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Abstract 

Although immune checkpoint inhibitors (anti-PD-1 antibody, anti-PD-L1 antibody, and anti-CTLA-4 antibody) have 
displayed considerable success in the treatment of malignant tumors, the therapeutic effect is still unsatisfactory 
for a portion of patients. Therefore, it is imperative to develop strategies to enhance the effect of these ICIs. Increas-
ing evidence strongly suggests that the key to this issue is to transform the tumor immune microenvironment 
from a state of no or low immune infiltration to a state of high immune infiltration and enhance the tumor cell-killing 
effect of T cells. Therefore, some combination strategies have been proposed and this review appraise a summary 
of 39 strategies aiming at enhancing the effectiveness of ICIs, which comprise combining 10 clinical approaches 
and 29 foundational research strategies. Moreover, this review improves the comprehensive understanding of combi-
nation therapy with ICIs and inspires novel ideas for tumor immunotherapy.
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Introduction
Immunotherapy with checkpoint inhibitors has pro-
foundly changed the landscape of treatment in oncol-
ogy over the last decade as it has provided long-lasting 
responses and potential long-term remissions in numer-
ous patients [1]. Increasing evidences has demonstrated 

that anti-programmed cell death 1 (PD-1) antibody, anti-
programmed death ligand 1 (PD-L1) antibody, and anti-
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 
antibody, have revolutionized cancer treatment for 
various malignancies, enabling some patients to achieve 
long-term remission and survival [2–7].

However, only a small number of cancer patients could 
benefit from it due to low tumor mutation burden, muta-
tions in critical anti-tumor pathways, immunosuppres-
sive state of the tumor immune microenvironment, and 
the expression level of PD-L1. Therefore, it is necessary 
to develop a combination therapy strategy to overcome 
ICIs resistance and improve the efficacy of immunother-
apy [8, 9].

Currently some combination strategies have been 
proposed to enhance the therapeutic efficacy of ICIs. 
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In clinical practice, ICIs combined with chemother-
apy, radiotherapy, antiangiogenic agents, epidermal 
growth factor receptor‑tyrosine kinase inhibitor (EGFR-
TKI), other ICIs, vitamin E, ablation techniques, natu-
ral killer (NK) cells infusion, oncolytic virus therapy 
and  interleukin(IL)-2 have been proved to be effective 
treatment strategies [10–21]. Furthermore, several meth-
ods are currently under development for combination 
therapy with ICIs including cytokines, cyclin depend-
ent kinases inhibitors (CDKs), targeted signaling path-
way inhibitors, ablation techniques, photothermal 
therapy (PTT), photodynamic therapy (PDT), focused 
ultrasound, vitamin C supplementation, antihistamines, 
metformin, nanoparticle-based therapies, modulation of 
the intestinal microbiome, alternative immunotherapies 
such as cancer vaccines and adoptive cell transfer therapy 
(ACT) and more [22–35].

Other potential strategies to enhance the effective-
ness of ICIs include targeting innate immune pathways, 
induction of non-apoptotic regulated cell death (RCD) 
mechanisms, delivery of nitric oxide (NO), regulation of 
metabolic pathways, modulation of immune cell func-
tion, targeting hormone receptors, and intratumoral 
MgCl2 injection therapy [36–42]. Additionally, this 
review also discusses the potential benefits of targeting 
co-stimulatory and co-inhibitory receptors, fasting-mim-
icking and ketogenic diets (KD), epigenetic modulations 
and DNA damage response (DDR) regulators, tumor 
treating fields (TTFields), sonodynamic therapy (SDT), 
application of fucoidans, and radiation-nuclide guided 
local release of ICIs [43–51].

As a growing number of clinical and preclinical studies 
concerning the efficacy of combination therapy with ICIs, 
in order to explore these combination strategies system-
atically, a more comprehensive review on such studies is 
warranted. Therefore, this review would provide theoret-
ical guidance for more effective individualized treatment 
strategies and inspires novel ideas in tumor immunother-
apy, so as to improve the prognosis of patients.

Combined treatment strategies which have been 
applied in clinical practice
ICIs combined with chemotherapy
Chemotherapy not only inhibits DNA replication and 
synthesis in tumor cells but also enhances the efficacy of 
ICIs through immune mechanisms such as immunogenic 
cell death (ICD) and anti-angiogenesis [52–54]. Addi-
tionally, chemotherapy enhances antigen presentation, 
induces recruitment and differentiation of CD8+ T cells, 
and reduces the number of marrow derived suppressor 
cells (MDSCs) and regulatory T cells (Tregs) [55, 56].

Therefore, ICIs combined with chemotherapy is cur-
rently applied in many types of cancers such as breast 

cancer, colorectal cancer (CRC), gastric cancer or esoph-
ageal cancer, lung cancer, urothelial cancer, etc. [11, 53, 
57–61]. Notably, in a randomized phase III study, the 
addition of nivolumab to carboplatin, paclitaxel, and 
bevacizumab significantly prolonged progression-free 
survival (PFS) in patients with untreated stage IIIB/IV 
or recurrent non-squamous non-small cell lung cancer 
(NSCLC) [12.1 months  versus 8.1  months; hazard ratio 
(HR), 0.56; 96.4% confidence interval (CI) 0.43–0.71; 
P < 0.0001] [62]. Similarly, it was reported that add-
ing a PD-L1 blocker to standard platinum plus etopo-
side is more effective than chemotherapy alone in the 
first-line treatment of small-cell lung cancer (SCLC) 
[63, 64]. Moreover, the atezolizumab plus nab-pacli-
taxel group achieved a longer median overall survival 
(OS) (7.2  months versus 8.1  months; 95% CI 0.69–0.92; 
P = 0.002) in the treatment of triple-negative breast can-
cer (TNBC) than the placebo plus nab-paclitaxel group 
[61]. Atezolizumab or pembrolizumab combined with 
platinum-based chemotherapy achieved better efficacy 
than monotherapy in patients with metastatic urothelial 
cancer [65–67]. Therefore, ICIs combined with chemo-
therapy significantly improved patient prognosis, and 
this combination therapy modality will be approved for 
more cancers and entry into first-line therapy.

ICIs combined with radiotherapy
Radiation therapy induces the release of new antigens 
from tumor cells that up-regulate the immunogenicity of 
the tumor microenvironment (TME) and promotes effec-
tor CD8+ T cell-mediated tumor cell killing, enhancing 
the efficacy of ICIs [68–70]. Additionally, radiation-dam-
aged DNA released from tumor cells modulates adaptive 
immune responses by inducing interferon (IFN)-γ release 
from dendritic cells (DCs) [71].

The combination of radiotherapy and ICIs has achieved 
excellent progress in cancer treatment. It was showed 
that combined low-dose graded radiotherapy and anti-
PD-1 antibody led to complete tumor regression in over 
70% of colon cancer-bearing mice [72]. Furthermore, 
radiotherapy combination with anti-PD-1 antibody sig-
nificantly prolonged OS and PFS, and increased objec-
tive response rate (ORR) compared with monotherapy in 
patients with NSCLC [13]. Radiotherapy also overcomes 
the immune resistance of ICIs by inducing inflammatory 
immune response and intratumor infiltration of CD8+ 
T cells in hepatocellular carcinoma (HCC) patients [73]. 
Similar synergistic effects have also been demonstrated 
in breast cancer, melanoma, nasopharyngeal carcinoma, 
CRC, renal cell carcinoma (RCC), recurrent diffuse 
intrinsic pontine glioma and brain metastases [74–79].

Hypofractionated radiotherapy may induce a stronger 
immune response than conventional fractionated 
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radiotherapy [80]. As a type of hypofractionation high-
dose radiotherapy, stereotactic body radiation therapy 
(SBRT) is particularly beneficial to the anticancer effect 
[81]. A phase II trial for NSCLC showed that patients 
treated with SBRT and pembrolizumab achieved rela-
tively longer median PFS and median OS than those 
treated with pembrolizumab alone [82]. Besides, SBRT 
combined with ICIs has been shown to be effective and 
safe in the treatment of tumors such as HCC, cholan-
giocarcinoma and head and neck squamous cell carci-
noma [83–85]. 

In conclusion, although there are still unresolved 
issues such as radiotherapy dose and segmentation 
modalities, sequencing of combination therapy, and 
selection of ICIs, ICIs combined with radiotherapy still 
holds considerable promise for application in cancer 
treatment. This combination therapy strategy has the 
potential to be widely used in clinical practice, provided 
that more preclinical and clinical trials are needed to 
offer definitive evidence and address the challenges 
described above.

ICIs combined with epidermal growth factor 
receptor‑tyrosine kinase inhibitor
Epidermal growth factor receptor (EGFR) belongs 
to the erythroblastic oncogene B family and plays an 
important role in the occurrence and development of a 
variety of cancers [86]. Multiple EGFR-targeted agents 
improve major histocompatibility complex (MHC)-
I expression, enhance DCs antigen presentation, and 
could initiate T cells and promote NK cells activation 
even in the absence of additional immune stimulatory 
signals [87, 88].

EGFR-TKI upregulates PD-L1 expression while initiat-
ing T cells to enhance the efficacy of immune checkpoint 
therapy in EGFR mutant cancer patients [89, 90]. Treat-
ment with EGFR-TKIs enhances PD-L1 expression, and 
in clinical practice, the combination of EGFR-TKI and 
anti-PD-1 antibody in NSCLC patients with high PD-L1 
expression has a longer median PFS (7.1 months versus 
1.7  months; P = 0.0033) compared to NSCLC patients 
with low PD-L1 expression [16]. Furthermore, in a phase 
I trial, nivolumab plus erlotinib not only achieved durable 
anti-tumor responses but also tolerable adverse effects in 
the treatment of patients with EGFR-mutant advanced 
NSCLC [91].

Therefore, the combination of EGFR-TKIs with ICIs is 
a promising strategy, and the development of new bio-
markers will allow combination of ICIs with EGFR-TKIs 
more effectively. Besides, it is necessary to investigate the 
effectiveness of this combination therapy for other types 
of cancer.

ICIs combined with antiangiogenics
Antiangiogenic drugs work by blocking the vascu-
lar endothelial growth factor (VEGF)/VEGF receptor 
(VEGFR) signaling pathway, leading to reduced blood 
supply to tumor tissues, hypoxia, and a decrease in nutri-
ent supply to cancer tissues [92–94]. Furthermore, nor-
malized blood vessels could regulate TME by promoting 
CD8+ T cells infiltration, inducing M1 tumor associated 
macrophages (TAM), and reducing the accumulation of 
Tregs and MDSCs, thus enhancing the effect of ICIs [95, 
96].

The combination of antiangiogenic drugs with ICIs has 
shown promising effect in HCC, NSCLC, RCC, etc. [92, 
97–99]. In a clinical trial of pembrolizumab in combina-
tion with axitinib for the treatment of advanced RCC, 
after a median follow-up of 12.8 months, the estimated 
percentage of patients alive at 12 months was 89.9% in 
the pembrolizumab plus axitinib group and 78.3% in the 
sunitinib group (HR, 0.53; 95% CI 0.38–0.74; P < 0.0001) 
[14]. Pembrolizumab plus axitinib also achieved a longer 
median PFS (15.1 months versus 11.1 months; HR, 0.69; 
95% CI 0.57–0.84; P < 0.001) and higher ORR [59.3% (95% 
CI 54.5–63.9) versus 35.7% (95% CI 31.1–40.4); P < 0.001] 
than the sunitinib group [14]. Based on the results of 
this trial, pembrolizumab in combination with axitinib 
was approved by the U.S. Food and Drug Administra-
tion (FDA) as a first-line treatment option for advanced 
RCC in 2019 [100]. Besides, based on the results of 
the CheckMate-9ER and JAVELIN Renal 101 trials, 
nivolumab plus cabozantinib and avelumab plus axitinib 
were also approved by the FDA as first-line treatment 
options for RCC [101, 102]. Moreover, the FDA approved 
atezolizumab in combination with bevacizumab for 
the treatment of advanced HCC based on trial results 
from IMbrave150 [103]. Furthermore, pembrolizumab 
plus lenvatinib has been approved for the treatment of 
advanced endometrial cancer [104].

Tumor vascular normalization promotes the aggrega-
tion of immune cells and enhances immune function [92]. 
In turn, immune cell activation promotes vascular nor-
malization [105]. Therefore, the combination of antian-
giogenic drugs and ICIs is complementary in tumor 
therapy and could be regarded as a promising strategy to 
enhance the therapeutic effect of ICIs. However, further 
studies are needed to determine the sequence and dose 
of administration, as well as more precise biomarkers to 
select for benefit populations to optimize the efficacy, 
resistance, and adverse effects of combination therapy.

ICIs combined with ICIs
Recent research has demonstrated that dual ICIs ther-
apy is more effective than monotherapy, albeit with an 
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increased incidence of toxicity [106]. Table  1 presents 
clinical studies of ICIs combine with ICIs.

The FDA has currently approved the combination 
of dual ICIs for treating various solid tumors such as 
HCC, melanoma, RCC, microsatellite instability-high/
mismatch repair-deficient metastatic CRC (MSI-H/
dMMR mCRC), NSCLC, etc. [12, 15, 107–109]. A 
study on advanced melanoma showed that the median 
OS was greater than 60  months (95% CI 38.2 to not 
reached) in the nivolumab plus ipilimumab group ver-
sus 36.9  months (95% CI 28.2–58.7) in the nivolumab 
group or 19.9  months (95% CI 16.8–24.6) in the ipili-
mumab group [15]. Furthermore, nivolumab plus ipili-
mumab group demonstrated a longer median PFS 
compared to the nivolumab group and the ipilimumab 
group [11.5 months (95% CI 8.7–19.3) versus 6.9 months 
(95% CI 5.1–10.2) versus 2.9 months (95% CI 2.8–3.2)] in 
treating advanced melanoma [15]. Notably, lower-dose 
ipilimumab plus nivolumab resulted in a higher OS rate 
and 12-months PFS rate than nivolumab or ipilimumab 
alone (OS rate:  85% versus 73% versus 72%; 12-months 
PFS rate:71% versus 50% versus 34%) in MSI-H/dMMR 
mCRC patients [108]. Besides, durvalumab plus tremeli-
mumab has demonstrated better PFS [3.8  months (95% 
CI 3.7–5.3) versus 3.7  months (95% CI 3.2–3.8)], and 
ORR (20.1% versus 17.0%) compared to durvalumab 
monotherapy in the treatment of HCC [110]. Moreover, 
a meta-analysis on ICIs combination therapy for NSCLC 
revealed that a combination of anti-CTLA-4 antibody 
and anti-PD-1 antibody significantly improved OS (HR, 
0.63; 95% CI 0.44–0.82; P < 0.001), PFS (HR, 0.56; 95% CI 
0.44–0.69; P = 0.002), and ORR (HR, 1.31; 95% CI 0.92–
1.71; P < 0.001) compared to monotherapy [111].

