CTLA-4), programmed cell
death protein 1/programmed cell death ligand 1 (PD-1/PD-L1),
T-cell immunoglobulin and mucin-domain containing-3 (TIM-3),
lymphocyte activation gene-3 (LAG-3), T-cell immunoglobulin and
ITIM domain (TIGIT), V-domain Ig suppressor of T-cell activation

Fig. 1 Immune-based combination therapies convert cold tumors into hot tumors by regulating the cancer-immunity cycle.
Immunotherapy is based on the cancer-immunity cycle, including the release and presentation of tumor antigens, the priming and
activation of T cells, the trafficking and infiltration of T cells into tumors, and the recognition and killing of tumor cells by activated T cells.
However, multiple mechanisms lead to immune evasion. Numerous therapies, including chemotherapy, radiotherapy, targeted therapy, and
anti-angiogenic therapy, all regulate the immune microenvironment and complement immunotherapy for stronger antitumor responses. TSA
tumor-specific antigen, TLR toll-like receptors, DC dendritic cell, TKI tyrosine kinase inhibitor, CAR-T cell chimeric antigen receptor T cell, BsAbs
bispecific antibodies, CAF cancer associated fibroblast, DAMPs damage-associated molecular patterns, APCs antigen presenting cells. Adapted
from [1].
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(VISTA), and B and T-cell lymphocyte attenuator (BTLA), among
which PD-1/PD-L1 and CTLA-4 are the most widely used and
prominent targets of immunotherapy [3]. To date, ICIs have
exhibited remarkable and durable clinical efficacy in some
refractory cancers, especially in melanoma. Nevertheless, many
patients do not experience sufficiently effective or durable clinical
benefits when treated with immunotherapy alone. Thus, it is
urgent to explore the effectiveness of combination therapy.

COMBINATION OF TWO ICIS
Different immune checkpoints have specific spatiotemporal
effects, such as CTLA-4 and PD-1/PD-L1 [4]. CTLA-4 is primarily
involved in regulating T-cell activation in lymph nodes and
inhibiting dendritic cell (DC) activity via regulatory T cells (Tregs),
whereas PD-1 is mainly involved in inhibiting effector T-cell and
natural killer (NK) cell activation and inducing Treg differentiation,
typically in peripheral lymphatic tissues including tumor tissues.
CTLA-4 suppresses T-cell proliferation at the initial stage of
immune responses, whereas PD-1 inhibits preactivated T cells at a
later stage of this response process [5]. Upon treatment, the anti-
CTLA-4 antibody activates antigen-specific CD4+ T cells and clears
Tregs in the tumor microenvironment (TME). Blocking PD-1/PD-L1

restores the cytotoxic function of CTLs inside the tumor [1].
Therefore, due to the different roles in immune responses,
the combination of dual ICIs separately targeting CTLA-4 and
PD-1/PD-L1 seems to represent a promising clinical treatment and
has aroused extensive attention.
Indeed, the combinations of dual ICIs have acted synergistically

against cancer in many clinical trials, leading to the FDA approval of
these combinations in cancer treatment. For instance, the combina-
tion of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) has been
approved by the FDA for the treatment of melanoma, renal cell
carcinoma (RCC), colorectal cancer (CRC), hepatocellular carcinoma
(HCC), non-small cell lung cancer (NSCLC), and malignant pleural
mesothelioma (MPM) (Table 1). Melanoma was the first tumor
approved for the treatment using a dual ICI combination. The latest
data from the phase III CheckMate-067 study with a minimum
follow-up of 6.5 years showed that nivolumab combined with
ipilimumab resulted in a notably longer median overall survival (OS)
(72.1 vs. 36.9 vs. 19.9 months), a longer median progression-free
survival (PFS) (11.5 vs. 6.9 vs. 2.9 months), and increased the
objective response rate (ORR) (58.3% vs. 44.9% vs. 19.0%) than
nivolumab alone or ipilimumab alone [6]. Another phase III
CheckMate-214 study was designed to compare the efficacy and
safety of dual ICIs and sunitinib in the first line treatment of

Table 1. Key clinical trials of the combination of different ICIs.

Study Indication Phase Treatment (n) Efficacy endpoints Grade
3/4 AEs

Reference

RR PFS OS

CheckMate-227
(NCT02477826)

NSCLC 3 Ipilimumab +
nivolumab (583)

35.9% / 17.1 m 32.8% [235]

Chemotherapy (583) 30.0% / 13.9 m 36.0%

CheckMate-214
(NCT02231749)

RCC 3 Ipilimumab +
nivolumab (550)

42% 11.6m 18-month OS
rate 75%
vs. 60%

46% [7]

Sunitinib (546) 27% 8.4m 63%

CheckMate-067
(NCT01844505)

Melanoma 3 Nivolumab +
ipilimumab (314)

58.3% 11.5m 72.1 59% [6]

Nivolumab (316) 44.9% 6.9m 36.9 24%

Ipilimumab (315) 19.0% 2.9m 19.9 28%

CheckMate-069
(NCT01927419)

Melanoma 2 Nivolumab + ipilimumab (95) 59% 2-year PFS rate
51.3%
vs. 12.0%

2-year OS rate
63.8%
vs. 53.6%

54% [236]

Ipilimumab (47) 11% 20%

CheckMate-142
(NCT02060188)

MMR/MSI-H CRC 2 Nivolumab +
ipilimumab (119)

55% 1-year PFS
rate 71%

1-year OS
rate 85%

32% [223]

ARCTIC
(NCT02352948)

NSCLC 3 Durvaluma +
tremelimumab (174)

26% 3.5m 11.5m 74% [237]

Standard of care (118) 8% 3.5m 8.7m 57%

CONDOR
(NCT02319044)

HNSCC 2 Durvalumab +
tremelimumab (133)

7.8% 2.0m 7.6m 15.8% [238]

Durvalumab (67) 9.2% 1.9m 6.0m 12.3%

Tremelimumab (67) 1.6% 1.9m 5.5m 16.9%

DANUBE
(NCT02516241)

Urothelial carcinoma 3 Durvalumab +
tremelimumab (342)

36% 3.7m 15.1m 27% [239]

Chemotherapy (344) 49% 6.7m 12.1m 60%

NCT02919683 Oral Cavity Squamous
Cell Carcinoma

2 Nivolumab + ipilimumab (15) 38% / / 33.3% [240]

Nivolumab (14) 13% / / 14.3%

CheckMate-650
(NCT02985957)

Prostate Cancer 2 Nivolumab + ipilimumab
(pre-chemotherapy; 45)

25% 5.5m 19.0m 17.6% [205]

Nivolumab + ipilimumab
(post-chemotherapy; 45)

10% 3.8m 15.2m 10.0%

CheckMate-743
(NCT02899299)

Malignant pleural
mesothelioma

3 Nivolumab +
ipilimumab (303)

32% 6.8m 18.1m 30% [241]

Chemotherapy (302) 8% 7.2m 14.1m 32%
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advanced clear-cell RCC [7]. The results showed that compared with
sunitinib, the combination group showed an improved OS rate (75%
vs. 60% at 18 months) and a higher ORR (42% vs. 27%). In another
phase II CheckMate-142 study, the combination of ipilimumab and
nivolumab showed robust and durable clinical benefit in metastatic
microsatellite instability high (MSI-H)/deficient DNA mismatch repair
(dMMR) CRC patients [8, 9]. Clinical trials combining anti-CLTA-4 and
anti-PD-1 antibodies in more tumor types are actively underway.
However, dual ICI therapy also has problems that need to be
overcome, including an increased incidence of immune-related
adverse events (irAEs) (Table 1), inability to delay early progression,
and high cost.
Beyond PD-1/PD-L1 and CTLA-4, the clinical application of novel

ICIs targeting other inhibitory receptors, including TIM-3, LAG-3,
TIGIT, VISTA, and BTLA, is being explored. Preclinical studies have
indicated the therapeutic potential of these second-generation ICIs
to restrict tumor growth [10], especially in combination with anti-
PD-1/PD-L1/CTLA-4 antibodies [11, 12]. For example, LAG-3, as one
of the most promising ICI targets, is a negative regulator of CD4+

T-cell activation and T-cell function, while enhancing Treg activity
by binding to major histocompatibility complex (MHC) class II
molecules [13, 14]. LAG-3- and PD-1-positive CD8+ T cells have been
identified with distinct phenotypes and functions, indicating the
potential of dual ICI treatment [15]. Indeed, combinatorial anti-LAG-
3/anti-PD-1 treatment sensitized mice resistant to a single drug and
significantly inhibited tumor growth by synergistically boosting the
immune system [16]. A recent phase III RELATIVITY-047 study
showed that the combination of the LAG-3 inhibitor relatlimab and
nivolumab improved the median PFS compared with nivolumab
alone (10.1 vs. 4.6 months) [17]. TIGIT, which is specifically expressed
on activated T cells and NK cells, induced immunosuppression by
competing with CD226 to bind CD155 [18]. Considering that
blocking TIGIT and PD-1/PD-L1 activates NK cells and T cells
respectively, dual ICI therapy seems to be a promising combinatorial
strategy. In fact, TIGIT and PD-L1 were coexpressed on tumor
antigen-specific CD8+ T cells from melanoma patients, and
coblockade promoted T-cell proliferation and function in various
tumors [19, 20]. The CITYSCAPE trial involving 135 patients
presented promising efficacy and well-tolerated toxicity of the
TIGIT-inhibitor tiragolumab plus atezolizumab (anti-PD-L1) in PD-L1
positive NSCLC with a notable improvement in the ORR (66% vs.
24%) compared with atezolizumab alone [21]. More related studies
are underway (NCT04080804, NCT03662659, NCT03680508, and
NCT04139902) [22].