Lymphocyte activation gene-3 (LAG-3) is an inhibi-
tory receptor expressed on T cells, it coregulates T-cell 
function with PD-1, which suggests that combined anti-
LAG-3 antibody and anti-PD-1 antibody therapy may be 
effective [112, 113]. In patients with previously untreated 
metastatic or unresectable melanoma, the combination of 
relatlimab and nivolumab demonstrated superior median 
PFS [10.1 months (95% CI 6.4–15.7) versus 4.6 months 
(95% CI 3.4–5.6)] and 12-month PFS rate [47.7% (95% CI 
41.8–53.2) versus 36.0% (95% CI 30.5–41.6)] compared 
to the monotherapy group treated with nivolumab alone 
[44]. In another study, a soluble LAG-3 protein (eftilagi-
mod α) combined with pembrolizumab was observed to 
achieve an ORR of 33% in melanoma patients [114].

Notably, the sequence of ICIs administration may 
impact their efficacy in the combination strategy of ICIs 
[115]. A melanoma clinical trial indicated that patients 
who received anti-CTLA-4 antibody followed by anti-
PD-1 antibody exhibited significantly higher survival 
rates than those treated with other regimens [116].

Using dual ICIs simultaneously or different orders of 
use could further enhance efficacy and prolong OS, but 
they could also result in toxic side effects. Currently, 
more combinations have been developed with fewer toxic 
side effects, which is a promising treatment strategy.

ICIs combined with vitamin E
Vitamin E is a fat-soluble antioxidant known to enhance 
human immune responses by modulating various 
immune cells such as macrophages, NK cells, DCs, 
T cells and B cells [117]. Specifically, vitamin E could 
enter DCs and bind to SHP1 to inhibit its protein activ-
ity, thereby restoring the function of DCs in initiating T 
cells responses to enhance the therapeutic effect of ICIs 
[23]. In a study of melanoma patients receiving anti-PD-1 
antibody or anti-PD-L1 antibody, those who also took 
vitamin E showed significant improvement in OS (HR, 
0.7; 95% CI 0.53–0.92; P < 0.05) [23]. These findings sug-
gest that the use of vitamin E as a dietary supplement to 
improve the efficacy of ICIs is a promising strategy, but 
the mechanisms involved need to be further investigated. 
Moreover, such studies on other type of tumors need to 
be further observed.

ICIs combined with NK cells infusion
NK cells are innate lymphocytes that could identify and 
eliminate virus-infected or tumor cells [118]. In a clini-
cal trial for advanced NSCLC, the combination therapy 
of pembrolizumab and NK cells demonstrated longer 
median OS (15.5 months versus 13.3 months; P < 0.05) 
and median PFS (6.5 months versus 4.3 months; P < 0.05) 
compared to pembrolizumab monotherapy [40]. Simi-
larly, the combined treatment of ex  vivo activated and 
expanded NK cell therapy (SNK01) and pembrolizumab 
demonstrated higher ORR (41.7% versus 0%) and median 
PFS (6.2 months versus 1.6 months; P = 0.001) compared 
to pembrolizumab monotherapy in treating NSCLC [19]. 
NK cells infusion is a promising treatment strategy, but 
more clinical trials are needed to clarify the efficacy and 
safety of this strategy for various tumors.

ICIs combine with oncolytic virotherapy
Oncolytic virus is a kind of virus that preferentially 
infects and proliferates in tumor cells, eventually leading 
to tumor cell lysis and death [119]. Oncolytic virus pre-
pared by transgenic approach could also transform TME 
into an immune activated state, thus enhancing the ther-
apeutic effect of ICIs [120].

Oncolytic viruses also changed the suppressive state of 
TME and increased CD8+ T cells infiltration to enhance 
the therapeutic efficacy of ICIs [121]. MJX-594 is an onc-
olytic vaccinia virus that targets GM-CSF and induces 
intratumoral invasion of CD8+ T cells by intratumoral 
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injection [122]. In a mouse model of spontaneous 
breast cancer, triple immunotherapy wit MJX-594, anti-
PD-1 antibody and anti-CTLA-4 antibody significantly 
reduced the overall tumor burden by 48.1%, resulting in 
more effective anti-cancer immunotherapy [35]. Simi-
larly, the combination of JX and anti-PD-1 antibody or 
anti-PD-L1 antibody not only inhibited the occurrence 
of colonic peritoneal carcinoma, but also increased the 
tumor growth inhibition rate of anti-PD-1 antibody or 
anti-PD-L1 antibody alone from 15.9% to 86.3% [123]. 
Intratumoral injection of an engineered oncolytic virus 
(talimogene laherparepvecz) in combination with anti-
PD-1 antibody resulted in favorable ORR [61.9% (95% 
CI 38.4–81.9%)] and complete response rate [33.3% (95% 
CI 14.6–57.0%)] in patients with advanced melanoma 
reported by a phase Ib trial [20]. Besides, ICIs combined 
with oncolytic viruses have shown success in bladder can-
cer, prostate cancer, pancreatic ductal adenocarcinoma 
(PDAC), and CRC in current clinical trials [124–127].

Consequently, oncolytic viruses promote anti-tumor 
immune responses by inducing chemokines and cytokines 
to turn “cold” tumors into “hot” tumors and further 
enhance the efficacy of immunotherapy. Oncolytic virus 
therapy for malignant tumors has abundant preclinical 
and clinical evidence, and its development prospects are 
broad, especially in combination with ICIs.

ICIs combined with ablation
Thermal ablation, such as radiofrequency ablation (RFA), 
microwave ablation (MWA), and cryoablation, induce 
tissue damage to kill tumor cells by creating extreme 
temperatures within the tissue [128–130]. In addition, 
irreversible electroporation (IRE) is an ablation technique 
that uses electrical pulses to destroy tumor cells [131].

Similar to other immunotherapy combinations, the 
addition of ablation to ICIs appeared to elicit a more 
effective immune response than ICIs alone [132–135]. 
RFA enhanced T cells infiltration and improved the sur-
vival of mice with CRC when combined with anti-PD-1 
antibody [24]. Furthermore, tremelimumab plus RFA 
recruited more CD8+ T cells in patients with advanced 
HCC [18]. In addition, the combination of MWA and 
ICIs enhanced CD8+ T cells infiltration and significantly 
increased the survival rate of 4T1 (breast cancer cell 
lines) tumor-bearing mice [134]. Notably, cryoablation 
cools tumor tissues to approximately –  160 ℃, causing 
intracellular ice crystal formation, dehydration and rup-
ture of tumor cells, destruction of small blood vessels 
within tumors [130]. The combination of cryoablation 
and PD-1 inhibitor polarized macrophages from M2 phe-
notype to M1 phenotype and increased the proportion 
of CD4+ T cells in patients with advanced solid cancers, 

which enhanced anti-tumor immunity [135]. Besides, 
treatment with low-dose anti-CTLA-4 antibody and cry-
oablation reduced mortality and inhibited distal tumor 
growth in mice with prostate cancer [133]. Moreover, IRE 
combined with low-dose anti-CTLA-4 antibody treat-
ment resulted in complete tumor regression in 46% of 
the mice, compared with the 15.3% observed with anti-
CTLA-4 antibody alone in a mouse model of prostate 
cancer [136].

Consequently, the synergistic effect of combining abla-
tion with ICIs has been shown to enhance the immune 
response, effectively suppress tumor recurrence and 
metastasis, and additionally eradicate residual tumor tis-
sue following ablation. However, more studies are needed 
to observe the feasibility of the combination and its effi-
cacy in other tumor types. In addition, how to effectively 
combine therapeutic modalities to obtain optimal effi-
cacy and minimize side effects is a clinical problem that 
needs to be addressed urgently.

ICIs combined with interleukin‑2
IL-2 is a γ-chain cytokine that plays a significant role in 
proliferating T cells [137]. Combination therapy with 
anti-PD-1 antibody and IL-2 has been demonstrated to 
result in increased numbers of CD8+ T cells and greater 
secretion of IFN-γ and tumor necrosis factors-α [17]. 
A super mutant IL-2 could enhance the tumor control 
effect of anti-PD-L1 antibody in melanoma [138]. In addi-
tion, combination treatment of IL-2 with anti-PD-1 anti-
body and anti-CTLA-4 antibody recruited large numbers 
of CD8+ T cells in a mouse model of breast cancer [139]. 
Besides, high-dose IL-2 combined with pembrolizumab 
achieved a high ORR [70% (95% CI 0.50–0.86)] in the 
treatment of metastatic clear cell RCC [140]. However, it 
is a future endeavor to develop novel IL-2 formulations 
that are stable and target CD8+ T cells, and their dosage 
selection is an issue that needs to be further investigated 
in therapy, as natural IL-2 has a shorter half-life and is 
more inclined to activate Tregs. Meanwhile, such studies 
of this combination for other types of tumors need to be 
further conducted.

Combined treatment strategies which are 
under preclinical investigation
ICIs combined with photothermal therapy
PTT generates a thermal ablation effect on tumor cells 
through the use of nanoparticle-based photoabsorbents 
and wavelength-matched light sources to generate heat, 
resulting in targeted and controllable cytotoxicity and 
long-lasting immunogenicity [141, 142].

PTT could transform the TME into an immune-activated 
state, thereby sensitizing tumors to ICIs and producing 
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synergistic anti-tumor effects [143]. Recombinant mouse 
programmed death receptor 1 protein combined with 
PTT has been shown to have therapeutic effects on mice 
inoculated with CT26 (colon cancer cell lines) or 4T1 
tumors and therefore inhibit the growth of lung metasta-
ses after reinoculation of the same tumor cells [25]. Arti-
ficially controlling near infrared radiation to regulate the 
release of anti-PD-L1 antibody and induce the invasion 
of tumor infiltrating lymphocyte (TILs) could inhibit not 
only the progression of primary tumor but also the growth 
of distal tumor in 4T1 tumor-bearing mouse model [143]. 
Therefore, PTT combined with ICIs has a synergistic anti-
tumor effect, but due to the limited penetration of light into 
human tissues, the efficacy of this combination for deep 
tumors may be affected [144]. Moreover, more studies are 
needed to prove the efficacy and safety of the combination 
in the treatment of other types of tumors. Notably, achiev-
ing a perfect temperature-response relationship is crucial 
for PTT and could indirectly impact the therapeutic effi-
cacy of ICIs.

ICIs combined with photodynamic therapy
PDT uses light-activated photosensitive drugs to irradiat-
ing the tumor tissue area to produce reactive oxygen spe-
cies, which directly produces cytotoxicity and enhances 
immunogenicity [145, 146]. Additionally, PDT could 
enhance immune response by releasing inflammatory 
mediators [147].

PDT induced tumor associated antigen to produce and 
promote immune cell infiltration, make cancer cells more 
sensitive to ICIs [147]. PD-L1 blockers combined with 
visible light-triggered prodrug nanoparticles have been 
shown to greatly inhibit CRC growth, recurrence, and 
lung metastasis by initiating a robust anti-tumor immune 
response in mice [148]. Besides, in a mouse model of 
E0771 (a bone marrow breast cancer cell lines) tumors, 
an implantable microfiber device with both anti-PD-1 
antibody or anti-CTLA-4 antibody delivery and photody-
namic therapy induced massive CD8+ T cells infiltration 
and cured all mice within 60 days while also measuring 
tumor impedance [149]. In addition, the combination 
of PDT and ICIs has yielded better results in the treat-
ment of breast cancer, melanoma, CRC and RCC in mice 
[150–153].

It is concluded that the cytotoxicity induced by PDT 
reprograms TME, and the combined treatment strat-
egy with ICIs not only treats the primary tumor but 
also inhibits distant metastasis. However, due to oxygen 
is necessary for PDT, the combined treatment strategy 
in hypoxic tumor response rates may be lower [144]. 
Furthermore, local delivery of PDT via nanoparticles 
allows precise control of dose and delivery site to further 
enhance therapeutic efficacy.

ICIs combined with cyclin‑dependent kinase inhibitors
CDKs are a family of serine/threonine kinases that reg-
ulate cell cycle progression and other cellular processes 
[154, 155]. Abnormal activation of CDKs has been found 
to be intimately linked to tumor formation and progres-
sion, so CDKs may serve as potential targets for cancer 
therapy [156–158]. CDK4/6 inhibitor abemaciclib was 
reported to induce immune infiltration of CD8+ T cells 
and B cells, and recruit more lymphocytes [159]. In a 
mouse model of NSCLC, combination therapy with 
CDK4/6 inhibitor THZ1 and anti-PD-1 antibody sig-
nificantly reduced tumor burden compared to treatment 
with either the CDK4/6 inhibitor or the anti-PD-1 anti-
body alone [22]. CDK4/6 inhibitors have also been shown 
to be justified in combination with anti-PD-1 antibody or 
anti-PD-L1 antibody for cancer treatment in preclinical 
studies of melanoma and CRC [160, 161].

Consequently, CDK inhibitors provide a promising 
approach to enhance anti-tumor immunity in  vivo by 
recruiting and activating CD8+ T cells, thus alleviating 
resistance to ICIs. But the combination of side effects, 
such as lung toxicity and kidney toxicity and neutropenia 
may limit the clinical application of the composite [162]. 
However, whether CDKs inhibitors could be used as a 
way to enhance the effect of ICIs needs to be verified in 
in more preclinical and clinical studies in the future.

ICIs combined with focused ultrasound
Thermal high intensity focused ultrasound destroys 
tumor tissue by generating a thermal effect from acous-
tic energy [163]. However, pulsed high-intensity focused 
ultrasound (P-HIFU) and mechanical high-intensity 
focused ultrasound (M-HIFU) cause cell death by gener-
ating cavitation bubbles, resulting in mechanical effects 
that destroy the tumor tissue [164, 165].

HIFU treatment increases the infiltration and activa-
tion of CD4+ and CD8+ T cells, which may enhance the 
anti-tumor immune response [166]. In a mouse model of 
orthotopic pancreatic, P-HIFU plus ICIs activates CD8+ 
T cells to kill tumor cells and extended survival in mice 
compared to untreated subjects or P-HIFU or ICIs alone 
[167]. M-HIFU was reported to induces repolarization 
of TAM to M1 phenotype, infiltration of CD4+ T cells 
and CD8+ T cells [26]. When combined with anti-PD-
L1 antibody, it enhances systemic anti-tumor immune 
response and inhibits distant metastasis of breast cancer 
in mice [26]. Besides, ultrasonic-targeted microbubble 
destruction is an emerging and effective technique that 
uses ultrasonic cavitation to destroy tumor blood vessels 
while impeding tumor angiogenesis [168]. Low-intensity 
focused ultrasound-targeted microbubble destruction 
not only reduced tumor tissue blood perfusion but also 
induced ICD of tumor cells, infiltration of CD8+ T cells 
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and DCs [169]. It significantly inhibited tumor growth in 
combination with anti-PD-L1 antibody in a 4T1 tumor 
mouse model [169].

Therefore, focused ultrasound improves the therapeu-
tic effect of ICIs by activating anti-tumor immunity and 
combining with ICIs, which has significant therapeutic 
value and application potential. Moreover, further studies 
on the effects of combining focused ultrasound with ICIs 
need to be conducted in a wider range of tumors.

ICIs combined with vaccination
Cancer vaccines primarily aim to enhance the immune 
response of tumor-specific CD8+ T cells [170, 171]. This 
approach compensates for the insufficient number of 
CD8+ T cells and improves therapeutic efficacy, making 
it a promising therapeutic strategy.

Predefined shared antigen vaccines are composed 
of antigens that are co-expressed in a large number of 
patients and could be used directly on patients who 
express this antigen [172]. In a mouse model expressing 
P1A, ChAdOx1/MVA MAGE vaccine targeted MAGE-
type tumor shared antigen, enhanced the infiltration 
level of CD8+ T cells, significantly reduced mastocytoma 
growth and with a longer duration of survival when com-
bined with anti-PD-1 antibody [173]. In addition, it was 
showed that durvalumab plus folate receptor alpha vac-
cine (TPIV200) increased T-cell response (P < 0.0001) 
and safety in patients with advanced ovarian cancer [28]. 
Therefore, predefined shared antigen vaccines not only 
enhance the immune recognition and attack of tumor 
cells in patients, but also further enhanced the efficacy of 
ICIs.

Vitro antigen vaccines are extracted from tumor tissues 
or cells, further processed into a more antigenic form, 
and then injected into the body as a vaccine and co-local-
ized with antigen presenting cells (APC) to improve anti-
gen presentation [172]. Researchers developed a tumor 
vaccine fused with autologous myeloma cells and DCs, 
and combination therapy with anti-PD-1 antibody fur-
ther enhanced tumor vaccine-induced cytotoxic T lym-
phocytes (CTLs) activation in myeloma patients [174].

In situ antigen vaccines stimulate the body’s APC to 
present tumor antigens by intratumoral administration, 
causing systemic immune responses that enhance sys-
temic anti-tumor effects [172]. Riboxxim is an immu-
nostimulant, encapsulated in poly(lactic-co-glycolic 
acid) particles with antigens that acts synergistically 
with anti-CTLA-4 antibody to enhance enhances tumor-
specific CD8+ T cells responses and prolong the survival 
of thymoma mice [175]. Additionally, the use of heter-
ologous priming and boosting vaccines targeting CD4+ 
T cell epitopes primarily induced tumor-specific TH1 
responses, increased infiltration of CD8+ T cells, and 

enhanced anti-tumor immune responses, which were 
further activated by administering anti-PD-L1 antibody 
[176].

The combination of cancer vaccines and ICIs activates 
antigen presentation and generates a stronger systemic 
anti-tumor immune response, resulting in a synergistic 
effect and improved therapeutic efficacy. Moreover, it is 
necessary to pay further attention to the enhancement 
effect of vaccination on ICIs in more tumor types.

ICIs combined with vitamin C
The anti-tumor effect of vitamin C is reflected in vari-
ous aspects, including the regulation of the immune, 
metabolic, hypoxic, and microbial microenvironments 
[177]. Vitamin C could increase T cells infiltration in 
the TME, induce M2 TAM apoptosis, inhibit epithelial-
mesenchymal transition (EMT), and regulates epigenetic 
mechanisms [178–180]. Additionally, vitamin C regulates 
energy metabolism in tumor cells and adjusts mechani-
cal signals from stromal cells and the extracellular matrix 
to inhibit tumor invasion and metastasis [181, 182]. 
Furthermore, vitamin C regulates the composition and 
metabolites of intestinal microbiota and enhances the 
immunogenicity of tumors [183]. It is important to note 
that high doses of vitamin C not only inhibit angiogenesis 
but also promote oxidative stress leading to tumor cell 
death [184, 185].

In a lymphoma mouse model, high-dose vitamin C sig-
nificantly enhanced the infiltration of CD8+ T cells and 
macrophages while synergistically acting with ICIs sig-
nificantly inhibited tumor growth compared to mono-
therapy [27]. Similarly, triple therapy with vitamin C plus 
anti-PD-1 antibody plus anti-CTLA-4 antibody inhib-
ited tumor growth and further enhanced tumor aggres-
sive CD8+ T cells and anti-tumor immunity according to 
PDAC and breast cancer mouse models [178].

Consequently, vitamin C improves the efficacy of ICIs 
by improving the immunosuppressive state of TME. Vita-
min C has great potential as an adjuvant for ICIs due 
to its low cost and lack of toxicity [185]. However, the 
mechanism and clinical benefits of vitamin C in immu-
notherapy need to be observed in different tumor types.

ICIs combined with antihistamines
Histamine is a histidine metabolite that is released by 
mast cells in response to inflammation, allergic reactions 
and tissue damage [186]. Besides, histamine is often ele-
vated in cancer patients as a result of upregulation of the 
enzyme l-histidine decarboxylase [187]. 

Targeting histamine receptor H1 with antihistamines is 
associated with the infiltration of CD8+ T cells, induces 
the polarization of TAM to M1 phenotype [188]. Moreo-
ver, antihistamines combined with anti-PD-1 antibody or 
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anti-CTLA-4 antibody significantly inhibited breast can-
cer and melanoma tumor growth in mice [188]. Notably, 
histamine dihydrochloride is used to inhibit NADPH oxi-
dase, which further inhibits the aggregation of MDSCs in 
tumors [29]. This inhibition contributes to the enhanced 
anti-tumor efficacy of both anti-PD-1 antibody and anti-
PD-L1 antibody in the EL4 (lymphoma cell lines) and 
MC38 (colon cancer cell lines) tumor-bearing mouse 
models [29].

Therefore, antihistamines could be used as promising 
therapeutic strategies to restore T-cell dysfunction and 
enhance immunotherapeutic response. In future, more 
studies are needed to determine the efficacy and safety of 
antihistamines as adjuvant therapy.

ICIs combined with metformin
Metformin could enhance the efficacy of ICIs by regu-
lating intestinal microorganisms and their metabolites, 
inducing the production and activation of T cells, reduc-
ing the expression level of PD-L1, and exerting direct 
anti-tumor effects [189]. Besides, metformin amelio-
rated the metabolic dysfunction of CD8+ T cells caused 
by non-alcoholic steatohepatitis (NASH) and restored 
the therapeutic effect of anti-PD-1 antibody in NASH-
induced HCC [190]. Moreover, metformin in combina-
tion with pembrolizumab resulted in an increase in CD8+ 
T cells and reduced the volume of STK1-mutant lung 
cancer [30].

Therefore, metformin shows potential therapeutic 
effects against tumors and has the potential to be a strat-
egy to enhance the efficacy of ICIs therapy. However, 
it is important to identify the population that will ben-
efit from metformin combined with ICIs. Moreover, the 
therapeutic value of the combination of metformin and 
ICIs needs to be clarified in a wider range of cancer types 
and in larger prospective clinical trials.

ICIs combined with adoptive cell transfer therapy
ACT is an infusion of autologous immunologic effector 
cells that are activated and amplified in vitro and rely on 
highly active tumor-specific CD8+ T cells, including chi-
meric antigen receptor (CAR)-T cell therapy and T cell 
receptor (TCR)-T cell therapy [191].

CAR‑T cells
CAR-T therapy takes T cells from the patient, genetically 
modifying them to express CARs, then proliferating and 
transfusing them back into the patient, which binding to 
target cells and ultimately destroying them [192].

The combination of ICIs and CAR-T therapy has been 
shown to be more effective than monotherapy in solid 
tumors [32, 193]. Implantation of a human chondroitin 

sulfate proteoglycan 4 CAR-T cells conjugated with an 
anti-PD-L1 antibody into the residual cavity of melanoma 
mice after tumor resection inhibited tumor recurrence 
in  situ and distant tumor growth [32]. In addition, the 
addition of hyaluronidase on the surface of CAR-T cells 
to assist anti-PD-L1 antibody to penetrate lymphoma 
and improve the efficacy of anti-tumor therapy [193].

Therefore, the combination of ICIs and CAR-T therapy 
could achieve synergistic anti-tumor effects. However, 
the efficacy of combined ICIs needs to be confirmed 
in more tumor types, and the toxicity of the treatment 
should be taken into account to determine the maximum 
safe dose of the treatment. In addition to CAR-T, CAR-
NK is also a highly promising therapeutic modality, and 
several studies of CAR-NK cells are underway.

TCR‑T
TCR-T cells are engineered TCRs that activate anti-
tumor immunity to enhance the therapeutic efficacy of 
ICIs by recognizing extracellular or intracellular tumor-
specific antigens presented by MHC [194]. In a P815 
(mastocytoma cell lines) mouse model expressing P1A 
antigen, P1A tumor antigen-specific TCR-T cells pro-
ducing IL-7/C–C chemokine ligand (CCL) 9 suppressed 
PD-1 expression and overcame CD8+ T cells depletion 
in TME, and the combination therapy with anti-PD-1 
antibody further induced tumor regression and durable 
immune memory [195].

Although TCR-T, which recognizes intracellular anti-
gens, is more advantageous than CAR-T in the treatment 
of solid tumors, evidence of the efficacy of combination 
therapies with TCR-T and ICIs in other tumor types is 
still lacking. Since TCR-T combined with ICIs brings 
new hope to cancer patients, it is necessary to conduct 
more studies on TCR-T combined with ICIs in a variety 
of tumors in the future.

ICIs combine with nanoparticle
Nanoparticles have great application potential in cancer 
treatment, which could be combined with chemotherapy, 
PTT, radiotherapy and other treatment methods or drugs 
to construct treatment strategies or models, enhance 
the therapeutic effect and reduce side effects [196, 197]. 
Table 2 presents preclinical studies of ICIs combine with 
nanotherapy. Therefore, nanotechnology could be used 
as a multifunctional platform in cancer therapy to sup-
plement the deficiencies of various therapies. In addition, 
the combination of various therapies based on nanotech-
nology platforms with ICIs therapy not only effectively 
eliminates the primary tumor, but also has an excel-
lent inhibitory effect on distant metastasis and prevent 
recurrence.
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Targeting cancer cells
Nanoparticle-based chemical or physical ICD inducers 
are superior to free drugs in terms of anti-tumor effi-
ciency, and their combination with ICIs could achieve 
better tumor treatment effect [196]. High-density lipo-
protein mimicking nanosheets loaded with the doxo-
rubicin triggered ICD in cancer cells and combined 
with anti-PD-1 antibody resulted in complete tumor 
cure in 80%–88% of CT26 and MC38-bearing animals 
[31]. Besides, a radioimmunostimulator nanomaterial 
(IPI549@HMP) could achieve the reduction of hypoxic, 
and IPI549@HMP-augmented radiotherapy increase the 
sensitivity of anti-PD-L1 antibody treatment of CRC in 
mice [198]. In addition, treatment with anti-PD-1 anti-
body alone in mice with breast cancer had almost neg-
ligible effects, whereas the addition of photothermal 
therapy-based nanocatalysis showed significant tumor 
suppression [199]. Furthermore, magnetic nanoclusters 
with responsive anti-PD-1 antibody enable the combina-
tion of ACT and nanotherapy with superior efficacy and 
manageable side effects in the treatment of solid tumors 
[200]. Moreover, nanotherapy based on ultrasound-
guided therapy combined with ICIs treatment improved 
the median survival time of breast cancer-bearing mice 
by 76% and further inhibited primary tumor growth and 
distant metastasis compared with monotherapy [201].

Therefore, nanoparticle-based chemical or physical 
ICD inducers not only enhance the therapeutic efficacy 
of ICIs but also enable more precise local delivery and 
reduce toxic side effects.

Targeting the tumor immune microenvironment
Nano-drugs regulating TME are designed to relieve the 
immunosuppression in TME and enhance the infiltration 
and activation of effecting immune cells, thus improv-
ing the effect of immunotherapy [202]. PD-L1/Toll-like 
receptors (TLR)  7 dual-targeting nanobody-drug con-
jugate composed of anti-PD-L1 nanobody and TLR7 
agonists reshaped tumor immune microenvironment, 
increase CD8+ T cells infiltration and stimulated NK cells 
activation [203]. Nanovesicles derived from M1 mac-
rophages induced M2 TAM polarization to M1 pheno-
type, and combined with anti-PD-L1 antibody, the tumor 
growth was significantly inhibited and the drug resist-
ance of anti-PD-L1 antibody treatment was alleviated in 
a CT26 tumor-bearing mouse model [204]. Moreover, 
gadofullerene nanoparticles also induced the polarization 
of TAM to M1 phenotype, overcame CD8+ T cells deple-
tion in TME and showed synergistic anti-tumor effect 
with anti-PD-L1 antibody in a 4T1 tumor mouse model 
[205]. In conclusion, this strategy has the potential to be 
an effective strategy for collaborative ICIs. However, the 

combination of nanotherapeutics and ICIs for more types 
of tumor treatment still needs to be further investigated.

Targeting the peripheral immune system
Nano vaccine mediated immunotherapy could activate 
the immune response in the body through the delivery of 
exogenous antigens, and protect the antigens from deg-
radation to achieve tumor treatment, and play a better 
role in immune activation [206]. Bi-adjuvant neoantigen 
nanovaccine has been developed to enhance neoantigen 
immunogenicity and antigen presentation, and combined 
treatment with anti-PD-1 antibody allowed complete 
tumor regression of 70% of CRC mice [207]. Moreo-
ver, OVAPEP-SLNP@CpG is another nanovaccine that 
enhances antigen presentation, induces DCs matura-
tion and CD8+ T cells activation, and has significant 
anti-tumor efficacy and prevents tumor recurrence in 
combination with anti-PD-1 therapy in E.G7-OVA (T 
lymphoma cell lines) tumor-bearing mice [208]. How-
ever, more such studies are needed to validate the effec-
tiveness of the combination.

ICIs combine with cytokines
In the TME, NK cells and macrophages release various 
cytokines that promote immune response, anti-tumor 
growth, and tumor cell apoptosis [209, 210]. And many 
cytokine drugs have been developed for cancer treatment 
[211]. However, both ICIs and cytokine monotherapy 
still face significant limitations, and combination ther-
apy is becoming more and more important to improve 
the application rate of both. Therefore, cytokine therapy 
could be applied as a way to unlock the potential of ICIs 
and help patients with drug resistance to benefit from it.