ICIS COMBINED WITH ANOTHER IMMUNOTHERAPEUTIC
STRATEGY
Cytokines
The most widely used cytokine in the past was traditional
interleukin-2 (IL-2), which has now been replaced by bempegal-
desleukin (BEMPEG), a novel CD122-preferential IL-2 pathway
agonist. BEMPEG activates and stimulates the proliferation of NK
cells and effector T cells by binding to the IL-2βγ receptor on these
cell surfaces, thus playing a crucial role in the stimulation of the
antitumor immune response [23, 24]. In patients with advanced
solid tumors, BEMPEG treatment showed clinical benefit and
tolerable safety although accompanied by increased expression of
PD-L1, suggesting the rationality of ICI-based combination therapy
[25]. In fact, combining IL-2 with PD-L1 blockade synergistically
promoted CD8+ T-cell activation in a chronic inflammation mouse
model, providing the basis for clinical trials [26]. Indeed, the
combination of BEMPEG and nivolumab has reached some
positive clinical outcomes in solid tumors. In 2019, the FDA
granted breakthrough therapy designation to the combination of
BEMPEG plus nivolumab for the treatment of treatment-naïve,
unresectable or metastatic melanoma patients based on the
encouraging preliminary phase II data of the PIVOT-02 study

(NCT02983045) [27]. Recently, the PIVOT-02 study updated its
latest data and showed the excellent antitumor activity and well-
tolerated safety of the combination group with a 52.6% ORR in
first-line metastatic melanoma and a 34.7% ORR in first-line RCC
[28, 29]. Another phase III PIVOT IO 001 trial comparing BEMPEG
plus nivolumab with nivolumab alone in malignant melanoma
patients is in progress [30].

Costimulatory receptor agonist
A variety of costimulatory receptors participate in the tumor
immune response, including 4-1BB (CD137), OX40 (CD134), and
GITR (CD357). The use of agonists of these receptors has been
reported to cause tumor regression in preclinical and clinical
studies [31–34]. Considering that costimulatory agonists may
upregulate PD-L1 and are insufficient to activate effector T cells as
monotherapy, further evaluation of combination with ICIs is
ongoing [35, 36]. Preclinical studies have shown that the
combination of costimulatory agonists and ICIs has striking
synergistic effects on immune responses in multiple cancers
[37–39]. A phase Ib study found that the combination of
utomilumab, a 4-1BB agonist and pembrolizumab (anti-PD-1) led
to a 26.1% complete or partial response rate in patients with
advanced solid tumors without dose-limiting toxicities [40],
supporting further investigation. Similarly, sotigalimab, a CD40
agonistic monoclonal antibody, was tolerable and effective in
metastatic pancreatic adenocarcinoma when combined with
gemcitabine, nab-paclitaxel, and nivolumab in a phase Ib study
[41]. Based on the supportive clinical results, sotigalimab obtained
orphan drug designation granted by the FDA for the treatment of
esophageal, gastroesophageal junction, and pancreatic cancer
in 2021.

CAR-T cells
CAR-T cells are genetically modified T cells that are transduced
with an engineered CAR fusion protein by means of a retrovirus or
lentivirus into autologous T cells. CAR-T cells express a single-chain
variable fragment (scFV) antigen-recognition domain, a CD3-
derived T-cell activation domain, and a costimulatory domain
(CD28, 4-1BB, or both) [42]. Thus, CARs recognize specific cell
surface antigens and trigger T-cell activation in an MHC-
dependent manner, as extensively studied in hematologic
malignancies [43]. Although CAR-T cells infiltrate into the tumor
and kill tumor cells, their function may be inhibited by an
immunogenically silent TME partially induced by an upregulated
immune checkpoint, which could be reversed by ICIs. Hence, the
combination of ICIs and CAR-T cell therapy may produce
synergistic effects. The enhanced antitumor immunity of the
combination therapy observed in preclinical studies has sup-
ported further clinical research [44, 45]. A case published in 2017
reported that a refractory diffuse large B-cell lymphoma patient
used pembrolizumab after failure of anti-CD19 CAR T-cell therapy.
Following PD-1 blockade, the patient experienced multiple lesion
regression with expansion of CART19 cells and TCRβ T-cell
clones [46].

Cancer vaccines
The weak immunogenicity of tumor cells contributes to immune
evasion. Therefore, therapeutic cancer vaccines that stimulate
patients’ own immune systems and produce antigen-specific
immune responses have gained recognition. Currently, there are
many cancer vaccines under preclinical and clinical studies,
including Tedopi for lung cancer, ilixadencel for RCC, GVAX for
pancreatic cancer, and PolyPEPI1018 for CRC [47]. Among them,
the only vaccine approved for cancer treatment is sipuleucel-T for
prostate cancer, which is an autologous dendritic cell preparation
targeting prostatic acid phosphatase (PAP). Sipuleucel-T treatment
for castration-resistant prostate cancer patients showed an OS
benefit [48]. However, tumor-associated antigens (TAAs), as
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nonmutated self-antigens, have poor clinical effects with many
adverse effects including central tolerance and overactive auto-
immune toxicity. Therefore, cancer neoantigens, as a type of
tumor-specific antigen (TSA), are the products of somatic
mutations that exclusively exist on tumor cells but not on normal
cells. TSA-targeted therapy has aroused widespread interest and
has shown remarkable progress [47].
However, high PD-1 expression in antigen-specific T cells was

observed when multiple cancers were treated with cancer
vaccines [49, 50]. Cancer vaccines mainly affect the first three
steps of the cancer-immunity cycle: tumor antigen release, tumor
antigen presentation, and T-cell priming. However, the remaining
steps and eventual efficacy still rely on the continuous activation
of effector T cells in an immunologically hot TME. Therefore, the
combination of cancer vaccines and ICIs may enhance clinical
responses. To date, some phase I trials have shown a synergistic
effect of ICI-based cancer vaccine therapy [51–54]. For example, a
phase I study (KEYNOTE-603) found that the combination of
mRNA-4157, a cancer neoantigen, with pembrolizumab contrib-
uted to encouraging clinical responses and neoantigen-specific
CD8+ T-cell responses [55]. However, other trials reported
unresponsive cases without expected improvement in OS and
PFS [56–58]; thus, the conclusion is controversial. Therefore, more
studies are planned to explore the efficacy, biomarkers, and
optimal doses and regimens of ICI-based cancer vaccine therapy
(NCT04300244, NCT03632941, and NCT03743298).

Oncolytic viral therapy
Oncolytic viruses are directly obtained or artificially modified from
natural viruses, which exert antitumor effects mainly through dual
mechanisms. First, oncolytic viruses preferentially infect, replicate
in and damage tumor cells rather than normal cells, leading to
immunogenic cell death (ICD) and the release of soluble tumor
antigens. Second, oncolytic viruses bearing nonlytic vectors
express therapeutic genes such as pro-inflammatory cytokines to
generate antitumor effects. Talimogene laherparepvec (T-VEC), an
attenuated HSV-1 that is engineered to express granulocyte-
macrophage colony-stimulating factor (GM-CSF), is a first-in-class
oncolytic viral immunotherapy [59]. The FDA has approved T-VEC
for the treatment of unresectable, cutaneous, subcutaneous and
nodal lesions in melanoma patients who experience recurrence
after surgery based on the phase III OPTiM study. Final analyses of
the OPTiM study showed that T-VEC provided a longer protective
antitumor response than GM-CSF (median OS: 23.3 vs.
18.9 months; ORR: 19.0% vs. 1.4%) with well-tolerated safety [60].
Oncolytic viruses have been widely reported to promote tumor

antigen release and T-cell recruitment, promisingly synergistically
with ICIs to drive different steps of the cancer-immunity cycle. In
addition, viral infection also upregulates the expression of
immune checkpoint molecules, including CTLA-4 and PD-L1,
which may sensitize tumors to ICIs. Therefore, the combination
of ICIs and oncolytic viruses has attracted enormous attention.
Preclinical studies have found that oncolytic viruses increased the
sensitivity of tumor cells to ICIs in melanoma and triple-negative
breast cancer (TNBC) [61, 62]. Recently, a randomized phase II
study enrolling 198 patients showed that the combination of
T-VEC and ipilimumab notably improved the ORR (39%) compared
to ipilimumab alone (18%) without additional safety concerns in
advanced unresectable melanoma [63], indicating the potential
value of combined ICIs and viral therapy in cancer treatment.

Macrophage-targeted therapy
Macrophages, an important component in the TME, are highly
plastic and can be simply divided into two types: M1 and M2. M1
macrophages have stronger tumor-killing and antigen-presenting
abilities, which promote antitumor adaptive immunity. However,
M2 macrophages, as the majority of tumor-associated macro-
phages (TAMs), tend to be anti-inflammatory and pro-tumor [64].