Interleukin
Interleukins are lymphokines that interact between leu-
kocytes or immune cells and play an important role in 
the activation and regulation of immune cells, mediating 
T and B cell activation, proliferation and differentiation, 
and the inflammatory response [212]. IL-6 is an essen-
tial cytokine for the differentiation of primitive CD4+ 
T cells into Th17 cells [213]. In a CT26 tumor mouse 
model, the addition of an IL-6 blocker to anti-CTLA-4 
antibody therapy resulted in significant tumor shrinkage, 
with a cure rate of 32% in mice treated with anti-CTLA-4 
antibody monotherapy versus 48% in mice treated with 
combination therapy [214]. In addition, similar results 
were observed in PDAC, CRC and HCC mouse models 
[215–217].

IL-4 not only inhibits the activity of CD8+ T cells, 
but also acts directly on tumor cells to promote tumor 
growth and metastasis [218]. In a phase Ib trial, one of 
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six NSCLC patients treated with an IL-4Rα blocking 
antibody dupilumab in combination with an anti-PD-L1 
antibody achieved a positive outcome [21]. The research-
ers found that this synergistic effect was mediated by 
an increase in multiple chemokines and cytokines that 
promote the recruitment and expansion of CD8+ T cells 
and a decrease in circulating monocytes [21]. Therefore, 
IL-4Rα blocking antibody combined with ICIs may be 
an effective combination therapy strategy, but there is 
still a lack of large-sample clinical studies to determine 
the potential benefits of this combination in more tumor 
types, which is worth further exploration in the future.

IL-15 partially shares IL-2 receptors β (CD122) and Cγ 
(CD132) and induces only the activation of effector cells 
but does not induce CD8+ T cells depletion, Tregs acti-
vation, and cell death [219]. Moreover, researchers fused 
IL-15-IL-15Rα with anti-PD1 antibody to construct anti-
PD1-IL15-R, which reduced toxic side-effects caused 
by exogenous use of IL-15 while enhancing anti-tumor 
immunity [220]. However, the evidence for the effect of 
combination therapy is still insufficient, and more stud-
ies are needed to observe the effect of this combination 
therapy on various tumor types. In addition, toxic effects 
are also a problem that cannot be ignored in combination 
therapy.

Interferon‑α
IFN-α is a cytokine with various immunomodulatory 
functions [209]. In treating HCC, pegylated IFN-α com-
bined with anti-PD-1 antibody enhanced T cell infiltra-
tion, resulting in improved duration of survival for mice 
compared to anti-PD-1 antibody monotherapy [221]. 
Furthermore, targeted delivery of IFN-α using induced 
pluripotent stem cells in combination with anti-PD-L1 
antibody further enhanced anti-tumor immunity and fos-
tered long-term immune memory [222]. These evidences 
suggest that IFN-α and ICIs have synergistic effects 
in anti-tumor immunotherapy, but the mechanism of 
immune resistance induced by IFN-α inducers needs to 
be further investigated to achieve better therapeutic effi-
cacy in a wide range of tumors.

Transforming growth factor‑β
The transforming growth factor-β (TGF-β) pathway 
inhibits epithelial growth and tumor cell proliferation 
in early tumors [223]. However, at advanced stages, it 
has a tumor-promoting effect by regulating genomic 
instability, EMT, new angiogenesis, immune evasion, 
cell movement, and metastasis [224]. A TGF-β inhibitor 
enhanced the effect of anti-PD-1 therapy and anti-PD-
L1 therapy by improving the activation and infiltration 
of T cells in the tumor microenvironment in a human 

microsatellite-stable CRC mouse model [225]. Moreo-
ver, bintrafusp, which simultaneously targets PD-L1 and 
TGF-β, has shown significant inhibition of tumor growth 
in breast cancer and colon cancer mouse models [226]. 
Therefore, the combination of TGF-β and ICIs is a prom-
ising strategy for future cancer immunotherapy, but more 
such experiments are needed to prove the therapeutic 
effect of this combination in various tumor types.

Chemokine
Chemokine receptors play an important role in vari-
ous cancer development processes such as angiogenesis, 
immune cell migration, cancer cell proliferation, and 
invasion, which could affect patient disease progression 
and treatment effects [227].

The anti-C–C chemokine receptor (CCR) 4 antibody 
mogamulizumab is a humanized IgG1 monoclonal anti-
body that eliminates regulatory T cells through antibody-
dependent cytotoxicity [228]. Nivolumab in combination 
with mogamulizumab induced CD8+ T cells infiltration 
and Tregs reduction, enhancing the anti-tumor effect of 
monotherapy [229]. CCR5 promotes tumor cells metas-
tasis and invasion of myeloid cells such as Tregs, MDSCs, 
and TAMs [230].

Drugs that target CCR8 enhance anti-tumor immu-
nity by depleting tumor-infiltrating forkhead box P3 plus 
CCR8 plus Tregs or by blocking the CCL1/CCR8 path-
way [231]. Fc-optimized anti-CCR8 antibody in com-
bination with anti-PD-1 antibody, has been shown to 
eliminate regulatory T cells, increase infiltration of CD8+ 
T cells, and inhibit the growth of murine bladder cancer, 
breast cancer, and CRC [232].

Chemokine receptor inhibitors have been used to 
modulate the tumor microenvironment, and their com-
bination with ICIs has optimized the immune response 
in patients with satisfactory results, which is a promising 
combination strategy. Besides, for different tumor types 
need to determine the appropriate chemokines targets, to 
guarantee the best antitumor effect and avoid treatment 
side effects.

ICIs combine with regulation of the intestinal microbiome
The intestinal microbiome induces a systemic immune 
response dominated by CTLs and Th1 cells [233]. Addi-
tionally, gut microbes play a role in inhibiting intestinal 
toxicity caused by ICIs and reducing the risk of coli-
tis [234]. Therefore, promising approaches such as fecal 
microbiota transplantation (FMT) or dietary therapeu-
tic interventions could restore the microbiota in the gut, 
enhance ICIs promotion, reduce tumor-related immune 
suppression, and overcome ICIs resistance in cancer 
patients.
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Fecal microbiota transplantation
FMT involves transferring the gut microbiota from a 
healthy donor to a recipient through various methods 
such as oral administration of fresh, frozen, freeze-
dried, and encapsulated preparations or through 
nasointestinal tube, colonoscopy, or enema proce-
dures [235, 236].

The researchers discovered that oral administration of 
Bifidobacterium could enhance the anti-tumor effect of 
PD-L1 blockade by increasing infiltration of peritumoral 
CTLs and intratumoral CD8+ T cells in melanoma mouse 
models [34]. Moreover, Bacillus fragile has also been 
proven to promote the anti-tumor effect of anti-CTLA-4 
antibody by inducing a TH1 immune response [237]. 
Treatment with anti-CTLA-4 antibody promote intesti-
nal proliferation of Bacillus fragile, thereby enhancing the 
efficacy of anti-CTLA-4 antibody and reducing intestinal 
complications [237]. Furthermore, analysis of stool sam-
ples from RCC and NSCLC patients treated with PD-1 
blockade revealed that clinical outcomes were associated 
with the abundance of Akkermansia muciniphila [238]. 
Oral supplementation with Akkermansia muciniphila 
restored the efficacy of PD-1 blockade in non-responders 
[238]. Therefore, modulation of the gut microbiome is a 
feasible strategy to overcome immunoresistance to ICIs, 
but the specific mechanism and its effect in other tumors 
need to be investigated. In addition, it is essential to ana-
lyze the baseline microbiota composition and its charac-
teristics of potential recipients of FMT in combination 
with ICIs and to stratify recipients to improve combina-
tion therapy efficacy.

Probiotics
Probiotics consist of carefully selected live microbial 
strains that provide health benefits when administered 
in sufficient quantities [239]. Dietary supplementation 
with exopolysaccharide produced by Lactobacillus del-
brueckii subsp. bulgaricus OLL1073R-1 (EPS-R1) induced 
CCR6+ CD8+ T cells infiltration [240]. Simultaneous 
administration of anti-CTLA-4 antibody or anti-PD-1 
antibody along with oral EPS-R1 demonstrated stronger 
anti-tumor effects compared to monotherapy in a 4T1 
tumor mouse model [240]. Similarly, Bifidobacterium 
bifidum combined with anti-PD-1 antibody attenuates 
tumor load in mice with NSCLC [241]. Therefore, probi-
otics as a kind of safe and effective probiotics, in tumor 
immunotherapy for intervention in intestinal flora has 
great development potential, but still need to further 
explore the mechanism of combination therapy. Moreo-
ver, assessment of efficacy of this combination for more 
tumor types is essential to determine whether it should 
be applied in the clinic.

Prebiotics
Prebiotics are substrates that are selectively utilized by 
host microbes and provide health benefits [242]. Pec-
tin, as a prebiotic, promoted butyrate production and 
enhanced CD8+ T cells infiltration. In combination with 
anti-PD-1 antibody, it showed tumor growth inhibition 
in a mouse model of CRC [243]. Another series of stud-
ies discovered that Bifidum pseudolonidum produces 
the metabolite adenosine through T cell-specific inosine 
A2A receptor signaling, which inhibits tumor growth 
and enhances anti-tumor immunity when administered 
together with anti-CTLA-4 antibody, inosine, and CpG 
[244]. In conclusion, prebiotics play an important role in 
the regulation of TME, suggesting that it could be used as 
a potential strategy to enhance the effect of ICIs, but its 
effect still needs to be verified in more tumor types.

Dietary intervention
Diet influences the composition and behavioral changes 
of gut microbes to varying degrees, which further affects 
host metabolism and immunity [245, 246]. Typically, 
antibiotics disrupt normal gut microbial homeostasis, 
leading to primary resistance to ICIs treatment [238, 
247]. However, it was reported that administration of 
antibiotics before or 30 days after the initiation of ICIs 
therapy for HCC improves the efficacy of ICIs [248].

In addition, a high dietary fiber diet slowed tumor 
growth in melanoma mice after resistance to anti-PD-1 
antibody treatment [249]. This effect may be attributed 
to an increase in gut bacteria such as Ruminococcaceae 
that produce high levels of short-chain fatty acids with 
anti-tumor properties [249]. Moreover, the Mediter-
ranean diet rich in vegetables, fruits, grains, nuts and 
legumes also promotes the growth of gut bacteria that 
produce short-chain fatty acids [250]. The Mediterra-
nean diet was found to be positively associated with ORR 
and 12-months PFS in melanoma patients treated with 
ICIs [251]. Therefore, dietary interventions such as high 
dietary fiber diet and antibiotics could change the com-
position and structure of gut microbiota, further trans-
form TME into an immune activated state and improve 
the therapeutic effect of ICIs. This combination strategy 
had shown great potential in cancer treatment with high 
safety. Therefore, it is necessary to focus on the combina-
tion of other dietary interventions with ICIs for the treat-
ment of various types of tumors in future studies.

ICIs combined with signaling pathway inhibitor
COX‑2/PGE2 pathway inhibitor
COX-2/PGE2 pathway inhibitors, including non-steroi-
dal anti-inflammatory drugs and steroidal anti-inflam-
matory drugs, may promote infiltration of CTLs, which 
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enhances the response to ICIs [252]. Celecoxib combined 
with anti-PD-1 antibody significantly inhibited tumor 
growth and promoted tumor regression in mice with 
melanoma [253]. Moreover, the addition of celecoxib or 
glucocorticoids to anti-PD-1 antibody promoted com-
plete tumor regression and prolonged survival in mice 
with CRC [252]. The researchers found that acute inter-
feron response program was induced in mouse tumors 
that responded early after receiving the combination 
therapy, resulting in an enhanced IFN-γ response and 
an increase in the accumulation of effector T cells within 
the tumor [252]. However, it has been shown that gluco-
corticoid therapy leads to worse PFS and OS in patients 
with solid tumors treated with ICIs [254, 255]. Therefore, 
non-steroidal anti-inflammatory drugs have great poten-
tial to modulate TME and improve the efficacy of ICIs, 
but glucocorticoids need to be further investigated as to 
whether glucocorticoid enhance or decrease the efficacy 
of ICIs.

PI3K‑AKT‑mTOR pathway inhibitor
PI3K-AKT-mTOR pathway include stimulation of cancer 
cell proliferation, metastasis, metabolic reprogramming 
and inhibition of autophagy and senescence [256]. The 
PI3K-AKT-mTOR pathway also regulates TME, inhib-
its the aggregation and function of T cells, increases the 
recruitment of MDSCs and Tregs in tumors, and secretes 
inhibitory cytokines [257, 258].

The efficacy of combinations of ICIs with PI3K-AKT-
mTOR pathway inhibitors has been demonstrated in 
current preclinical studies [259, 260]. In a mouse model 
of bladder cancer, treatment with low-dose everolimus 
combined with anti-PD-1 antibody enhanced the infiltra-
tion of CD8+ T cells and inhibits bladder tumor growth 
[259]. Moreover, the combination of PI3Kγ inhibitor and 
anti-PD-1 antibody or anti-CTLA4 antibody overcomes 
the resistance of anti-PD-1 antibody or anti-CTLA4 anti-
body and significantly inhibits the growth of breast can-
cer tissue in mice [260]. In conclusion, the prospect of 
combining PI3K-AKT-mTOR signaling pathway inhibi-
tors with ICIs appears very appealing. Therefore, it is 
necessary to investigate the immunomodulatory effects 
of PI3K-AKT-mTOR signaling pathway inhibitors, and to 
further evaluate the therapeutic effect of this combina-
tion in more tumor types.

Mitogen‑activated protein kinase pathway inhibitor
The MAPK pathway regulates a variety of cellular processes 
including proliferation, differentiation, apoptosis, and stress 
response, of which the RAS-RAF-MAPK (MEK)-ERK 
pathway is the most important signaling cascade control-
ling survival and development of tumor cells [261].

Inhibition of BRAF and MEK combined with anti-
PD-1 antibody or anti-PD-L1 antibody enhances tumor 
immune infiltration in a CD8+ T cell-dependent manner 
[262]. In a BRAF-mutant melanoma model with anti-
PD-1 antibody resistance, concurrent administration 
of darafanib and trametinib increased CD8+ cytotox-
icity and CD4+ T helper cells infiltration, strongly sup-
pressed tumor growth, and further enhanced the efficacy 
of anti-PD-1 antibody or anti-PD-L1 antibody [263]. The 
sequential treatment of anti-PD-1 antibody followed 
by targeted inhibitors has yielded longer durations of 
treatment response compared to using anti-PD-1 anti-
body alone or using targeted inhibitors first followed by 
anti-PD-1 antibody in a mouse model of BRAF-mutant 
melanoma [264]. In addition, the combination of ERK 
inhibitor and anti-PD-1 antibody also induced massive 
CD8+ T cells infiltration and prolonged OS in PDAC 
mice [265].

Although the combination of MAPK pathway inhibi-
tors and ICIs has opened up new avenues for cancer 
treatment, future studies are needed to optimize treat-
ment strategies and identify appropriate biomarker for 
patient subgroups. In addition, it is important to evaluate 
the efficacy of this combination in more types of tumors.

RAS inhibitor
The RAS (KRAS, NRAS and HRAS) family is the most 
frequently mutated in cancer cells, and when activated, 
it could trigger downstream pathways such as MAPK 
and PI3K-AKT [266]. Activation of RAS inhibits CD8+ T 
cells infiltration and upregulation of MDSCs and Tregs 
and induces infiltration of multiple immunosuppressive 
cytokines in the TME [267].

Targeting RAS could relieve the immunosuppression 
mediated by MAPK and PI3K-AKT pathways and has a 
synergistic effect with ICIs [268]. Notably, rigosertib is 
a non-ATP-competitive small molecule RAS mimetic, 
which blocked both MAPK and PI3K-AKT signaling 
pathways [269]. Rigosertib plus anti-PD-1 antibody or 
anti-CTLA-4 antibody increased CD8+ T cells infiltra-
tion, increased the median survival time of mice with 
leukemia from 11 to 22.5 days of anti-PD-1 antibody or 
anti-CTLA-4 antibody alone, and about 70% of tumors 
showed growth inhibition [270].

Therefore, targeting RAS in combination with ICIs is a 
promising strategy. However, the development of specific 
inhibitors for mutant RAS alleles and personalization of 
drugs according to the mutant gene are important for 
combination therapy. Moreover, the efficacy and safety of 
this combination for various tumor types warrant further 
investigation.
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Wnt/β‑catenin inhibitor
The Wnt/β-catenin signaling pathway controls a variety 
of cellular processes and is closely associated with cancer 
development [271]. The Wnt ligand inhibitors promote 
the transformation of the TME in a direction conducive 
to the function of ICIs [272]. In a bone marrow-derived 
cancer-associated fibroblasts-rich tumor model, Wnt/β-
catenin signaling inhibitors inhibited the expression of 
PD-L1 and enhanced the therapeutic effect of anti-PD-L1 
antibody [273]. RX-5902, a novel β-catenin modulator, in 
combination with nivolumab increased TILs infiltration 
and activation, granzyme B production, and exhibited 
favorable tumor control in a mouse model of 4T1 tumor 
[274].

Therefore, inhibition of Wnt/β-catenin signaling path-
way is also a therapeutic strategy worthy of investigation 
to improve the efficacy of ICIs. However, this combina-
tion has been less studied in other tumor types.

ICIs combined with targeting innate immune pathways
Anti-tumor effects could be induced through activa-
tion of pattern recognition receptors (PRRs) within the 
patient’s innate immune pathways, such as TLRs, retinoic 
acid-inducible gene-I (RIG-I)-like receptors (RLRs), and 
stimulator of interferon genes (STING) [275]. Targeting 
these treatment-related targets in the innate immune 
pathway helps prevent tumor escape and appears to offer 
additional possibilities for eradication when combined 
with ICIs.

TLRs
TLRs are considered as crucial PRRs that participate in 
innate immunity and serve as a bridge between innate 
and adaptive immunity [276]. TLR agonists lead to tumor 
regression by increasing the infiltration of NK cells, CTLs 
within the tumor [36]. Vidutolimod (CMP-001), a TLR9 
agonist, has shown to increase CD8+ T cells expression 
in melanoma patients, resulting in a higher response rate 
when combined with anti-PD-1 antibody compared to 
monotherapy [277]. Additionally, PD-L1/TLR7 dual-tar-
geted nanoantibody-drug conjugates have been found to 
induce CD8+ T cells and NK cells infiltration in the TME 
[203]. However, the therapeutic efficacy of TLRs agonists 
in combination with ICIs for other tumor types is cur-
rently unclear.

RLRs
RLRs belong to the family of DExD/H box RNA helicases 
that not only trigger cancer cell death but also enhance 
CD8+ T cell-mediated anti-tumor immune responses 
[275]. RIG-I activation enhances CD8+ T cells activation 
and infiltration in the TME [278]. Moreover, high RIG-I 
expression in melanoma patients receiving anti-CTLA-4 

antibody treatment further activates systemic anti-tumor 
immunity [279]. Thus, activation or high expression of 
RIG could enhance the anti-tumor immune effect of ICIs 
by activating the intrinsic immune pathway. Moreover, it 
is necessary to validate the therapeutic effect of this com-
bination in more studies.

STING signaling pathway
Activation of STING through the binding of tumor-
derived DNA fragments to GMP-AMP (cGAS) stimulates 
the production of IFNs and activates CD8+ T cells [280]. 
In a B16F10 (melanoma cell lines) tumor mouse model 
with lung metastasis, STING agonist (STING-LNP) com-
bined with anti-PD-1 antibody has been found to exert 
a synergistic anti-tumor immune effect [281]. Targeting 
the STING signaling pathway is crucial in cancer immu-
notherapy and could enhance the efficacy of checkpoint 
inhibitor-based immunotherapy. However, more studies 
are needed to observe the therapeutic effect of this com-
bination on other types of tumors.

ICIs combined with non‑apoptotic regulated cell death
RCD plays a crucial role in maintaining homeostasis and 
disease development and could be divided into two cat-
egories: apoptotic RCD and non-apoptotic RCD [282]. 
At present, induction of non-apoptotic RCD is an emerg-
ing cancer treatment modality, including autophagy, fer-
roptosis, pyroptosis, and necroptosis [283]. Moreover, 
non-apoptotic RCD profoundly affects the response of 
immune cells infiltrating the TME.

Autophagy
Autophagy is a regulatory mechanism that removes 
unnecessary or dysfunctional cellular components and 
recycles metabolic substrates [283]. It affects tumor 
progression, immunity and therapy by changing the 
autophagy pathway of tumor cells and immune cells in 
response to stress signals in TME [284]. And it is gener-
ally considered to be an important mechanism of drug 
resistance in cancer therapy, but it could also exert anti-
tumor effects by enhancing tumor immunogenicity [285]. 
Autophagy inhibitors are classified into early inhibitors 
that target ULK1/ULK2 or VPS34, such as SBI-0206965, 
3MA and wortmannin, and late inhibitors that target 
lysosomes, such as chloroquine, hydroxychloroquine, 
bafilomycin A1 and monensin [286]. The combination of 
chloroquine with anti-PD-L1 antibody and anti-CTLA-4 
antibody induced the expression of CD8+ T cells and 
MHC-I molecules in PDAC in mice, and improved the 
anti-tumor effect [37]. Moreover, the lysosomal protein 
palmitoyl protein 40 thioesterase 1 inhibitor hydroxy-
chloroquine, used in combination with anti-PD-1 anti-
body, induced TAM polarization from M2 phenotype to 
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M1 phenotype, reduced MDSCs infiltration, enhanced 
the killing effect of T cells, and finally inhibited tumor 
growth and prolonged the survival of melanoma mice 
[287]. Autophagy inhibitors appear to be an increasingly 
promising combination therapy strategy for sensitizing 
tumor cells to ICIs. In the future, more preclinical and 
clinical studies of this combination should be conducted 
to evaluate its efficacy and safety, so that more cancer 
patients could benefit from it.

Ferroptosis
Ferroptosis is a regulatory cell death caused by iron-
dependent lipid peroxidation, and three key features 
of ferroptosis have been cracked: membrane lipid per-
oxidation, intracellular iron availability, and loss of anti-
oxidant defenses [288]. In addition, ferroptosis plays an 
important role in T cell-mediated anti-tumor immunity 
and affects the efficacy of immunotherapy, and direct or 
indirect induction of ferroptosis, such as radiotherapy 
and targeted therapy, is a promising combination to 
improve anti-PD-1 or anti-PD-L1 immunotherapy [289]. 
In the xenograft model of diffuse large B-cell lymphoma, 
the dual PI3K/HDAC inhibitor, BBT-908, induced fer-
roptosis of tumor cells, and the increased ferroptosis sig-
nal further stimulates MHC-I expression of tumor cells, 
enhancing immunogenicity, and in combination with 
anti-PD-1 antibody some mice survive for a long time 
after treatment and develop anti-tumor immune mem-
ory in vivo [290]. Further study of the specific regulatory 
mechanisms of ferroptosis in TME will help to design fer-
roptosis inducers targeting cancer therapies, and provide 
new options for overcoming ICIs resistance in the clinic 
by triggering immune responses through ferroptosis.

Pyroptosis
Pyroptosis is mainly induced by gasdermin D in gas-
dermin family members, and involves the inflammatory 
caspase-1 or caspase-4/5 pathway in the main pathway, 
and the most important alternative pathway is the cas-
pase-3 pathway induced by gasdermin E [291]. A variety 
of therapeutic approaches such as chemotherapy drugs 
including platinum, paclitaxel, 5-FU, and radiation ther-
apy induce pyroptosis in tumor cells through the gasder-
min D pathway, which further activates the infiltration 
and activation of CTLs, and consequently eliminates 
tumor cells [292]. Immunomodulative photodynamic 
MRC nanoparticles were used for pyroptosis-mediated 
immunotherapy, and combined with anti-PD-1 antibody 
showed significant tumor suppression effect, prolonged 
survival time of 4T1-Luc tumor-bearing mice, and inhib-
ited metastasis [293]. Pyroptosis inducer may improve 
the therapeutic effect of ICIs in tumor patients, but more 
studies in a wider range of tumors are needed to verify 

the efficacy of this combination. In addition, it is essential 
to develop novel cell pyroptosis inducers targeting cancer 
cells to obtain the best therapeutic effect and the lowest 
side effects.

Necroptosis
Effectors in necroptosis such as RIPK1 and RIPK3 
directly regulate immune cell function [283]. RIPK1-
mediated cell death induced activation of CD8+ T cells 
and NK cells in treating soft-tissue sarcoma, enhancing 
the therapeutic effect of anti-PD-1 antibody and anti-
CTLA-4 antibody [294]. However, there are few stud-
ies relevant to this combination, and the effect in other 
tumors is not clear.

ICIs combined with nitric oxide
NO has the potential to play an anti-tumor role by pro-
moting macrophage polarization towards the M1 phe-
notype and CD8+ T cells infiltration [295]. Researchers 
utilized nanotechnology to deliver NO to the tumor site, 
inducing CD8+ T cells infiltration and synergistic interac-
tion with anti-PD-1 antibody, resulting in the inhibition 
of breast cancer growth and metastasis in mice [296]. 
Additionally, a NO delivery platform using dendritic 
mesoporous silica nanoparticles modified with S-nitroso-
thiol has been developed by researchers, which enhances 
NO levels in macrophages, induces TAM polarization to 
the M1 phenotype, and improves anti-tumor immunity 
[38]. Although the combination has achieved favorable 
therapeutic effects, more studies are needed to observe 
the therapeutic effects of this combination on other types 
of tumors.

In conclusion, NO have immunomodulatory activity 
and could modulate TME to an immunologically acti-
vated state. This provides a new approach to enhance 
the therapeutic efficacy of ICIs, but drug concentra-
tion and precise local delivery are issues that need to be 
thoroughly investigated for this therapeutic approach. 
Moreover, it is necessary to observe the efficacy of this 
combination in other tumor types.

ICIs combined with targeting metabolic pathways
In the TME, the nutritional competition and coordina-
tion between tumor cells and immune cells is the key to 
the effectiveness of anti-tumor immune response, and 
metabolites could also affect the metabolic process of T 
cells [297]. Table  3 presents preclinical studies of ICIs 
combined with targeting metabolic pathways. Block-
ing agents that target metabolic pathways could alter the 
behavior of other immune cells in the tumor or TME, 
thereby activating a killing response against the tumor 
and having greater tumor suppression effects in combi-
nation with ICIs.
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Glycolysis
Glycolysis improves CD8+ T cell-mediated anti-tumor 
immune response by increased expression of phosphoe-
nolpyruvate in T cells, deletion of VHL protein to relieve 
hypoxia caused by HIF, NF-κB induced kinase (NIK) to 
prevent autophagy degradation of glycolytic ring-limiting 
enzyme HK2, inhibition of PI3K-AKT-mTOR signaling 
pathway [298–300]. In a mouse model of B16F10 tumors, 
compared with anti-PD-1 antibody alone, glucose metab-
olism inhibitor (PFK-015) combined with anti-PD-1 anti-
body significantly reduced tumor volume [301].

In addition, inhibiting lactate transporter MCT1 
expression by Tregs in intrahepatic tumors reduce lactate 
content in TME, which further reduces PD-1 expression 
in Tregs and enhances the effect of anti-PD-1 antibody 
[302]. Moreover, lactate enhances anti-tumor immunity 
via CD8+ T cells, and lactate combined with anti-PD-1 
antibody enhances the efficacy of single-agent therapy 
in MC38 and B16F10 tumor mouse models by inhibiting 
tumor growth and prolonging the survival time of mice 
[303]. In conclusion, the regulation of glucose metabo-
lism provides new insights into enhancing the therapeu-
tic effects of ICIs. Therefore, future research should not 
only delve deeper into the underlying mechanisms but 
also conduct further studies on the efficacy of combina-
tion therapy in other types of tumors.

Lipid metabolism
Fatty acids could enhance anti-PD-1 antibody-mediated 
anti-tumor immunity by enhancing fatty acid oxidation 
(FAO) in CD8+ T cells [304]. They also regulate the cyto-
toxicity of NKT cells, promote infiltration of CD8+ cen-
tral memory T cells, increase the number of NK cells, 
increase levels of activating receptors and effector pro-
teins, enhance the anti-tumor activity of CTLs in a DC-
dependent manner, and eventually inhibit tumor growth 
[304]. However, accumulation of FAs reduces the activity 
of effector T cells and antigen presentation function of 
DCs and also induced the immunosuppression of Tregs 
[305–307].

Peroxisome proliferator-activated receptor γ (PPARγ) 
coactivator-1α (PGC-1α) / transcription factor complexes 
agonist combined with anti-PD-1 antibody increased the 
infiltration and improved the function of CTL in CRC 
in mice, and activate mitochondrial respiratory func-
tion and FAO in CD8+ T cells [308]. In mouse models of 
melanoma and CRC, inhibiting the expression of CD36 
could inhibit absorption of FAs, down-regulate intratu-
moral invasion by Tregs, and play a synergistic role with 
anti-PD-1 antibody in anti-tumor immunity [309]. Fur-
thermore, adenosine 5ʹmonophosphate-activated pro-
tein kinase (AMPK) inhibits the synthesis of fatty acids 
[39]. It also inhibits abundance of PD-L1 protein and 

increases expression of type 1 IFN and antigen present-
ing genes [39]. The combination of AMPK agonist and 
anti-CTLA-4 antibody significantly increases CD8+ T 
cells and cytokines while prolonging OS in CT26 tumor-
bearing mice [39]. Moreover, other drugs that regulate 
lipid metabolism, like stearoyl co-adesaturase1 inhibi-
tors, fatty acid synthase inhibitors and drugs targeting 
carnitine palmitoyltransferase I have shown promising 
anti-tumor effects [310–312].