On the one hand, TAMs establish a tumor-supporting TME by
producing growth factors, NF-κB, and pro-angiogenic factors,
thereby promoting tumor progression and metastasis. On the
other hand, TAMs with poor antigen-presenting ability establish
an immunosuppressive TME and induce immune escape by
releasing immunosuppressive factors (IL-1, IL-10, TNF-α), upregu-
lating the expression of immunosuppressive molecules (PD-L1,
MHC-I, CD80), and recruiting immunosuppressive cells [65].
Importantly, analysis of clinical tumor tissues revealed a correla-
tion between PD-L1 expression and TAM infiltration [66, 67].
Hence, targeting TAMs has great potential for ICI-based combina-
tion therapy [68].
TAM-targeted therapies are mainly divided into three cate-

gories: (1) inhibition of TAM survival mainly by targeting colony
stimulating factor 1 (CSF1) and CSF receptor (CSF1R); (2) inhibition
of TAM recruitment by targeting CCL2, CCR2, and CXCR4; (3)
reprogramming of TAMs by CD47 inhibitors, CD40 agonists, and
TLR agonists [68]. Among them, the most studied target to inhibit
TAM survival is the CSF1/CSF1R axis, which is crucial for TAM
production, differentiation, and activation. Combining anti-PD-L1
and the CSF1R inhibitor pexidartinib has elicited potent antitumor
activity by reducing TAM infiltration and activating CD8+ T cells in
animal models of CRC, HCC, and esophageal adenocarcinoma
[69, 70]. Recently, a phase Ib study (NCT02323191) revealed a
manageable safety profile of anti-CSF1R emactuzumab combined
with atezolizumab in advanced solid tumor patients with a 12.5%
ORR for ICI-experienced NSCLC patients [71]. Similarly, the
combination of AMG 820 (anti-CSF1R) and pembrolizumab
showed an acceptable safety profile despite insufficient efficacy
in adults with advanced solid tumors, which deserves further
improvement [72]. For another TAM-targeting strategy, inhibition
of TAM recruitment, the results from PICCASSO and COMBAT trials
showed that combining pembrolizumab with maraviroc (anti-
CCR5) or BL-8040 (anti-CXCR4) in colorectal and pancreatic cancer,
respectively, achieved modest clinical outcomes [73, 74].
Currently, numerous clinical studies are assessing the combination
of TAM-targeted therapy and immunotherapy, such as
NCT02880371, NCT02452424, and NCT02777710.

cGAS-STING agonists
In addition to adaptive immunity, innate immunity also con-
tributes to the cancer-immunity cycle. The cGAS-STING pathway is
an important modifier and connector of the innate and adaptive
immune systems. During tumorigenesis, exogenous DNA from
tumor cells interacts with the cytosolic DNA sensor cGAS to
catalyze adenosine triphosphate (ATP) and guanosine tripho-
sphate (GTP) to produce 2ʹ,3ʹ-cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP), subsequently activating
STING and inducing the release of type I interferons (IFNs) and
proinflammatory cytokines [75]. These released factors further
activate dendritic cells, promote the priming and activation of
T cells and NK cells [76], and eventually generate strong antitumor
responses. Indeed, the STING pathway is silenced in multiple
cancers including pancreatic cancer [77], colon cancer [78], and
melanoma [79], and activation of the cGAS-STING pathway
effectively inhibits tumor metastasis. Considering the great
potential of STING agonists in cancer treatment, several drugs
have entered the clinical research stage, including ADU-S100 [75],
E7766 [80], MK-1454 [81], BMS-986301, and SB-1128 [82].
However, preclinical studies have also presented the immuno-

suppressive functions of STING agonists in certain tumors. For
example, activated STING enhanced Treg infiltration in HPV-related
tongue squamous cell carcinoma [83]. STING agonists induced
T-cell suppression and immune tolerance in an indoleamine
2,3-dioxygenase (IDO)-dependent manner in Lewis lung carcinoma
(LLC) [84]. Moreover, a correlation between STING activation and
upregulation of PD-L1 expression was observed in ovarian cancer
mouse models [85]. The results from the MK-1454-001 trial showed
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a modest response in patients treated with MK-1454 alone [86].
Therefore, ICIs may block the pro-tumor effects of STING agonists
and convert immunologically cold tumors into hot tumors, making
combination therapy a better treatment strategy.
Indeed, preclinical studies have shown stronger antitumor

efficacy when STING agonists are combined with ICIs [85, 87, 88].
For example, the most striking tumor shrinkage was observed in
advanced MC38 and B16F10 mouse models treated with the
combination of MK-1454 and the anti-PD-1 antibody mDX400 [81].
STING agonist-combined therapy has entered the clinical trial
stage. The results from the phase I MK-1454-001 study found that
the combination of MK-1454 and pembrolizumab produced
encouraging efficiency with acceptable safety in solid tumors
and lymphomas [86]. Other phase II studies investigating the
efficacy and safety of STING agonists and pembrolizumab
combination therapy in head and neck squamous cell carcinoma
(HNSCC) are also underway (NCT04220866 and NCT03937141).

IMMUNOTHERAPY COMBINED WITH RADIOTHERAPY
Radiotherapy uses high doses of ionizing radiation to directly
damage cell DNA, which kills cancer cells, shrinks tumors, and
reduces tumor burden. Radiotherapy has complex effects on the
immune system. On the one hand, radiotherapy causes ICD of
tumor cells partially by upregulating the release of damage-
associated molecular patterns (DAMPs), mainly calreticulin on the
tumor cell surface, high mobility group box 1 (HMGB1), heat shock
proteins (HSPs), and ATP. These released DAMPs promote DC
maturation; improve the antigen-presenting ability of DCs;
stimulate the release of IL-2, IL-4, and INF-γ; and eventually elicit
a stronger antitumor response [89, 90]. In addition, radiotherapy
could induce the secretion of inflammatory cytokines and
chemokines, such as IFNs, IL-1β, and CXCL9, and facilitate the
infiltration of DCs and effector T cells, thereby modulating the
immune status of the TME. For instance, the increased release of
tumor necrosis factor (TNF) induced by radiotherapy remarkably
reduced the proportion of myeloid-derived suppressor cells
(MDSCs) [91]. On the other hand, many studies have revealed
the immunosuppressive role of radiotherapy. In addition to
myelosuppression and peripheral blood loss, radiotherapy

upregulates the expression of negative immune checkpoint
ligands such as PD-L1, which may enhance the susceptibility of
tumor cells to ICIs [91, 92]. Radiotherapy also induced the
secretion of anti-immunogenic cytokines and chemokines such
as TGF-β, IL-6, and CXCL12, and subsequently increased the tumor
infiltration of immunosuppressive cells, including MDSCs, Tregs,
and M2 macrophages [93]. In summary, these findings provide a
theoretical basis for combined radiotherapy and immunotherapy.
Interestingly, a very few clinical cases and some animal models

observed a phenomenon that local radiotherapy at the primary
tumor site shrank tumors at distant metastases, which was called
the abscopal effect of radiotherapy [94, 95]. Possible mechanisms
include the distant transfer of activated effector T cells, improve-
ments in DC function, and the release of multiple cytokines [96].
Studies have shown that the integrity of the host’s immune
system determines the radiosensitivity of tumors and the
incidence of abscopal effects. Recently, it was found that
immunotherapy reversed immunosuppression and boosted the
abscopal effect in multiple cancers including rectal cancer and
prostate cancer [97–100]. Regarding biomarkers, using data from
three institutional phase I/II studies, absolute lymphocyte count
was reported to predict abscopal responses in patients receiving
combined immunotherapy and radiotherapy [101].
In addition to abscopal responses, the combined application of

radiotherapy and different immunotherapies (such as ICIs,
cytokines, and costimulatory antibodies) has also been demon-
strated to improve antitumor immunity responses in multiple
cancers by boosting radiotherapy-induced immune activation and
blocking the immunosuppressive effects of radiotherapy (Table 2).
For example, a phase III PACIFIC study showed that adding
durvalumab after chemoradiation therapy in stage III NSCLC
patients improved the 24-month OS rate (66.3% vs. 55.6%,
P= 0.005) and prolonged PFS (17.2 vs. 5.6 months, hazard ratio
[HR]= 0.51) with manageable safety compared with those with
placebo [102]. Another phase III study (CA184-043) enrolled
799 post-docetaxel metastatic castration-resistant prostate cancer
patients to evaluate the activity of ipilimumab versus placebo
following radiotherapy [103]. At a median follow-up of 2.4 years,
compared with placebo treatment, the addition of ipilimumab to
radiotherapy markedly improved OS rates at 2 years (25.2% vs.

Table 2. Key clinical trials of immunotherapy combined with radiotherapy.