High cholesterol levels could deplete CD8+ T cells, 
weakening the body’s anti-tumor immune response 
[313]. Statins could regulate cholesterol metabolism by 
inhibiting the conversion of 3-hydroxy-3-methyl-glutaryl 
coenzyme a to methylglutaric acid, reducing the risk of 
cancer and enhancing anti-tumor immunity [314]. In a 
mouse harboring Lewis cells model, the combination of 
lovastatin and anti-PD-1 antibody resulted in a signifi-
cant reduction in tumor weight and volume compared 
with anti-PD-1 antibody alone [315]. Besides, the addi-
tion of statins improved survival rate for NSCLC patients 
under 75 years old receiving anti-PD-1 antibody therapy 
[315]. In addition, statins also improved the prognosis of 
NSCLC patients treated with ICIs monotherapy, prolong 
the OS of NSCLC patients who have received anti-PD-1 
antibody treatment, but have no effect on PFS [316]. 
Therefore, researches on targeting lipid metabolism have 
provided new modalities for cancer treatment, advancing 
combination therapy approaches to improve ICIs treat-
ment. However, it is still necessary to verify the effective-
ness of this combination for cancer treatment in future.

Extracellular adenosine
Extracellular adenosine (eADO) usually suppresses 
anti-tumor immune responses [317]. Targeted inhibi-
tion of cell-surface ectonucleotidases CD73, CD39 and 
eADO-specific receptors (A2A or A2B) could induce acti-
vation and proliferation of T cells, depletion of Tregs, 
maturation and functional restoration of NK cells [318]. 
Anti-CD73 antibody enhances the anti-tumor activ-
ity of anti-PD-1 antibody and anti-CTLA-4 antibody in 
colon cancer and prostate cancer mice in an IFN-γ and 
CD8+ T cell-dependent manner [319]. CPI-444 is a small 
molecule inhibitor of A2A that reduces the expression of 
PD-1 on CD8+ T cells, enhances the function of CD8+ T 
cells, and significantly improves the survival rate of CRC 
mice when combined with anti-PD-1 antibody [320]. 
Therefore, targeting the adenosine pathway has signifi-
cant potential to enhance the therapeutic effects of ICIs 
in cancer. However, more preclinical studies are needed 
to determine the timing and intensity of A2A blockade to 
obtain better therapeutic effects to promote the clinical 
translation of this combination.
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Tryptophan catabolism pathway
The first step in free tryptophan degradation metabolism 
is catalyzed by indoleamine-2,3 dioxygenase (IDO) 1, 
IDO2 or tryptophan-2,3 dioxygenase (TDO) to eventu-
ally produce kynurenine [321]. IDO1 mediates its immu-
nosuppressive function by inducing formation of Tregs 
and MDSCs while inhibiting proliferation of CD3+ T 
cells, CD8+ T cells and NK cells [322]. Anti-PD-1 anti-
body or anti-CTLA-4 antibody in combination with 
IDO1 inhibitors increased production of CD8+ T cells 
and IL-2, resulting in better therapeutic efficacy on mela-
noma in mice compared with anti-PD-1 antibody or anti-
CTLA-4 antibody alone [323]. Besides, TDO inhibitor 
improves the anti-tumor effect of anti-CTLA-4 antibody 
in TDO-expressing CRC mice (P < 0.0004) [324]. How-
ever, only patients with tumors expressing tryptophan 
catabolic enzymes benefit. Therefore, it is highly nec-
essary to stratify patients before targeting tryptophan 
catabolism in combination with ICIs therapy. In addition, 
exploring the safety and efficacy of this combination in 
more tumor types is also an indispensable process to pro-
mote the clinical transformation of this combination.

Polyamine metabolism
Polyamines have been shown to enhance the generation 
and activation of B and T cells for anti-tumor immunity 
[325]. However, they are mostly responsible for immu-
nosuppression by polarizing macrophages towards the 
M2 phenotype in the TME [325]. In mouse models with 
metastatic 4T1 and B16F10 tumors, polyamine block-
ing therapy consisting of α-difluoromethylornithine and 
polyamine transport inhibitors combined with anti-PD-1 
antibody resulted in a reduction in the levels of MDSCs 
and M2 TAMs as well as a four-fold decrease in tumor 
volume compared to anti-PD-1 antibody alone [326]. Due 
to the metabolism of tumor cells and immune cells exist 
obvious heterogeneity and plasticity, so a better under-
standing of tumor immune escape mechanism of poly-
amine metabolism, may help to overcome the resistance 
of ICIs treatment. Moreover, the clinical value of ICIs 
combined with targeting polyamine pathways in more 
tumor types needs to be investigated in further studies.

Methionine metabolism
Methionine is an essential amino acid that could restore 
the function of CD8+ T cells [327, 328]. However, a 
methionine-restricted diet (MRD) could also enhance 
anti-tumor immunity by increasing the infiltration of 
CD8+ T cells [327, 328]. In mouse models with CT26 
and B16F10 tumors, methionine inhibited tumor growth, 
increased infiltration of CD8+ T cells, decreased apopto-
sis, and showed a synergistic effect when combined with 
anti-PD-L1 antibody [329]. Moreover, the effectiveness of 

MRD and anti-PD-1 antibody has been demonstrated in 
mouse models of CT26 and MC38 [330]. In conclusion, 
targeting methionine metabolism may be a potential new 
strategy to enhance ICIs, but evidence for the efficacy of 
this combination in cancer treatment is still lacking.

ICIs combined with targeting sex hormone receptors
Androgen receptor (AR)-mediated signaling pathway is 
not conducive to the maintenance of stem-like CD8+ T 
cells, leading to the depletion of anti-tumor CD8+ T cells 
more easily in male patients [331]. Meanwhile, female 
patients exhibit lower levels of AR expression in CD8+ 
T cells and lower levels of androgen, allowing them to 
achieve a better anti-tumor immune effect [331, 332]. 
In male prostate cancer mice, a combination of andro-
gen deprivation therapy plus AR inhibitor enzalutamide 
plus anti-PD-1 antibody promoted tumor regression and 
improved survival [333].

On the other hand, estrogens inhibit anti-tumor immu-
nity by regulating the polarization of TAMs towards M2 
phenotype and increasing the infiltration of MDSCs [334, 
335]. Fulvestrant is a selective estrogen receptor down-
regulator that could inhibit estrogen receptor α (ERα), 
reduce tumor-promoting effect of estrogen and enhance 
the anti-tumor effect of ICIs in a mouse model of mela-
noma [41]. Thus, AR inhibitors provide a theoretical basis 
for reversing immunosuppression and improving ICIs 
efficacy in male patients while ERα inhibitors provide this 
benefit for female patients. Moreover, G protein-coupled 
estrogen receptor-induced c-myc depletion restored 
expression of antigen-presenting human leukocyte anti-
gen (HLA)/MHC proteins [336]. Selective agonist G-1 
combined with anti-PD-1 antibody prolonged the sur-
vival time of melanoma mice and produced immune 
memory [336].

In conclusion, incorporating sex into the treatment of 
ICIs may mitigate the effect of sex on cancer treatment. 
Targeting sex hormone receptors could be a promising 
strategy to enhance ICIs, but more studies are needed to 
further investigate the mechanisms involved and effec-
tiveness in various tumor types.

ICIs combined with injection of magnesium
Low dietary magnesium intake and hypomagnesemia 
have been linked to various diseases, including infections 
and cancer [337]. It has been previously reported that 
feeding mice with a magnesium ion-deficient diet accel-
erated the spread and metastasis of cancer cells [337]. 
This is because magnesium is essential for the function 
of leukocyte function-associated antigen 1 (LFA-1), a 
costimulatory molecule protein on the surface of T cells, 
and CD8+ T cells require a sufficient concentration of 
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magnesium to function effectively [42]. Magnesium ions 
promote the activation of effector memory CD8+ T cells 
through LFA-1 action to enhance the therapeutic effect 
of ICIs [42]. Therefore, intratumoral injection of MgCl2 
has been shown to increase CD8+ T cells infiltration, 
inhibit tumor growth and improve tumor control in mice 
when combined with PD-1 inhibitors in a MC38-OVA 
tumor mouse model [42].

Consequently, a low serum magnesium level is asso-
ciated with poor prognosis in cancer immunotherapy. 
Appropriate supplementation of magnesium ions in can-
cer patients may enhance T cell immunity and improve 
the efficacy of anti-PD-1 antibody. However, the efficacy 
and feasibility of this combination in other tumor types 
need to be further verified in more studies.

ICIs combined with targeting co‑stimulatory receptors
Co-stimulatory receptors are located on the surface of 
T cells and could activate and proliferate T cells by acti-
vating the TCR [338]. These co-stimulatory signals play 
a critical role in regulating T cell activation, differentia-
tion, effector function, and survival [338]. Co-stimulatory 
receptors are usually divided into tumor  necrosis  fac-
tor receptor superfamily (TNFRSF) which includes glu-
cocorticoid induced tumor necrosis factor  receptor 
(GITR), OX40, CD40 and 4-1BB, and immunoglobulin 
superfamily (IgSF) which includes CD28 and induced T 
cells co-stimulation (ICOS) [339]. Currently, there are no 
co-stimulatory receptor inhibitor has been approved for 
clinical practice, so despite the satisfactory therapeutic 
effects of these combination strategies in preclinical stud-
ies, it will take a long time for these combination strate-
gies to be translated to the clinic. As the understanding of 
the mechanism of combination therapy improves, deter-
mining the optimal drug dose and order of administra-
tion is critical to obtaining the best combination therapy 
outcome. Table  4 presents preclinical studies that com-
bine ICIs with co-stimulatory receptors.

GITR
GITR is a co-stimulatory molecule in the TNFRSF, and 
its binding to ligands could regulate the NF-κB and 
MAPK pathways [340, 341]. Activating the GITR signal-
ing pathway leads to T cell activation, proliferation, and 
survival while inhibiting the inhibitory activity of Tregs 
[340, 341]. A bispecial antibody composed of multimeric 
GITR ligand and anti-PD-1 antibody increased CD8+ T 
cells infiltration and inhibited tumor growth in CT26, 
EMT6 (breast cancer cell lines), and JC (breast cancer 
cell lines) tumor-bearing mice, with a greater anti-tumor 
effect than GITR agonist combined with anti-PD-1 anti-
body [43]. Moreover, the evaluation of the efficacy of 
such studies in different tumor types is critical.

OX40
OX40 is a co-stimulatory molecule that is transiently 
expressed on activated human T cells, belongs to 
TNFRSF, and plays a role in effector T cells activation, 
expansion, differentiation, generation, and maintenance 
of memory T cells [342]. The combination treatment of 
an anti-OX40 agonist antibody and an anti-PD-1 anti-
body in treating PDAC increased infiltration of CD4+ T 
cells and CD8+ T cells, promoted tumor regression and 
prolonged the survival of mice compared with anti-OX40 
agonist antibody or anti-PD-1 antibody monotherapy 
[343]. In addition, sequential therapy with an anti-OX40 
agonist antibody followed by an anti-PD-1 antibody is 
also an effective strategy to improve the efficacy in tumor 
therapy [344]. In conclusion, anti-OX40 agonist antibody 
has been shown to improve the efficacy of ICIs, but it 
needs to be evaluated in more tumor types.

4‑1BB
4-1BB belongs to TNFRSF9, which is activated and could 
induce the expression of co-stimulatory receptors on T 
cells and NK cells to enhance the cell killing ability of T 
cells and the cytotoxicity induced by NK cells [345]. In 
3LL (lung cancer cell lines) and 4T1 tumor mouse mod-
els, combined therapy improved survival and inducing 
tumor regression in tumor-bearing mice compared to 
anti-PD-L1 antibody or anti-4-1BB antibody alone [346]. 
Meanwhile, there is evidence that changing the admin-
istration sequence based on TME further enhances the 
efficacy of combination therapy with anti-PD-1 anti-
body and anti-4-1BB antibody [347]. Thus, the synergis-
tic anti-tumor effects of ICIs and 4-1BB agonists provide 
an effective therapeutic modality for cancer patients. In 
addition, the therapeutic effect of this combination on 
more tumor types still needs further attention.

ICOS
ICOS is paradoxical in anti-tumor immunity because 
it could both enhance the immune response of CD8+ T 
cells against tumor growth as well as maintain the func-
tion of Tregs to promote tumor development [348]. In a 
mouse model of highly aggressive melanoma, ICOS bi-
specific agonistic aptamer restored the tumor inhibitory 
effect of anti-CTLA-4 antibody [349]. Therefore, ICOS 
agonist combined with ICIs is a potential therapeutic 
strategy, but more relevant studies are needed to evaluate 
the efficacy of this combination.

CD40
CD40, a member of TNFRSF, is widely expressed in 
hematopoietic and non-hematopoietic tissues [350]. 
CD40 ligand is expressed on CD4+ T cells and binding 
with CD40 could activate CD4+ T cells while enhancing 
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the response and immune memory of CD8+ T cells 
induced by DCs [351]. Combination therapy of anti-PD-1 
antibody with a CD40 agonist demonstrated enhanced 
efficacy in inhibiting tumor growth and improving sur-
vival rate and OS in mice with intrahepatic cholangio-
carcinoma [352]. In conclusion, several preclinical and 
clinical studies have suggested that CD40 agonist are a 
promising strategy to improve the efficacy of ICIs treat-
ment, but more clinical studies are needed to confirm the 
effectiveness of this combination for cancer treatment in 
future.

ICIs combined with targeting co‑inhibitory receptors
Slow activation of co-stimulatory receptors and TCR sig-
nals may lead to inhibition of T cells activation and func-
tion [353]. Inhibited T cells may cause up-regulation of 
multiple inhibitory receptors, such as CTLA-4 and PD-1, 
LAG-3, T cell immunoglobulin and mucin domain-con-
taining protein 3 (TIM3), T cell immunoglobulin and 
immunoreceptor tyrosine-based inhibitory motif domain 
(TIGIT), and B and T lymphocyte attenuator (BTLA) 
[339]. Table  5 presents preclinical studies of ICIs com-
bine with co-inhibitory receptors. Antagonists target-
ing these upregulated co-inhibitory receptors to further 
enhance the efficacy of ICIs are promising combination 
therapy strategies. Personalized treatment by selecting 
the best target to obtain the best effect is also a valuable 
research direction in the future.