Study Indication Phase Treatment (n) Efficacy endpoints Grade
3/4 AEs

Reference

RR PFS OS

PACIFIC (NCT02125461) NSCLC 3 Durvalumab +
chemoradiation therapy (473)

30.0% 17.2m 24-month OS
rate 66.3%
vs. 55.6%

30.5% [102, 242]

Chemoradiation therapy (236) 17.8% 5.6m 26.1%

PEMBRO-RT (NCT02492568) NSCLC 2 Pembrolizumab + SBR (36) 36% 6.6m 15.9m / [243]

Pembrolizumab (40) 18% 1.9m 7.6m /

NCT02316002 NSCLC 2 Pembrolizumab + LAT (45) / 19.1 m 24-month OS
rate 77.5%

/ [244]

NCT01807065 Prostate cancer 2 Sipuleucel-T+ RT (25) / 3.65m / 4% [245]

Sipuleucel-T (24) / 2.46m / 0%

CA184-043 (NCT00861614) Prostate cancer 3 Ipilimumab + RT (399) / / 5-year OS rate
7.9% vs. 2.7%

59% [103]

RT (400) / / 41%

NCT02704156 Pancreatic cancer 2 Pembrolizumab +
SBRT+ trametinib (85)

/ 18.3 m 24.9m 31% [246]

SBRT+ gemcitabine (85) / 15.6 m 22.4m 20%

PEMBRO-RT
(NCT02492568)+MDACC
(NCT02444741)

NSCLC 1/2 Pembrolizumab + RT (72) 41.7% 9.0m 19.2m / [247]

Pembrolizumab (76) 19.7% 4.4m 8.7m /

(NCT02730130) TNBC 2 Pembrolizumab + RT (17) 17.6% 2.6m 7.6m 23.5% [248]
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16.6%), 3 years (15.3% vs. 7.9%), 4 years (10.1% vs. 3.3%), and 5
years (7.9% vs. 2.7%), indicating that radiotherapy and ICIs have a
synergistic antitumor effect in prostate cancer.
However, combination therapy only benefits some patients, and

how to preselect these responders is very important. A review
summarized the currently discovered biomarkers used to char-
acterize the immune activation status after the combined applica-
tion of radiotherapy and immunotherapy, and proposed an
integrated model including the analysis of peripheral blood
samples, histological specimens and medical imaging reports
[104]. To achieve the best efficacy, more clinical trials are needed
to determine the optimal time, doses, location, and fractionation of
radiotherapy.

IMMUNOTHERAPY COMBINED WITH CHEMOTHERAPY
Chemotherapy uses powerful chemicals to destroy rapidly
growing tumor cells and has dual immune-modulating effects
on the TME. It was historically considered that chemotherapy
exhibited bone marrow toxicity, impaired antitumor immune cells,
and induced immune tolerance and immunosuppression. How-
ever, numerous studies have gradually revealed the promotion of
antitumor immune response by chemotherapy [105]. On the one
hand, chemotherapy affects tumor immunity by directly modify-
ing tumor cells, including enhancing the antigenicity of tumor
cells (cyclophosphamide, gemcitabine, platinum, and paclitaxel)
[105], inducing ICD of tumor cells to produce an antigen-specific
immune response (anthracyclines and oxaliplatin) [106], upregu-
lating the surface expression of MHC-I molecules and B7-1
(etoposide, topotecan, paclitaxel), and enhancing the sensitivity
of tumor cells to cytotoxicity mediated by CTLs and NK cells
(paclitaxel, cisplatin, doxorubicin) [107]. On the other hand,
chemotherapy strengthens the immune response by targeting
immune cells in the TME, including the inhibition of immunosup-
pressive cells (Treg, MDSCs, and M2 macrophages) and the
activation of DCs, NK cells, and effector T cells (paclitaxel,
doxorubicin, cisplatin) [108]. Considering the complexity of the
TME, chemotherapy-induced antitumor immune responses may
be attenuated, accompanied by a rebound of immunosuppressive
effects, allowing the combination of ICIs to restore the tumor
sensitivity to chemotherapy. In conclusion, these findings provide
the rationale for the combination of chemotherapy and
immunotherapy.
Numerous clinical trials have shown that immunotherapy

combined with chemotherapy has a prognostic benefit compared
with chemotherapy alone (Table 3), which led to FDA approval for
cancer treatment. For example, the phase III KEYNOTE-189 study
facilitated the FDA approval of the combination of pembrolizu-
mab and chemotherapy for metastatic NSCLC patients without
EGFR or ALK alterations [109, 110]. A total of 616 patients were
randomized 2:1 to receive chemotherapy in combination with
either pembrolizumab or placebo. The final analysis showed that
combination therapy continued to improve the ORR (48.3% vs.
19.9%), and provided longer OS (22.0 vs. 10.6 months) and PFS
(9.0 vs. 4.9 months) compared with chemotherapy alone
regardless of PD-L1 expression [109]. Recently, the FDA
announced the approval of pembrolizumab in combination with
chemotherapy to treat unresectable recurrent/metastatic TNBC
that expresses PD-L1 (comprehensive positive score [CPS] ≥ 10).
This approval was based on the results of the phase III KEYNOTE-
355 study, where pembrolizumab combined with chemotherapy
produced a remarkable improvement in PFS versus placebo
combined with chemotherapy (9.7 vs. 5.6 months, HR= 0.65) with
manageable safety in TNBC patients with PD-L1 positivity [111].
Regarding safety concerns, there is not much overlap in

common and typical adverse events (AEs) between chemotherapy
and immunotherapy. The AEs of chemotherapy mainly include
bone marrow suppression, nausea, vomiting, mucositis, alopecia

and neuropathy, whereas immunotherapy is usually well tolerated.
A number of clinical trials, including KEYNOTE-21 [112], KEYNOTE-
189 [109], IMpower133 [113], and ESCORT-1st [114], have
indicated that the combination of immunotherapy and che-
motherapy exhibits an acceptable safety profile and potent
efficacy (Table 3). However, only some patients benefit from
immune-based chemotherapy. It is still unclear how to identify
which group will sensitively respond to the combination therapy.
The impact of chemotherapy on the immune system is affected by
multiple factors, including the types and doses of chemotherapy
drugs, simultaneous or sequential regimen therapy, tumor burden,
genome mutation and the expression levels of checkpoint
inhibitors. Currently, many clinical studies are working on this
issue, such as the INSIGNA study (NCT03793179) and KEYNOTE-
975 study (NCT04210115).

IMMUNOTHERAPY COMBINED WITH ANTI-ANGIOGENIC
THERAPY
The uncontrolled rapid growth of tumor cells is out of balance
with the originally limited blood supply, which leads to
intratumoral hypoxia and subsequent upregulation of hypoxia-
inducible factor-1 (HIF-1) and vascular endothelial growth factor
(VEGF). Under VEGF stimulation, sustained tumor angiogenesis
occurs inside the tumor. However, the newly formed vessels are
usually abnormal and malfunctional and contribute to the
occurrence, progression, and metastasis of tumors [115]. Hence,
anti-angiogenic therapy, as a special targeted therapy that
normalizes the newly formed vessels, mainly includes three
categories: anti-VEGF (bevacizumab), anti-VEGFR (ramucirumab,
olaratumab), and tyrosine kinase inhibitors (TKIs, including
apatinib, sorafenib, sunitinib, axitinib, and lenvatinib) [116].
Anti-angiogenic and immunotherapy both act on the TME.

Accumulating evidence has shown that immune-vascular crosstalk
exists and has a synergistic immune effect [117]. On the one hand,
tumor angiogenesis results in immune suppression via numerous
mechanisms. First, newly formed disordered tumor blood vessels
directly make it difficult for CD8+ T cells to gather around and
inside the tumor. Second, VEGF was reported to interrupt T-cell
priming, exhaust CTLs, and inhibit DC maturation. Third,
malformed tumor vasculature upregulates the PD-L1 expression
of endothelial cells, promotes Treg differentiation, and induces
TAMs to polarize into an immunosuppressive M2-like phenotype.
Therefore, anti-angiogenic therapy normalizes intratumor blood
vessels, makes T cells more likely to infiltrate, potentiates cancer
immunity, and enhances the efficacy of other anti-cancer
treatments [118]. For example, bevacizumab was found to
increase the number of B cells and T cells, inhibit the immune
infiltration of Tregs, and improve DC functions in the peripheral
blood of metastatic CRC patients [119]. On the other hand, ICIs
affect tumor angiogenesis partially by stimulating effector T cells
and upregulating the release of IFN-γ [120, 121]. For example,
activation of CD4+ T lymphocytes by combinatory inhibition of
PD-1 and CTLA-4 was reported to promote the normalization of
tumor blood vessels [121]. Other studies found that the
differentiation and number of Tregs positively correlated with
tumor angiogenesis [122, 123]. Overall, the preclinical results
provided a rationale for the combination of immunotherapy and
anti-angiogenic therapy in clinical trials.
Regarding RCC, there have been a number of phase III clinical

trials of immunotherapy combined with anti-angiogenic therapy
with impressive antitumor activity, including IMmotion151, KEY-
NOTE-426, JAVELIN Renal 101, BO17705, and KEYNOTE-581
(Table 4). For example, the KEYNOTE-426 study showed an
advantage in the ORR (59.3% vs. 35.7%) and PFS (15.1 vs.
11.1 months) for pembrolizumab plus axitinib therapy with
respect to sunitinib monotherapy [124]. Extended follow-up data
showed that combination therapy obtained sustained clinical
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Table 3. Key clinical trials of immunotherapy combined with chemotherapy.