TIM3
TIM3 belongs to the TIM family and participates in 
autoimmune and cancer immune regulation through 
various cells such as IFN-γ, CD4+ T cells, CD8+ T cells, 
Tregs, and NK cells [354]. In a B16F10 tumor mouse 
model, anti-TIM3 antibody combined with anti-PD-1 
antibody and anti-CTLA-4 antibody further inhibited 
tumor growth compared with anti-TIM3 antibody, anti-
PD-1 antibody and anti-CTLA-4 antibody monotherapy, 
resulting in survival benefit of mice [355]. In conclusion, 
ICIs have synergistic effects with anti-TIM3 antibody and 
represent a promising combined therapeutic strategy. 
However, the efficacy of this combination in cancer treat-
ment needs to be further validated.

TIGIT
TIGIT is a suppressor receptor belonging to the PVR-like 
family, which could bind with CD155 on tumor cells or 
APCs to inhibit the function of NK cells, CD4+ T cells, 
and CD8+ T cells while enhancing the immunosup-
pressive function of Tregs [356]. Anti-TIGIT antibody 
enhanced the anti-tumor immune response activated by 

anti-PD-1 antibody by inducing stronger infiltration of 
CD4+ T cells and CD8+ T cells in a MC38 tumor mouse 
model [357]. The combination of ICIs with anti-TIGIT 
antibody may be the key to improving survival in cancer 
patients treated with ICIs alone. And it is necessary to 
investigate the therapeutic effect of this combination in 
cancer treatment in further researches.

BTLA
BTLA belongs to the CD28 superfamily and has simi-
lar structure and function to PD-1 and CTLA-4, which 
could inhibit the activation of B cells and T cells to play 
an immunosuppressive function [358]. In glioblastoma 
mice models, anti-PD-1 antibody combined with anti-
BTLA antibody increased the overall long-term survival 
rate of anti-PD-1 antibody monotherapy from 20 to 60% 
while increasing the expression of CD4+ IFN-γ and CD8+ 
IFN-γ [359]. ICIs combined with anti-BTLA antibody 
provides a new direction for anti-tumor immunotherapy, 
but the efficacy of this combination needs to be validated 
in cancer treatment in future.

ICIs combined with regulation of dietary mode
Fasting-mimicking and ketogenic diets may provide 
potential benefits to cancer patients, as they improve 
metabolic, enhance anti-tumor ability, and increase effec-
tor T cells [39, 45]. These feasible dietary interventions 
may be used in conjunction with standard treatments and 
could possibly serve as adjunctive treatments to enhance 
the effects of ICIs.

Fasting‑mimicking
Caloric restriction intervention is safe to use in combi-
nation with standard treatment and leads to a decrease 
in blood glucose levels, growth factor concentrations, 
immunosuppressive cells in peripheral blood, and 
enhanced T cell infiltration in tumors [360]. This helps 
regulate cancer patient metabolism and enhances anti-
tumor immunity [360]. In particular, a fasting-mimicking 
diet combined with anti-PD-L1 antibody treatment has 
been shown to enhance the anti-tumor immune response 
and reduced tumor volume of two different low-immu-
nogenicity TNBC subtypes (4T1 and TS/A) mice by 
increasing CD8+ T cells and CD4+ T cells infiltration 
[45]. In conclusion, fasting-mimicking is a safe, inex-
pensive, and accessible dietary intervention that shows 
exciting promise in enhancing anti-tumor immunity. 
However, only a small number of such studies have been 
conducted, and there is a need to assess the effectiveness 
of fasting-mimicking for adjuvant therapy based on ICIs 
for cancer treatment in the future.
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Ketogenic‑diet
The KD is a formulated diet that contains high 
amounts of fat, low amounts of carbohydrates, suitable 
protein levels, and other nutrients [361]. KD enhances 
innate and adaptive immune responses by increasing 
CD8+ T cells and CD4+ T cells while decreasing Tregs 
[362]. Moreover, it down-regulates the expression of 
PD-L1 and CTLA-4 in T cells [362]. When combined 
with anti-CTLA-4 antibody treatment in homogenous 

mice with CT26 tumors compared to single therapy 
it delayed tumor growth and prolonged survival rates 
[39]. Therefore, the ketogenic diet has the advantages 
of low cost, high patient compliance, and few side 
effects, making it an attractive strategy to enhance the 
efficacy of ICIs. Moreover, it is important to investi-
gate the effect of this combination on more tumor 
types.

Table 5  Preclinical studies of ICIs combine with co-inhibitory receptors

Author, year Receptor 
and 
ligands

ICI Combination Treatment Model Anti-tumor efficacy

Ngiow et al. 2011 
[367]

TIM3 Anti-PD-1 antibody 
or Anti-CTLA-4 
antibody

Anti-TIM3 antibody Anti-PD-1 antibody 
or anti-CTLA-4 
antibody + anti-TIM3 
antibody

B16F10 tumor 
mouse model

1. Promoted T cell 
IFN-γ–mediated anti-
tumor immunity
2. Inhibited tumor 
growth and extended 
the survival time 
of mice

Sakuishi et al. 2010 
[372]

TIM3 Anti-PD-L1 antibody Anti-TIM3 antibody Anti-PD-L1 anti-
body + anti-TIM3 
antibody

CT26 tumor mouse 
model

1. Restored CD8+ T 
cells function
2. Inhibited tumor 
growth, with 50% 
of the mice show-
ing complete tumor 
regression

Kim et al. 2017 [373] TIM3 Anti-PD-1 antibody Anti-TIM3 antibody Anti-PD-1 anti-
body + anti-TIM3 
antibody

GL261-luc2 tumor 
mouse model

1. Increased CD8+ 
T cells infiltration 
and decreased Tregs 
recruitment
2. Combination 
therapy improved 
survival with anti-PD-1 
antibody monotherapy 
from 33 to 100 days

Dixon et al. 2018 
[369]

TIGIT Anti-PD-1 antibody Anti-TIGIT antibody Anti-PD-1 anti-
body + anti-TIGIT 
antibody

MC38 tumor mouse 
model

1. Induced stronger 
CD4+ T cells and CD8+T 
cells infiltration
2. Complete tumor 
regression compared 
with monotherapy

Chauvin et al. 2015 
[374]

TIGIT Anti-PD-1 antibody Anti-TIGIT antibody Anti-PD-1 anti-
body + anti-TIGIT 
antibody

Melanoma patients Induced CD8+T cells 
infiltration and activa-
tion

Thibaudin et al. 2022 
[375]

TIGIT Anti-PD-L1 antibody Anti-TIGIT antibody Anti-PD-L1 anti-
body + anti-TIGIT 
antibody

Microsatellite stable 
colorectal cancers 
samples

T cells were reactivated 
in 46% of the samples

John et al. 2021 [371] BTLA Anti-PD-1 antibody Anti-BTLA antibody Anti-PD-1 anti-
body + anti-BTLA 
antibody

Glioblastoma mouse 
model

1. Increased 
the expression of CD4+ 
IFN-γ and CD8+ IFN-γ
2. Increased the overall 
long-term survival rate 
of anti-PD-1 antibody 
monotherapy from 20 
to 60%
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ICIs combined with epigenetic modulations
Epigenetic modification controls transcription through 
histone modification, DNA methylation, and regulation 
of non-coding RNA levels [363]. Currently, several epi-
genetic drugs have been developed, including histone 
deacetylase inhibitors (HDACi), histone methyltrans-
ferase inhibitors (HMTi), DNA methyltransferase inhibi-
tors (DNMTi), and non-coding RNAs inhibitors, which 
have anti-tumor immune effects [364–366]. However, 
drugs for other epigenetic mechanisms, such as lncRNA, 
miRNA, and histone phosphorylation have not yet been 
used for clinical treatment [367].

There are two major problems that limit the effi-
cacy of existing ICIs are low immunogenicity and drug 
resistance, and epigenetics will be involved through 
various regulatory effects, especially the regulation of 
the immunogenicity of cancer cells and the exhaustion 
of T cells, making it a promising strategy to enhance 
the efficacy of ICIs [368]. Nevertheless, there is still a 
need for extensive research to discover more epigenetic 
modification mechanisms and therapeutic targets, to 
develop more effective epigenetic drugs, and to achieve 
the optimal combination of epigenetic drugs and ICIs 
in combination therapy.

Histone acetylation
Histone acetylation is the addition of acetyl groups to 
multiple lysine residues in the histone tail, promoting 
chromatin opening and enhancing transcriptional activity 
[369]. The level of histone acetylation is affected by his-
tone deacetylases (HDAC) and histone acetyltransferase 
[370]. HDAC removes acetyl groups from histones dur-
ing regulation of cell cycle and mitosis, and it also inhib-
its DNA damage, maintains protein stability, participates 
in angiogenesis and IFN signaling [371, 372]. HDACi 
could inhibit these changes while inducing cell apoptosis 
[371, 372]. Furthermore, HDACi has shown significant 
therapeutic effects on various lung tumor mouse mod-
els by inducing chemokines leading to enhanced T cell 
recruitment along with inhibition of tumor growth in 
combination with anti-PD-1 antibody [46]. Moreover, the 
therapeutic efficacy of the combination on other types of 
tumors needs to be further investigated.

Histone methylation
Histone methylation, which methylates lysine or arginine 
residues, is another histone modifications, in which the 
methylation of H3K4, H3K36, and H3K79 promotes the 
transcriptional activation of genes, while the methylation 
of H3K9, H3K27 and H4K20 promotes transcriptional 
inhibition [373]. Histone methyltransferase (HMT) is a 

key enzyme involved in histone methylation, regulating 
cell cycle and growth [374]. Furthermore, genes such as 
DOT1L (lysine 79), G9a, and EZH2 encode for HMTs 
involved in the process of histone methylation [375].

Inhibition of EZH2 combined with anti-PD-1 anti-
body promoted CD8+ T cells recruitment in head and 
neck squamous cell carcinoma of mice, enhanced tumor 
destruction and reduce the resistance of anti-PD-1 anti-
body treatment [376]. SD1 is the first identified histone 
demethylation enzyme that removes methyl from his-
tone H3K4 to regulate transcription for multiple genes 
[377, 378]. In a TNBC mouse model, the combination 
of an LSD1 inhibitor and anti-PD-1 antibody increased 
CD8+ T cells infiltration and inhibited tumor growth 
and metastasis [379]. Additionally, G9a inhibition 
enhances checkpoint inhibitor-blocked anti-tumor activ-
ity by modulating autophagy and IFN signaling leading to 
tumor regression in a B16F10 tumor mouse model [380]. 
Thus, regulation of histone methylation in combination 
with ICIs is a promising strategy for cancer treatment, 
the effects of this combination on a variety of tumors 
need to be further explored.

DNA methylation
DNA methylation transfers a methyl group to cytosine 
forming 5-methylcytosine as an epigenetic mechanism 
widely studied for its role in cancer development and 
occurrence [381]. DNA methyltransferases (DNMTs) 
induce DNA methylation, and both hypomethylation and 
hypermethylation promote cancer occurrence and devel-
opment [364, 382]. Low-dose DNMT inhibitors enhance 
anti-CTLA-4 antibody anti-tumor immune responses in 
melanoma mice, showing a potential therapeutic advan-
tage [383]. In conclusion, whereas DNA methylation 
combined with anti-CTLA-4 antibody has demonstrated 
achieving better tumor control, the killing effect of this 
combination on multiple tumors needs to be further 
evaluated.

Circular RNA
Circular RNA (CircRNAs) are covalently closed mol-
ecules that regulate transcription and shearing when 
interacting with proteins, thereby affecting tumor 
growth, occurrence and metastasis [384, 385]. In a 
NSCLC mouse model, hsa_circ_0003222 inhibitor in 
combination with anti-PD-L1 antibody reduced tumor 
volume and inhibited tumor metastasis [386]. However, 
although there are few reports on such studies, the com-
bination of circRNAs inhibitors with ICIs is still a prom-
ising strategy.
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Nuclide image‑guided immune checkpoint therapy
Radio-labeled antibody probes based on single photon 
emission computed tomography (SPECT) and posi-
tron emission tomography have been utilized in both 
clinical and preclinical studies to observe the distribu-
tion and metabolism of ICIs in  vivo [387, 388]. 99mTc-
MY1523, a nanoscale probe targeting PD-L1, combined 
with SPECT/computed tomography (CT)-guided PD-L1 
blocking therapy in combination with SPECT/CT-guided 
PD-L1 blocking therapy, inhibited tumor growth and 
improved survival time and rate in MC38, A20 (lym-
phoma cell lines), and 4T1 tumor-bearing mouse models 
[389]. Another anti-PD-L1 antibody labeled with radioio-
dine (I131-αPD-L1) was also found to delay tumor growth 
and prolonged survival in MC38 and CT26 tumor mice 
compared to anti-PD-L1 antibody monotherapy [47]. The 
use of nuclide image-guided immune checkpoint ther-
apy is an attractive strategy to enable more precise and 
efficient release of ICIs by using a variety of molecular 
probes. However, the efficacy of this combination regi-
men for tumor treatment still needs to be verified in the 
future.

ICIs combined with DNA damage response
The DDR pathway is designed to protect the integrity 
of the cell genome and to monitor and repair foreign or 
endogenous DNA damage [390]. The DDR pathway plays 
an important role in the development of immune-acti-
vated TME, which makes the DDR-related therapeutic 
combination ICIs an attractive option for tumor treat-
ment which including PARP inhibitor, ATM/ATR/CHK1 
pathway inhibitor and WEE1 inhibitor. In the future, it 
is necessary to further determine the optimal dose and 
optimal combination of DDR inhibitors in combination 
with ICIs, and the study of the characteristics of DDR 
components in each tumor will contribute to the person-
alized treatment of cancer patients. Moreover, changes in 
DDR could be used as predictive biomarkers to identify 
specific subsets of patient that will respond to combina-
tion therapy with ICIs and DDR inhibitors, which is also 
critical to whether patients will benefit from combination 
therapy [391].

PARP inhibitor
PARP could be involved in DNA damage repair by add-
ing poly (ADP-ribose) (PAR) or mono-ADP-ribose to 
itself and other target proteins [392]. Activation of the 
cGAS-STING pathway enhances anti-tumor immunity 
through the production of type 1 IFN [393]. PARP inhibi-
tors inhibit base excision repair and induce systemic anti-
tumor immunity through cGAS-STING pathway [394]. 

PARP inhibitor combined with anti-PD-L1 antibody 
further activated T cells killing compared with anti-PD-
L1 antibody monotherapy [48]. Moreover, pamiparib as 
a PARP inhibitor combined with anti-PD-L1 antibody 
also inhibited tumor cell proliferation in a PDAC mouse 
model [392]. However, there is a need for further valida-
tion of the efficacy of this combination in the treatment 
of a wider range of tumors.