Study Indication Phase Treatment (n) Efficacy endpoints Grade
3/4 AEs

Reference

RR PFS OS

KEYNOTE-21
(NCT02039674)

NSCLC 2 Pembrolizumab +
chemotherapy (60)

58% 24.5 m 34.5 m 39% [112]

Chemotherapy (63) 33% 9.9 m 21.1 m 31%

KEYNOTE-189
(NCT02578680)

NsqNSCLC 3 Pembrolizumab +
chemotherapy (410)

48.3% 9.0 m 22.0 m 72.1% [109, 110]

Chemotherapy (206) 19.9% 4.9 m 10.6 m 66.8%

CA184-024
(NCT00324155)

Melanoma 3 Ipilimumab + dacarbazine (250) / / 11.2 m 56.3% [249]

Dacarbazine (252) / / 9.1 m 27.5%

CA184-041
(NCT00527735)

NSCLC 2 Concurrent ipilimumab +
paclitaxel + carboplatin (68)

32% 5.1 m 12.2 m 15% [250]

Phased ipilimumab + paclitaxel +
carboplatin (68)

21% 4.1 m 9.7 m 20%

Paclitaxel + carboplatin (68) 14% 4.2 m 8.3 m 6%

CA184-041
(NCT00527735)

SCLC 2 Phased ipilimumab + paclitaxel/
carboplatin (44)

57% 5.2 m 12.9 m 17% [251]

Concurrent ipilimumab + paclitaxel/
carboplatin (43)

33% 3.9 m 9.1 m 21%

Paclitaxel/carboplatin (43) 49% 5.2 m 9.9 m 9%

CA184-104
(NCT01285609)

NSCLC 3 Ipilimumab + chemotherapy (388) 44% 5.6 m 13.4 m 51% [252]

Chemotherapy (361) 47% 5.6 m 12.4 m 35%

KEYNOTE-522
(NCT03036488)

TNBC 3 Pembrolizumab + neoadjuvant
chemotherapy (784)

64.8% / / 78.0% [253]

Neoadjuvant chemotherapy (390) 51.2% / / 73.0%

IMpassion130
(NCT02425891)

TNBC 3 Atezolizumab + Nab-paclitaxel (451) 56.0% 7.2 m 21.3 m 49% [254, 255]

Nab-paclitaxel (451) 45.9% 5.5 m 17.6 m 43%

IMpower133
(NCT02763579)

SCLC 3 Atezolizumab + carboplatin +
etoposide (201)

60.2% 5.2 m 12.3 m 56.6% [113]

Carboplatin + etoposide (202) 64.4% 4.3 m 10.3 m 56.1%

IMpower150
(NCT02366143)

NsqNSCLC 3 Atezolizumab + bevacizumab +
carboplatin + paclitaxel (356)

63.5% 8.3 m 19.2 m 55.7% [194]

Bevacizumab + carboplatin +
paclitaxel (336)

48.0% 6.8 m 14.7 m 47.7%

KEYNOTE-407
(NCT02775435)

SqNSCLC 3 Pembrolizumab +
chemotherapy (278)

62.6% 8.0 m 17.1 m 74.1% [190, 256]

Chemotherapy (281) 38.4% 5.1 m 11.6 m 69.6%

CASPIAN
(NCT03043872)

SCLC 3 Durvalumab + tremelimumab +
platinum-etoposide (268)

/ 4.9 m 10.4 m / [257]

Durvalumab + platinum-
etoposide (268)

/ 5.1 m 12.9 m /

Platinum-etoposide (269) / 5.4 m 10.5 m /

KEYNOTE-062
(NCT02494583)

Gastric/gastroesophageal
junction (G/GEJ) cancer

3 Pembrolizumab +
chemotherapy (257)

48.6% 6.9 m 12.5 m 73.2% [258]

Pembrolizumab (256) 14.8% 2.0 m 10.6 m 16.9%

Chemotherapy (250) 37.2% 6.4 m 11.1 m 69.3%

KEYNOTE-355
(NCT02819518)

TNBC 3 Pembrolizumab +
chemotherapy (566)

/ 9.7 m / 68% [111]

Chemotherapy (281) / 5.6 m / 67%

CameL (NCT03134872) NsqNSCLC 3 Camrelizumab + chemotherapy (205) 60.5% 11.3 m Not
reached

69% [259]

Chemotherapy (207) 38.6% 8.3 m 20.9 m 47%

KEYNOTE-361
(NCT02853305)

Urothelial cancer 3 Pembrolizumab +
chemotherapy (351)

54.7% 8.3 m 17.0 m 87% [260]

Chemotherapy (352) 44.9% 7.1 m 14.3 m 82%

CheckMate-649
(NCT02872116)

G/GEJ cancer 3 Nivolumab + chemotherapy (789) 60% 7.7 m 13.8 m 59% [193]

Chemotherapy (792) 45% 6.9 m 11.6 m 44%

ESCORT-1st
(CT03691090)

ESCC 3 Camrelizumab + chemotherapy (298) 72.1% 6.9 m 15.3 m 63.4% [114]

Chemotherapy (298) 62.1% 5.6 m 12.0 m 67.7%
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benefits in median OS (not reached vs. 35.7 months, HR= 0.68)
and PFS (15.4 vs. 11.1 months, HR= 0.71) over sunitinib
monotherapy [125]. The combination of immunotherapy and
anti-angiogenic therapy has also made great progress in HCC. In
2020, the FDA approved atezolizumab plus bevacizumab as an
initial treatment for unresectable or metastatic HCC, which was
based on the data from the IMbrave150 study, a phase III,
multicenter, open-label randomized trial [126]. A total of 501
patients were randomized 2:1 to receive either atezolizumab plus
bevacizumab or sorafenib. The primary results showed that the
atezolizumab-bevacizumab combination group resulted in better
OS rates at 12 months (67.2% vs. 54.6%) and longer PFS (6.8 vs.
4.3 months) than sorafenib monotherapy [126]. Follow-up data
showed that the combined therapy produced continued mean-
ingful benefits in terms of patient-reported quality of life,
functioning, and disease symptoms compared with sorafenib
[127].
In addition, studies have also examined biomarkers that could

predict the efficacy of combination therapy. Prognostic data from
IMmotion150, a randomized phase II study of atezolizumab alone
or combined with bevacizumab versus sunitinib in metastatic RCC
patients showed that PFS was strongly associated with angiogen-
esis, T-effector/IFN-γ response, and myeloid inflammatory gene
expression signatures (including PD-L1, CXCL9, IFN-γ), but not
tumor mutation or neoantigen burden [128]. Similarly, a phase III

JAVELIN Renal 101 trial showed that the combination of avelumab
(anti-PD-L1) and axitinib resulted in a continuous improvement in
PFS versus sunitinib in advanced RCC patients [129]. Further
biomarker analysis found that PFS was closely correlated with new
immunomodulatory and angiogenesis gene expression signatures
(GESs), new mutation GESs, and certain human leukocyte antigen
(HLA) types, but not PD-L1 expression or tumor mutation burden
(TMB) [130] (Table 4). To date, no precise biomarkers have been
identified that could accurately predict the efficacy of combina-
tion therapy, which deserves further investigation.

IMMUNOTHERAPY COMBINED WITH TARGETED THERAPY
Targeted therapy uses drugs to precisely identify and attack
certain cancer cells and elicits rapid tumor regression without
affecting normal cells by blocking oncogenes/driver genes in
several malignancies, such as melanoma and breast cancer. Well-
established therapeutic targets include BRAF, c-MET, epidermal
growth factor receptor (EGFR), human epidermal growth factor
receptor 2 (HER2), anaplastic lymphoma kinase (ALK), the
mitogen-activated protein kinase (MAPK) pathway, mechanistic
target of rapamycin (mTOR), and poly (ADP-ribose) polymerase
(PARP). Despite the quick and strong responses, most targeted
therapies are not durable and exhibit a high incidence of drug
resistance; thus, the long-term efficacy is unclear. Contrary to

Table 4. Key clinical trials of immunotherapy combined with anti-angiogenic therapy.

Study Indication Phase Treatment (n) Efficacy endpoints Grade
3/4 AEs

Reference

RR PFS OS

IMpower150
(NCT02366143)

NSCLC 3 Atezolizumab + bevacizumab +
carboplatin + paclitaxel (394)

56.4% 10.2m Not estimable 57% [261]

Atezolizumab + carboplatin +
paclitaxel (399)

40.6% 6.9m 18.7m 43%

IMmotion150
(NCT01984242)

RCC 2 Atezolizumab + bevacizumab (101) 32% 11.7m / 63% [128]

Atezolizumab (103) 25% 6.1m / 40%

Sunitinib (101) 29% 8.4m / 69%

IMmotion151
(NCT02420821)

RCC 3 Atezolizumab + bevacizumab (454) 37% 11.2m 33.6m 40% [262]

Sunitinib (461) 33% 8.4m 34.9m 54%

IMbrave150
(NCT03434379)

HCC 3 Atezolizumab + bevacizumab (336) 27.3% 6.8m 19.2m 56.5% [126, 263]

Sorafenib (165) 11.9% 4.3m 13.4m 55.1%

KEYNOTE-146
(NCT02501096)

Endometrial cancer 1b/2 Lenvatinib+ pembrolizumab (108) 38.9% 21.2m 7.4m 66.9% [264]

KEYNOTE-775
(NCT03517449)

Endometrial cancer 3 Pembrolizumab + Lenvatinib (413) 30% 6.6m 17.4m / [265]

Chemotherapy (413) 15% 3.8m 12.0m /

KEYNOTE-426
(NCT02853331)

RCC 3 Pembrolizumab + axitinib (432) 59.3% 15.1m Not reached / [124]

Sunitinib (429) 35.7% 11.1m 35.7m /

JAVELIN Renal 101
(NCT02684006)

RCC 3 Avelumab + axitinib (442) 52.5% 13.8 / 71.2% [129,
130, 266]Sunitinib (444) 27.3% 8.4 / 71.5%

EPOC1706
(NCT03609359)

Gastric cancer 2 Lenvatinib + pembrolizumab (29) OR 20/
29

7.1 m / 48% [267]

BO17705E
(NCT00738530)

RCC 3 Bevacizumab + interferon alfa (325) 31% 10.2m / 29% [268]

Interferon alfa (316) 13% 5.4m 19.8m 16%

ORIENT-32
(NCT03794440)

HCC 2/3 Sintilimab + bevacizumab
biosimilar (380)

21% 4.6m Not reached / [269]

Sorafenib (191) 4% 2.8m 10.4m /

KEYNOTE-581
(NCT02811861)

RCC 3 Lenvatinib + pembrolizumab (355) 71.0% 23.9m 2-year OS rate 79.2% vs.
66.1% vs. 70.4%

82.4% [270]

Lenvatinib + everolimus (357) 53.5% 14.7m 83.1%

Sunitinib (357) 36.1% 9.2m 71.8%

NCT03603756 ESCC 2 Camrelizumab + apatinib +
chemotherapy (30)

80.0% 6.85m 19.43m 90.0% [271]
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targeted therapy, immunotherapy is only beneficial in a small
number of cancer patients with slow onset, but induces a highly
durable immune response with acceptable toxicity, providing
long-lasting protective antitumor immunity. Importantly, targeted
therapy affects the cancer-immunity cycle, especially the first two
steps, with the remaining steps still relying on immunotherapy
[131]. Targeted therapy has been found to induce ICD in tumor
cells, promote tumor antigen presentation, and initiate the cancer-
immunity cycle, such as inhibitors targeting cyclin-dependent
kinase 4 and 6 (CDK4/6) and phosphoinositide 3-kinase (PI3K)
[131, 132]. Therefore, the combination of immunotherapy and
targeted therapy may complement each other and achieve a fast
and enduring antitumor response.
In clinical practice, the combination of immunotherapy and

targeted therapy has made great progress in melanoma. BRAF
mutations appear in half of malignant melanomas; these
mutations activate the MAPK pathway and promote cancer
progression. Vemurafenib and dabrafenib, two BRAF inhibitors,
induce rapid and deep regression in melanoma patients and are
approved by the FDA for the treatment of BRAF-mutant
melanoma [133, 134]. Interestingly, numerous studies found that
drugs targeting BRAF/MEK in melanoma enhanced antitumor
immunity by promoting antigen presentation, enhancing the
accumulation and function of effector T cells, and producing pro-
inflammatory cytokines [135]. However, BRAF inhibitors also have
immunosuppressive effects under certain circumstances. Elevated
PD-1 and PD-L1 expression was found in melanoma patients
previously treated with BRAF inhibitors in vivo and in BRAF
inhibitor-resistant melanoma cell lines in vitro [136, 137], suggest-
ing the potential therapeutic benefits of combining targeted
therapy and immunotherapy. These findings have aroused
enormous interest in immune-based combination strategies.
Recently, a phase III IMspire150 study investigating the safety

and efficacy of immunotherapy in combination with targeted
therapy in BRAF V600E/K-mutant metastatic melanoma achieved
inspiring results [138]. In this study, when compared with
targeted therapy of vemurafenib and cobimetinib (MEK inhibitor),
the addition of atezolizumab to targeted therapy showed super-
iority in terms of PFS (15.1 vs. 10.6 months) with manageable
safety (Table 5). However, recently, primary analysis from the
phase II COLET study showed that cobimetinib plus atezolizumab
and taxanes did not increase the ORR in advanced TNBC [139].
Another phase III HR-NBL1/SIOPEN study showed that the addition
of IL-2 to dinutuximab beta (anti-GD2) did not improve the 3-year
event-free survival rate (56% vs. 60%) but caused more combined
toxicity in neuroblastoma compared to dinutuximab beta alone,
indicating the controversial role of the combination therapy in
different malignancies [140]. Indeed, one of the main challenges
of immune-based targeted therapy is the combined drug toxicity
and side effects, especially when two drugs are concurrently
administered (Table 5). Therefore, many studies have been
performed to assess the effects and safety of simultaneous or
sequential regimens, and to exploit their synergistic effects in
multiple cancers.
In addition to the above conventional targeted drugs, novel

drugs with new targets have shown remarkable efficacy. PARPs
are a family of related enzymes that share the ability to catalyze
the transfer of ADP-ribose to target proteins, contributing to the
detection and repair of DNA damage [141, 142]. Importantly,
germline mutations in BRCA1/2 are present in ovarian cancer,
breast cancer, pancreatic cancer and prostate cancer, making
these tumors particularly sensitive to PARP inhibitors (PARPi).
PARPi treatment, including olaparib, rucaparib, and niraparib, has
been approved for clinical cancer treatment as monotherapy.
Regarding immune effects, PARPi enhance tumor antigenicity and
promote intratumoral T-cell infiltration by activating the STING
pathway in multiple cancers [143, 144]. Importantly, PARPi
upregulated PD-L1 expression in breast cancer cell lines and

mouse tumor models, which may sensitize tumor cells to ICIs
[145]. Indeed, anti-PD-L1 treatment promoted PARPi efficacy by
restoring antitumor immunity, providing evidence for ICI-based
PARPi therapy [145, 146]. The results from a phase I/II study
(MEDIOLA) reported encouraging antitumor activity for the
combination of olaparib and durvalumab in patients with germ-
line BRCA-mutated metastatic breast cancer [147]. This study
reported a potent disease control rate of 80% at 12 weeks of
combination therapy without additional safety concerns. Other
studies have also achieved positive results with more clinical
trials underway (NCT04034927, NCT02571725, NCT03824704,
NCT04169841) [147, 148].
In addition, some antibody–drug conjugates (ADCs) are also

being developed and explored. ADCs consist of a humanized
monoclonal antibody (mAb) conjugated to the cytotoxic payload
via a chemical linker that recognizes and targets tumor antigens
specifically [149]. For example, enfortumab vedotin connects the
microtubule-disrupting agent monomethyl auristatin E (MMAE)
and anti-Nectin-4 mAb, thereby targeting and killing solid tumors
highly expressing the cell adhesion molecule Nectin-4. Preclinical
and clinical studies have shown its potent therapeutic effects in
urothelial cancer and bladder cancer [150–152]. When considering
combination therapy to improve its efficacy, a phase I/II study
showed the promising activity and durability of enfortumab
vedotin plus pembrolizumab as a first-line treatment for locally
advanced or metastatic urothelial carcinoma, with a 73.3% ORR
and a manageable safety profile [153]. Further evaluation of
ICI-based ADC therapy is ongoing.

IMMUNOTHERAPY COMBINED WITH BACTERIAL THERAPY
Bacteria‐assisted cancer therapy, as a new antitumor approach,
has shown great promise in cancer treatment via unique
mechanisms [154]. First, some bacterial strains, such as Salmonella,
selectively target tumor hypoxia and nutritious regions and
directly kill host tumor cells by secreting exotoxins and competing
for nutrients [155]. These apoptotic tumor cells release DAMPs,
induce ICD, and enhance antitumor immune responses. Second,
some bacteria and their metabolites can convert the TME from
immunosuppressive to immunostimulatory [156–158]. For exam-
ple, bacterial delivery of Staphylococcus aureus increased the
release of pro-inflammatory cytokines including IL-12, IFN-γ, and
TNF-α; enhanced tumor infiltration of CTLs and activated NK cells;
and finally caused tumor regression and necrosis in murine
melanoma tumors [159, 160]. Third, with the aid of genetic
engineering, bacteria are genetically modified to deliver specific
genes that code immunogenic cytokines, cytotoxic proteins,
anticancer agents, and tumor‐specific antigens (bacterial DNA
vaccines), allowing for individualized treatment [161].
Although many advances in bacterial cancer therapy in

preclinical studies have been achieved, clinical progress remains
slow. Current studies mainly stay in phase I with the lack of large-
scale and well-designed clinical trials. Some tough challenges
exist, including innate toxicity, short half-life, and DNA instability
of bacteria [162]. To overcome the limitations of monotherapy and
effectively eradicate tumors, the efficacy and safety of bacterial
therapy in combination with conventional cancer treatments have
been broadly explored [163]. Accumulating evidence has shown
that bacterial therapy affects the immune response, providing the
rationale for the combination of immunotherapy and bacter-
iotherapy. Indeed, immune-based combination therapy was
reported to maintain tumor targeting, reduce bacterial toxicity
by reducing the dose, and evoke antitumor immune responses
through immunomodulatory factors. Although the regulation of
PD-L1 expression by Salmonella is controversial, the combination
of Salmonella and anti-PD-1 treatment synergistically inhibits
tumor growth in CRC and melanoma tumor models [164, 165].
Similarly, the combination of Salmonella VNP20009 coated with
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the photothermal material polydopamine and an anti-PD-1
peptide showed robust antitumor immune responses and
effectively eliminated tumors in a mouse melanoma model [166].
Some clinical trials of combination therapy are in progress. For

instance, a phase I study (NCT03435952) investigated the highest
tolerable dose of Clostridium novyi-NT spores in combination with
pembrolizumab in patients with advanced solid tumors. Another
phase I/II study (NCT02291055) explored the efficacy and safety of
ADXS11-001 (live attenuated Listeria monocytogenes bacterium)
combined with durvalumab in cervical cancer or HPV+ head and
neck cancer. The NCT03750071 study evaluating the efficacy and
safety of VXM01 (a cancer vaccine based on live attenuated
Salmonella typhimurium) combined with avelumab in glioblas-
toma patients is in progress. Clinical studies assessing the
combination of bacterial consortia and ICIs, such as
NCT03775850, NCT03595683, and NCT03637803, are underway.
In addition, recent studies have revealed that the gut

microbiota and its metabolites also affect the incidence of ICI-
associated colitis [167]. Therefore, the addition of bacterial therapy
to ICIs may reduce ICI toxicity and improve patient outcomes
[168]. In fact, there was a case report of using fecal microbiota
transplantation (FMT) to relieve refractory ICI-associated colitis
[169]. In this case, two patients developed severe colitis after
receiving anti-CTLA-4 and anti-PD-1 treatment. Surprisingly, after
treatment with FMT from healthy donors in the two patients, the
abundance and composition of gut microbiota were remodeled,
intestinal inflammation was reduced, and the clinical symptoms
were completely or mostly relieved. These cases provide evidence
that bacteria‐assisted therapy may abrogate irAEs and improve
health-related quality of life in ICI-treated patients. We hope that
in the near future, genetically engineered bacteria will be more
clinically practical either in monotherapy or combination therapy.