ATM/ATR/CHK1 pathway inhibitor
The ATM/ATR/CHK1 pathway is involved in regulat-
ing the cell cycle and could repair cellular damage [391]. 
ATR inhibitors regulate TME by producing type 1 IFN 
through activation of cGAS-STING pathway to improve 
anti-tumor immunity [395]. ATR inhibitors also enhance 
the killing effect of T cells on tumor cells by down-reg-
ulating PD-L1 levels [396]. ATR inhibitor combined 
with anti-PD-L1 antibody prolonged survival time and 
induced effective anti-tumor immunity in mice in the 
RM-1-BM syngeneic prostatic cancer model [397]. More-
over, ATM reduced tumor growth and enhanced the 
efficacy of anti-PD-1 antibody by activating the cGAS-
STING pathway and promoting cytoplasmic leakage of 
mitochondrial DNA, which was confirmed in the B16F10 
tumor mouse model with ATM gene knockout [398]. 
Furthermore, CHK1 inhibitors enhanced the expression 
of type I IFN, release of chemokines such as chemokine 
(C-X-C motif ) ligand 10 and CCL5, and infiltration of 
CD8+ T cells by activating the STING-TBK1-IRF3 path-
way [391]. Besides, prexasertib plus anti-PD-L1 antibody 
induced CD8+ T cells infiltration and Tregs depletion, 
leading to significant tumor regression according to a 
immunoactive SCLC mouse model [399]. In addition, it 
is necessary to evaluate the efficacy of this combination 
in more types of tumors.

WEE1 inhibitor
WEE1 is a tyrosine kinase that inhibits CDK1/2, which 
could prevent cell mitosis during DNA damage by acti-
vating G2-M cell cycle checkpoint [400]. WEE1 inhibi-
tor blocks the activation of G2-M cell cycle checkpoint, 
resulting in abnormal cell mitosis and death [401]. In 
genetically engineered mouse model (GEMM) of SCLC, 
WEE1 inhibitor combined with anti-PD-L1 antibody 
enhanced type 1 and type 2 IFN pathway activation and 
recruitment of CD8+ T cells, and led to significant inhi-
bition of tumor growth [402]. Therefore, ICIs combined 
with WEE1 inhibitors could be an attractive strategy for 
cancer treatment. Moreover, it is necessary to verify the 
effectiveness of this combination in more types of tumors 
in the next phase of the study.
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ICIs combined with tumor treating fields
TTFields are a non-invasive therapy that uses low-inten-
sity and medium-frequency alternating electric fields 
to disrupt the mitosis process of tumor cells selectively 
[403]. TTFields enhance ICD, induce DCs maturation, 
and leukocyte infiltration and reduce the tumor volume 
in a lung cancer mouse model when combined with anti-
PD-1 treatment [49]. Furthermore, they induce CD8+ 
T cells infiltration and significant tumor regression in a 
CT26 tumor mouse model [49]. Moreover, combined 
treatment with TTFields and anti-PD-1 or anti-CTLA-4 
antibodies also demonstrated significant tumor control 
effects and anti-tumor immune responses in an NSCLC 
mouse model [404]. Consequently, the combination of 
TTFields with ICIs is a feasible therapeutic strategy to 
enhance the effect of anti-tumor immunotherapy. How-
ever, TTFields still have a significant potential for devel-
opment, and more studies are needed to observe the 
therapeutic effect of this combination on other types of 
tumors.

ICIs combined with sonodynamic therapy
SDT is a combination of low-intensity ultrasound and 
ultrasound sensitizers to produce reactive oxygen spe-
cies (ROS), which enhances cytotoxicity and leads to 
cell death [405]. The combination of SDT and anti-PD-1 
antibody increased the recruitment of CD8+ T cells 
and CD4+ T cells and enhanced the tumor control of 
anti-PD-1 antibody monotherapy according to a mouse 
model of pancreatic cancer [406]. The sPD-1/Ce6-NBs 
is a nanobubbles with both PD-1 blocking activity and 
SDT effect, which leads to ICD of HCC cells in mice [50]. 
Therefore, the combination of SDT and ICIs is a prom-
ising therapeutic strategy in cancer treatment. In the 
future, the development of sonosensitizers with stronger 
ROS generation ability is the next stage of SDT research, 
and the study of the efficacy of combination therapy on 
other tumor types is also critical.

ICIs combined with fucoidan
Fucoidan, a sulfated polysaccharide derived from brown 
algae, has been shown to act as immunomodulators, 
exhibiting both pro- and anti-inflammatory effects, as 
well as having anti-tumor properties in vivo and in vitro 
[407]. When combined with anti-PD-1 antibody treat-
ment, dietary fucoidan was found to induce an increase 
in CD8+ T cells, NK cells and TILs and inhibit tumor 
growth in melanoma mice [408]. In mouse models of 
B16F10 and CT26 tumors, intranasal Ecklonia cava-
extracted fucoidan in combination with anti-PD-L1 anti-
body similarly induced CTLs and NK cells activation, and 
inhibiting the growth of metastatic lung cancer tissues 

[51]. Similarly, combination of fucoidan and anti-PD-L1 
antibody treatment extended survival rates beyond the 
use of monotherapy in a mouse harboring Lewis cells 
model [409].

Therefore, fucoidans are often used as dietary modu-
lators to regulate anti-tumor immunity. Mucosal immu-
nostimulants have also been developed. Overall, the 
synergistic effect of combining fucoidan with ICIs treat-
ment enhances the anti-tumor effect, but the effect on 
other tumors needs to be further evaluated.

Others
In addition to the methods mentioned above, there 
are several other approaches to enhance the efficacy of 
ICIs. Hypoxia-inducible factor-1α  (HIF-1α) promotes 
EMT and reduces TILs by enhancing tumor cell inva-
sion ability [410]. Combining HIF-1α inhibitor PX-478 
with anti-PD-1 antibody increases CD8+ T cells infil-
tration and granulocyte B release, further inhibit tumor 
growth and prolong survival compared with anti-PD-1 
antibody monotherapy in the treatment of NSCLC, 
thus improving immunotherapy response [411]. In 
addition, P21-activated kinase 4 inhibitor KPT-9274 
improves anti-PD-1 antibody efficacy against mela-
noma by increasing CD8+ T cells [412]. Fluorinated 
mitochondria-disrupting helical polypeptides release 
danger-associated molecular patterns, induce ICD, 
enhance CD4+ T cell activation, CD8+ T cells activa-
tion, APC activation, and anti-tumor immunity, and 
combined with anti-PD-L1 antibody could eliminate 
breast cancer and inhibit metastasis in mice [413]. 
Cowpea mosaic virus (CPMV) is a plant virus, inocula-
tion with CPMV could promote the secretion of various 
cytokines and increase the infiltration of CTLs [414, 
415]. CPMV combined with anti-PD-1 antibody pro-
longed survival and inhibited tumor growth in ovarian 
cancer mice, and the combination of CPMV with ago-
nistic OX40-specific antibody produces similar effects 
in B16F10 and CT26 tumor mouse models [416]. Anti-
PD-1 antibody plus anti-PD-L1 antibody had a poor 
response in the mouse model of late-stage metastatic 
orthotopic CRC, but the addition of camptothecin 
induced ICD and significant CTLs responses resulting 
in tumor regression and metastasis inhibition, and pro-
longed survival of the mice [417]. The receptor activa-
tor of NF-κB ligand/receptor activator of NF-κB axis 
regulates bone remodeling, promotes tumor growth 
and metastasis, and increases TAM recruitment to 
TME [418, 419]. In CRC, blocking METTL3 expression 
inhibits MDSCs aggregation in TME, promoting CD4+ 
T cells proliferation and CD8+ T cells infiltration [420]. 
Combining ICIs with METTL3 knockdown achieves 
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complete tumor regression in 60% of mice according to 
a mouse model of the human immune system [420].

In conclusion, the combination of these strategies 
with ICIs to improve ICIs efficacy is promising. In the 
future, more combination therapies need to be explored 
to open up new avenues for tumor treatment.

Ongoing clinical trails
A large number of clinical trials on the combination strat-
egy of ICIs, involving a wide range of tumors, but mainly 
focusing on the combination of chemotherapy, radiother-
apy, targeted therapy and other ICIs. In addition, combi-
nations with oncolytic viruses, tumor vaccines, TTFields, 
DDR, and epigenetic drugs are also hot spots in clinical 
trials. There are 1718 ongoing clinical trials of combina-
tion therapy with ICIs. The largest number of clinical tri-
als were for lung cancer with 400, followed by melanoma 
with 241, and head and neck squamous cell carcinoma is 
also a hot research topic with 156. The summary of the 
number of clinical trial projects for other tumors is as 
follows: 155 for breast cancer, 128 for RCC, 124 for liver 
cancer, 122 for CRC, 93 for gastric cancer, 91 for cervical 
cancer, 86 for ovarian cancer, 77 for esophageal cancer, 57 
for pancreatic cancer, 35 for glioma, 31 for Hodgkin lym-
phoma, 31 for metastatic urothelial carcinoma, 26 for bile 
duct cancer, 25 for nasopharyngeal cancer, 15 for thyroid 
cancer, 14 for peritoneal carcinoma, and 9 for multiple 
myeloma. Most of the combination regimens were dou-
ble or triple therapy, and the end points were the efficacy 
and safety of the combination strategy. Therefore, these 
ongoing trials will provide more strategies to enhance the 
therapeutic efficacy of anti-PD-1 antibody, anti-PD-L1 
antibody and anti-CTLA-4 antibody in cancer therapy.

Conclusion
ICIs, particularly anti-PD-1 antibodies, anti-PD-L1 anti-
bodies, and anti-CTLA-4 antibodies, have revolutionized 
immunotherapy in clinical practice, providing survival 
benefits for numerous cancer patients. However, the 
efficacy of ICIs is hindered by immune drug resistance. 
Consequently, combination therapy has emerged as an 
effective strategy to address these challenges (Fig. 1).

The killing of tumor by ICIs is a complex process, which 
is affected by many factors, so the mechanism of drug 
resistance is also complex and diverse [421]. Low tumor 
mutation burden means that the tumor expresses fewer 
tumor-associated neoantigens, which leads to dimin-
ished effector T-cell recognition and killing [422–425]. In 
addition, the absence or low expression of PD-L1 makes 
patients more susceptible to immune resistance to anti-
PD-1 antibody and anti-PD-L1 antibody [426]. Moreover, 

alterations in key anti-tumor pathways such as activation 
of the MAPK signaling pathway, deletion of the PTEN 
gene, mutation or deletion of the IFN-γ signaling path-
way and related genes could lead to the development of 
immune resistance in tumor cells [427–431]. Besides, β-2 
microglobulin gene mutations, target antigen modifica-
tions, and secondary alterations in HLA class I molecu-
lar structure may disrupt antigen presentation, resulting 
in reduced CD8+ T cell recognition [432–434]. Further-
more, the expression of other immune checkpoints, such 
as LAG-3, TIGIT, V-domain Ig suppressor of T cell acti-
vation and TIM-3, may be increased after treatment with 
ICIs, leading to immune resistance [435–438].

ICIs combined with alternative immune checkpoint 
blockade could be a way to overcome ICIs resistance 
[439]. In addition, the TME could be reprogrammed to 
an ICIs-responsive state by inducing ICD through radio-
therapy and chemotherapy as well as by altering antigen 
presentation and initiating immune responses such as 
lysosomal viruses, CAR-T cell therapies, cancer vac-
cines, adoptive transfer and activation of NK cells,and 
use of TLR agonists and type I interferons [440]. In addi-
tion, inhibitors of oncogenic signaling pathways includ-
ing MAPK signaling pathway, Wnt/β-catenin signaling 
pathway and others are also a critical part of overcoming 
ICIs resistance [440–442]. Therefore, the development 
of immune resistance in cancer patients following ICIs 
treatment is a multifaceted issue, and how to solve this 
problem is a systematic project that needs to be further 
elucidated in subsequent studies.

Currently, the approved combinations involve ICIs 
with chemotherapy or antiangiogenic agents and the 
use of dual ICIs. Other treatments such as radiother-
apy, EGFR-TKI, vitamin E, IL-2, NK cell infusion, onco-
lytic virus and ablation combined with ICIs have shown 
positive therapeutic effects in clinical and preclinical 
studies. Tumor vaccines, ACTS, cytokines, targeting 
co-stimulatory receptors, targeting co-inhibitory recep-
tors, and targeting innate immune pathways are promis-
ing immunotherapy strategies that can induce TME in a 
state of immune activation and enhance the efficacy of 
ICIs treatment. Nanotechnology serves as a multifunc-
tional platform that could complement various therapies 
by enhancing both the effectiveness of nanoparticle opti-
mized therapy and the immunogenicity of ICIs to further 
strengthen the anti-tumor immune response. Regula-
tion of non-apoptotic RCD, epigenetic mechanisms, and 
DDR are also potential strategies to enhance the thera-
peutic effects of ICIs. Furthermore, other physiotherapy 
methods including PTT, PDT, focused ultrasound, SDT, 
TTFileds, and radionuclide image-guided local release of 
ICIs have also improved the efficiency of ICIs treatment. 
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Fig. 1  A summary of therapeutic strategies to enhance the effect of anti-PD-1antibody, anti-PD-L1 antibody and anti-CTLA-4 antibody. These 
strategies are divided into those that have been applied in clinical practice and those that are under preclinical investigation. EGFR-TKI: epidermal 
growth factor receptor‑tyrosine kinase inhibitor; ICIs: immune checkpoint inhibitors; CDKs inhibitors: cyclin dependent kinases inhibitors; PDT: 
photodynamic therapy; PTT: photothermal therapy; ACT: adoptive cell transfer therapy; NO: nitric oxide; non-apoptotic RCD: non-apoptotic 
regulated cell death; SDT: sonodynamic therapy; TTFields: tumor treating fields

Moreover, the effects of antihistamines, metformin, 
vitamin C, local delivery of NO, regulation of the intes-
tinal microbiome, injection of magnesium, regulation 
of dietary mode, signaling pathway inhibitors, targeting 
metabolic pathways, targeting sex hormone receptors, 
and application of fucoidans in combination with ICIs 

have been demonstrated in various mouse tumor models. 
Notably, determining the appropriate dose, timing, and 
sequence of administration are challenges when develop-
ing a combination therapy strategy. Besides, identifying 
suitable biomarkers that could predict efficacy is cru-
cial for patients to select the most suitable combination 
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therapy. As clinical and preclinical studies continue to 
advance, more strategies will be proposed and validated 
to achieve better efficacy and higher safety of ICIs.
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