IMMUNOTHERAPY COMBINED WITH STROMA-TARGETED
THERAPY
The dynamic interaction between cancer cells and the complex
TME affects antitumor immune responses and regulates cancer
progression. Many studies have explored the role of the TME in
immunotherapy resistance, aiming to develop novel strategies
specifically targeting the TME. Cancer-associated fibroblasts
(CAFs), as the most abundant stromal cells, suppress antitumor
immunity in a variety of solid tumors via multiple mechanisms
[170]. For example, activation of TGF-β signaling in CAFs inhibited
immune responses to atezolizumab by restricting T-cell infiltration
in patients with metastatic urothelial cancer [171]. Fibroblast
activation protein (FAP), as one of the widely used CAF markers,
regulates tumor progression by exerting protease function and
signal transduction. On the one hand, FAP promotes the
reconstruction of the extracellular matrix by degrading fibronectin
and rearranging collagen in the TME, guiding tumor cells to
invade along the fiber. On the other hand, FAP is involved in the
signal regulation of multiple cytokines including TGF-β, VEGF,
stromal cell derived factor-1 (SDF-1), and platelet-derived growth
factor (PDGF), which inhibit the recruitment and function of
immune cells and establish an immunosuppressive TME suitable
for aggressive tumors. For instance, CCL2 secreted by FAP+ CAFs
enhanced the recruitment of MDSCs by binding to CCR2 on the
surface of MDSCs, thereby inducing immunosuppression in HCC
[172]. These observations make FAP a promising target for stroma-
targeted therapy. Sibrotuzumab, an anti-FAP mAb, inhibited the
proliferation, invasion, and metastasis of cancer cells in preclinical
studies. However, in phase I and II trials of sibrotuzumab alone,
only a few patients had stable disease control and the expected
ORR was not reached [173, 174].
Dissatisfaction with CAF-targeted monotherapy leads to further

exploration of combinations with other anti-cancer therapies,
including immunotherapy. In fact, preclinical data have indicatedTa
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that combining CAF-targeted therapy and ICIs serves as a good
strategy. Tranilast inhibits the growth, function, and collagen
synthesis of CAFs and is considered a CAF-targeted therapy [175].
In vitro studies found that the combination of tranilast and DC-
based vaccines synergistically improved systemic antitumor
immune responses and effectively suppressed tumor growth in
various tumor-bearing mouse models compared with monother-
apy [176]. In addition to directly targeting CAFs, blockade of CAF-
secreted immunosuppressive factors also enhances the efficacy of
immunotherapy and has promising clinical value. Preclinical
studies have found that ablation of FAP+ fibroblasts or its
secreted CXCL12 protein increased the tumor sensitivity to
immunotherapy in KPC mice [177–179]. Similarly, blockade of
CAF-derived WNT2 markedly enhanced the therapeutic efficacy of
an anti-PD-1 antibody by activating DCs and improving the
cytotoxicity of splenic T cells in both oral squamous cell carcinoma
(OSCC) and CRC allograft tumors [180]. In addition, some novel
combination treatments are entering clinical trials. M7824, a
bifunctional fusion protein simultaneously targeting PD-L1 and
TGF-β, showed encouraging efficacy and endurable safety in a
phase I study (NCT02517398) [181]. Simlukafusp alfa (FAP-IL2v) is a
novel immunocytokine consisting of an anti-FAP antibody and an
IL-2 variant that achieves the combination of CAF-targeted
therapy and immunotherapy to some extent. Recent evidence
has shown that FAP-IL2v potentiates the efficacy of different
immunotherapies including anti-PD-1 and agonistic CD40 anti-
bodies [182]. The efficacy and safety of FAP-IL2v as monotherapy
or combined with immunotherapy are currently being investi-
gated in some phase I studies (NCT03386721, NCT02627274,
NCT03063762, and NCT03875079).

BIOMARKERS IN IMMUNE-BASED COMBINATION THERAPY
Despite promising results in the application of immunotherapy in
some cancers, numerous patients are non-responders. Therefore,
exploring more precise biomarkers is a critical issue to improve
the efficacy of immunotherapy alone or combined with other
conventional therapies. The identification of composite biomar-
kers has been recognized as one of the top 10 challenges of
immunotherapy proposed by the Immunity journal in 2020 [2]. To
date, several recognized biomarkers of immunotherapy have been
identified, including the expression of PD-L1 in tumor cells and
immune cells, tumor infiltrating T cells, tumor mutation burden,
immune cells and cytokines in peripheral blood, gut microbiota,
and circulating tumor DNA [183] (Fig. 2). Biomarkers for immune-
based combination therapy are also being actively explored.
Unfortunately, there are still no reliable biomarkers that can
accurately predict the efficacy of immunotherapy. In addition,
occasionally inconsistent clinical outcomes make the conclusion
more controversial.

PD-L1
PD-L1 is one of the most widely applied biomarkers for predicting
the efficacy of immunotherapy either as monotherapy or in
combination. ICIs have been found to be more effective in tumor
patients with high PD-L1 expression in many clinical trials
including phase III KEYNOTE-024 [184] and IMpower110 [185]
studies. However, other studies found that in PD-L1 positive
NSCLC patients, the application of immunotherapy did not
improve OS compared with chemotherapy, such as the
CheckMate-026 [186] and MYSTIC [187] studies. ICIs are even
reported to be effective in some PD-L1-negative patients but
ineffective in some PD-L1-positive patients.
The predictive value of PD-L1 on the efficacy of immune-based

combination therapy has also been extensively explored; however,
a definite conclusion on the combination of dual ICIs has not been
drawn. For example, the phase III CheckMate-227 study found that
the 4-year OS rates of the nivolumab combined with ipilimumab

group were 29% and 24% in advanced NSCLC patients with PD-
L1 ≥ 1% or <1, respectively, regardless of PD-L1 expression [188].
However, clinical data from the CITYSCAPE study1 CITYSCAPE
found that in NSCLC patients with high levels of PD-L1 (tumor
proportion score [TPS] ≥ 50%), anti-TIGIT tiragolumab combined
with atezolizumab had notably improved the ORR (66% vs. 24%)
and PFS (not reached vs. 4.11 months, HR= 0.30) compared with
atezolizumab alone [21]. These improvement effects were not
observed in those with low PD-L1 expression (TPS < 50%). For
immunotherapy combined with chemotherapy, data from
KEYNOTE-189 [109], IMpower130 [189], KEYNOTE-407 [190],
RATIONALE-307 [191], and CheckMate-9LA [192] studies showed
that PD-L1 expression cannot predict the efficacy of combined
therapy. However, the results from the CheckMate-649 study
found that the combination of nivolumab and chemotherapy
resulted in significant improvements in OS and PFS versus
chemotherapy alone in gastric/gastro-esophageal junction
(G/GEJ) and esophageal adenocarcinoma patients with PD-L1
CPS ≥ 5 [193].
When considering immunotherapy combined with anti-

angiogenic therapy, a subgroup analysis of the IMpower150 study
showed that in the atezolizumab plus bevacizumab plus che-
motherapy group, the HRs of patients with high PD-L1 (HR= 0.39,
95% CI 0.25–0.60), low PD-L1 (HR= 0.56, 95% CI 0.41–0.77), and
negative PD-L1 (HR= 0.77, 95% CI 0.61–0.99) expression were
sequentially ascending compared with bevacizumab plus che-
motherapy group, indicating that patients with high PD-L1
expression have better responses in combination therapy [194].
Overall, more studies are needed to determine the role of PD-L1 in
efficacy prediction. Moreover, PD-L1 as a biomarker has other
limitations that need to be overcome. The PD-L1 expression pattern
has spatiotemporal specificity [195]. Due to the inducible and
dynamic expression characteristics, PD-L1 is expressed differently in
different tumor lesions and different treatment stages, which may
confuse the true status of PD-L1 expression [196, 197]. The
detection of PD-L1 expression by different platforms and reagents
did not reach good concordance [198, 199].

TMB
Tumor mutation burden (TMB) generally refers to the number of
non-synonymous somatic mutations per megabase of the tumor
genome. To some extent, TMB reflects the ability of tumor cells to
produce neoantigens, which correlates with antitumor immune
responses. TMB was first discovered in 2014 to be associated with

Fig. 2 Potential biomarkers for immunotherapy response predic-
tion. Biomarkers are mainly divided into four categories: tumor, the
tumor microenvironment (TME), host factor, and serum/circulating
factors from peripheral blood. TIL tumor infiltrating lymphocyte,
LDH lactate dehydrogenase, IDO indoleamine 2,3-dioxygenase,
ctDNA circulating tumor DNA, TCR T cell receptor.
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clinical response to anti-CTLA-4 agents in melanoma [200]. In
2015, high TMB was found to predict the response to anti-PD-L1
treatment in NSCLC [201]. Several subsequent phase III studies
confirmed the value of TMB for predicting efficacy in NSCLC
[186, 202]. The CheckMate-227 study found that for patients with a
high TMB (≥10 mut/Mb), dual ICI therapy versus chemotherapy
induced longer PFS (7.2 vs. 5.5 months) and higher ORR (45% vs.
27%) in patients with stage IV or recurrent NSCLC [202]. However,
no improvement in the ORR and PFS with combination therapy
was observed in patients with a low TMB, suggesting the role of
TMB as a predictive biomarker [202]. Indeed, this finding has been
verified in other tumors. A meta-analysis found a significant
correlation between TMB and ORR with anti-PD-1/PD-L1 therapy
with a correlation coefficient of 0.74 across 27 tumor types [203].
In the KEYNOTE-158 study, which included multiple advanced
solid tumors treated with pembrolizumab, patients with a high
TMB (TMB-H) had a higher ORR than patients with a low TMB (29%
vs. 6%) [204]. Therefore, the FDA approved pembrolizumab
monotherapy for patients with advanced TMB-H solid tumors
who have progressed after prior therapy. Regarding combinations
regiments including immunotherapy, some studies reported good
performance of TMB in the prediction of efficacy, such as
combinations with another ICI [205–208], chemotherapy [209],
and anti-angiogenic therapy [210].
However, other studies found no significant correlation

between TMB status and immunotherapy efficacy in a variety of
tumors, either as a single agent or in combination [128, 211–215],
indicating the controversial role of TMB as a biomarker of
immunotherapy. In addition to the uncertain predictive effect,
TMB also has other limitations [216]. First, TMB is affected by
various factors, including race, gender, tumor type, tumor genetic
factors, TME status, and external carcinogens. TMB was observed
to be relatively high in melanoma and CRC, and low in pancreatic
cancer [203]. Therefore, it is of great importance to determine the
optimal cut-off values in each cancer type. Second, the detection
accuracy of TMB is affected by sample quality and the detection
and analytical methods. Whole-exome sequencing (WES) is the
gold standard for TMB detection. Due to its high cost, WES has
been gradually replaced by low-cost targeted next-generation
sequencing (NGS) gene panels. However, a multi-institutional
study found that the consistency of NGS panel-TMB and WES-TMB
in different laboratories varied greatly, with Spearman’s coeffi-
cients ranging from 0.77 to 0.96, indicating the challenge of TMB
standardization [217]. Third, considering that tumor tissue-TMB
(tTMB) has problems of inaccessibility and heterogeneity, blood-
TMB (bTMB) has emerged as a potential alternative. In NSCLC,
bTMB was reported to be closely correlated with tTMB and
predicted response to atezolizumab [218, 219]. More studies are
needed to confirm the role of bTMB in predicting the clinical
benefit of immunotherapy.

Microsatellite instability (MSI)
MSI refers to the insertion or deletion of short repetitive DNA
sequences due to deficient DNA mismatch repair (dMMR) during
DNA replication, which is especially deeply studied in CRC. MSI is
divided into high MSI (MSI-H), low MSI (MSI-L), and stable MSI
(MSS). Many studies have demonstrated that CRC patients with
high MSI (MSI-H) have a stable response to PD-1 blockade with
fewer adverse events [220, 221]. Extended studies further found
that dMMR predicted the response of solid tumors to anti-PD-L1
treatment [222], which further contributed to the approval of
pembrolizumab for the treatment of MSI-H or dMMR in adults and
children with unresectable or metastatic solid tumors. This is the
first antitumor therapy based on the biomarkers of genome-wide
characterization of MSI, not the source of the tumor or the
expression and mutation status of specific genes. In regard to
combination therapy, ipilimumab plus nivolumab was also
approved for the treatment of metastatic melanoma, advanced

RCC and metastatic CRC with dMMR/MSI-H on the basis of some
trials, including the CheckMate-142 study [8, 223]. Nevertheless,
the current understanding of MSI in different cancer types remains
unclear. A recent study examined more than 20,000 microsatellite
loci in 18 cancer types and found that the average number of MSI
sites varied across cancer types, with fewer sites noted in thyroid
cancers and more sites in CRC and endometrial cancer [224]. This
heterogeneity complicates the use of MSI as a biomarker for
immunotherapy. When detecting MMR-related proteins by
immunohistochemistry staining, false-positives may occur due to
the presence of nonfunctional proteins, which reduces the
detection accuracy.

Gut microbiota
The predictive value of gut microbiota on the efficacy of
immunotherapy is worthy of in-depth study. Due to technological
advances in NGS, the impact of gut microbiota on the host
immune system has been extensively investigated and some
studies have identified gut microbiota as a novel biomarker in the
immunotherapy of certain cancers, especially melanoma.
Researchers from the University of Chicago analyzed the stools
of metastatic melanoma patients prior to anti-PD-1 antibody
treatment and found a striking association between commensal
microbial composition and clinical response. Further animal
experiments indicated that transplantation of germ-free mice
with feces from responders restrained tumor growth, promoted
T-cell activation, and improved the efficacy of anti-PD-L1 therapy
[225]. Similarly, a study on the gut microbiome of 112 melanoma
patients undergoing anti-PD-1 treatment observed differences in
the diversity and composition of the gut microbiota between
responders and non-responders. For example, the Ruminococca-
ceae bacteria and Faecalibacterium genus were abundant in
responders, whereas Bacteroidales was enriched in feces of non-
responders. FMT experiments verified that stools from responders
enhanced antitumor immunity [226], which was further confirmed
in another study [227]. The relevance of gut microbiota and anti-
PD-1 therapy efficacy has also been revealed in other cancer types
including NSCLC, RCC, urothelial carcinoma, and HCC [228, 229].
Only a few studies have reported the predictive values of gut

microbiota in the efficacy and toxicity of immune-based
combination therapy by analyzing human samples. For dual
anti-PD-L1/CTLA-4 combination therapy, analysis of the gut
microbiome from 77 melanoma patients receiving combination
therapy found a correlation between commensal species such as
P. distasonis and antitumor responses. Moreover, dual ICI-induced
toxicity was also associated with specific gut microbiota signa-
tures, including an increased abundance of Bacteroides intestinalis
[230]. Regarding immune-based targeted therapy, a recent study
found that Agathobacter and Blautia species may represent
potential biomarkers for prognosis in patients with mCRC and
NSCLC treated with cetuximab plus avelumab. Significantly
increased abundances of Agathobacter and Blautia were found
in the gut microbiota of five long-term responding patients [231].
At present, the clinical evidence for this issue remains limited and
deserves further exploration.
The enteric microbiota is a promising biomarker correlating

with the efficacy of immunotherapy either alone or in combina-
tion. The regulation of gut microbiota by adjusting diet, applying
antibiotics, supplementing probiotics, and FMT, is expected to
promote immune responses, reduce irAEs, and improve prognosis,
which may play an important role in precision medicine in the
near future [232]. Nevertheless, there are still some limitations.
Despite the declining cost of next-generation sequencing, large-
scale clinical application of microbial sequencing remains difficult,
which places an economic burden on some patients. Inconsistent
results from different studies regarding the impact of the gut
microbiota on immunotherapy have been noted; thus, further
large-scale clinical cohorts are needed.
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Overall, biomarkers of different tumors have been reported to
be heterogeneous, suggesting that biomarkers need to be
subdivided by tumor types or even subtypes [233]. A single
biomarker is obviously inefficient for wide application to multiple
cancers with high accuracy. Comprehensive integration of multi-
parametric biomarkers is expected to establish more precise
clinical medicine. More prospective studies are needed to
reinforce the predictive value of the existing biomarkers, and to
build a multi-factor predictive model to screen responders. At
present, there are several ongoing clinical trials exploring more
precise biomarkers in immune-based combination therapy. These
studies analyzed peripheral blood mononuclear cells (PBMCs),
established patient-derived xenograft (PDX) models and tumor
cell lines from fresh tumor tissues, sequenced the genome of fresh
or frozen tissues, and performed immunohistochemistry staining
of solid tumors. Finally, the correlation between the above results
and the clinical outcomes were analyzed and multiparametric
computational models were constructed. For instance, a study
proposed a machine learning model to predict ICI efficacy by
comprehensively analyzing multiple biological factors, which
predicted OS and PFS with high sensitivity and specificity in
multiple cancers [234].

CONCLUSIONS
As a breakthrough technology, immunotherapy has made rapid
and significant progress and brought hope to many advanced
cancer patients. Nevertheless, immunotherapy still faces certain
limitations and urgent problems that need to be overcome, such
as the low response rates in most solid tumors and unique
adverse events. Immune-based combination therapies synergis-
tically convert cold tumors into hot tumors and achieve better
antitumor effects than monotherapy. In combination strategies,
it is important to determine the optimal dosage, time span and
order of drug administration to achieve the best curative effect.
In addition, drug safety and pharmacoeconomics must also be
taken into full consideration. Another serious problem involves
accurately identifying responders to immunotherapy, so that
ineffective populations would be free from cost burdens and
side effects. Numerous studies are actively underway to explore
more precise and effective biomarkers through comprehensive
integration of multi-parametric indicators, which is full of
expectation.
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