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A B S T R A C T

Compared with traditional surgical resection, systemic chemotherapy, or radiotherapy, locoregional interven
tional therapies (LITs) possess their own advantages of minimally invasive procedure and immunomodulatory 
effects in cancer treatment. Local ablation and intravascular interventional therapy represent excellent LIT 
candidate to combine with immunotherapy. Diverse nanomaterials with excellent biocompatibility show 
promises in modulating antitumor immunity. In this review, we summarized several immune-LIT combinations, 
discussed the following immunomodulatory effects, and presented the novel nanostrategies for synergizing with 
the combination therapy. With continuous optimization, further promotion of clinical translation will ultimately 
benefit patients with personalized and tailored cancer strategy.

1. Introduction

Locoregional interventional therapy (LIT) refers to minimally inva
sive or even noninvasive medical procedures that use imaging guidance, 
such as X-ray, ultrasound, computer tomography (CT), or magnetic 
resonance imaging (MRI), to diagnose or treat various diseases, mainly 
in the cancer management [1,2]. These therapies often provide an 
alternative to traditional surgical resection, systemic chemotherapy, or 
radiotherapy, offering patients with shorter recovery time, less pain, and 
lower risks. LITs are generally categorized into the percutaneous abla
tive procedure and the transarterial embolization. The percutaneous 
approach mainly involves ablative therapies such as radiofrequency 
ablation (RFA), microwave ablation (MWA), cryoablation, laser abla
tion, and irreversible electroporation (IRE). High intensity focused ul
trasound (HIFU) is a truly noninvasive ablative therapy with ultrasound 
irradiation. Intra-arterial treatments, pivotal in hypervascularized 

hepatocellular carcinoma (HCC) management, mainly include trans
arterial chemoembolization (TACE), hepatic arterial infusion chemo
therapy (HAIC), and transarterial radioembolization or selective 
internal radiation therapy (SIRT). In addition to physical or chemical 
destruction on tumor, LITs also have substantial influence on tumor 
microenvironment (TME), including oxygen supply, cell debris release, 
and immune modulation [3].

With the rapid development in cancer immunotherapy, the integra
tion of LITs is now under wide investigations, and owns the potential to 
revolutionize the treatment of solid tumors, which may significantly 
shift the future paradigm in clinic. Immune checkpoint inhibitors (ICIs) 
as well as cell-based immunotherapy represent prevalently clinically- 
used immunotherapies. Although satisfying results was shown in he
matological malignancies (leukemia [4,5], multiple myeloma [6–8], 
lymphoma [9–11]), several challenges existing in solid tumors are 
insufficient expression of immune checkpoints, dense extracellular 
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matrix, disabled antigen process and presentation, as well as suppressive 
immune components. Combined with LIT-induced immunomodulation, 
additional value may improve efficacy of current immunotherapies. 
However, the optimal timing for such combination therapy remains 
undetermined. And these combinations are lack of precise targeted 
strategy for single player or multiple immune interplay to trigger potent 
and prompt antitumor response.

Nanomedicine is an emerging therapeutic modality, which use 
nanosized biomaterial (1–1000 nm) for targeted drug delivery (small 
molecule agents, mRNA/siRNA, antibodies) to specific tissue, or the 
biomaterial itself act as a therapeutic role to overcome drug resistance 
and complement current clinical decision-making. Nanoparticles can be 
precisely engineered for size, surface charge, and ligand functionaliza
tion, allowing for improved targeting and controlled drug release. 
Owing to the diverse physicochemical properties of nanoparticles, less 
adverse events (AEs) and prolonged the circulation retention, nano
medicine is potentially improve the efficacy of cancer treatment and 
offer patients with advanced options. Unlike mesenchymal stem cell- 
derived exosomes [12] or radiotherapy-induced immunomodulation 
[13], which may have limitations in drug-loading capacity, potential 
immunogenicity, and transient immunostimulation, synthetic nano
materials provide enhanced design flexibility, scalability, and repro
ducibility. Additionally, direct delivery through interventional 
techniques ensures high local drug concentrations, addressing systemic 
exposure challenges. Therefore, integrating nanomedicine into LIT of
fers significant advantages by enhancing both efficacy and safety.

In this review, we enumerate several common LITs in clinic and 
discuss their advantages and application. We also summarize the com
bined immunotherapies as the research outcomes from prospective 
clinical trials. We discuss the immunomodulatory effect after local 
cancer treatment and potential optimize direction. Accordingly, we 
outline some advanced preclinical nanostrategies to address the current 
challenges that hinder the wide application of immune-local interven
tional therapy combinations in cancer. We present our outlook on this 
emerging field at the interface of nanomaterial design and efficacy 
improvement, hoping nanomedicine opens a new avenue for enhanced 
LITs in future (Fig. 1).

2. Locoregional interventional therapy (LIT) and emerging 
cancer immunotherapy combinations

2.1. Ablation therapies

Local ablation is a minimally invasive procedure wherein high 
exogenous energy is introduced and harnessed to destroy malignant 
tissues, such as liver, kidney, lung, and bone tumors. In clinic, these 
imaging guided-ablative therapies, commonly under ultrasound, CT, or 
MRI modalities, can be useful alternatives to traditional surgical resec
tion or organ transplantation in the context of small tumors. Addition
ally, for elderly patients or poor baseline status who cannot afford high 
risk, these microinvasive or even non-invasive treatment is of high 
significance.

RFA is currently the most widely applied, minimally invasive tumor 
ablation with low risk of AEs, which is a clinically reasonable option 
instead of surgery. RFA electrodes are inserted into targeted tumors 
under ultrasound guidance, followed by an 350–500 kHz alternating 
current generation.

MWA provides another ablative method causing coagulation necro
sis of tumor. To deliver microwave energy, a thin needle-shaped antenna 
is inserted into target tissue under ultrasound guidance, followed by 
915-2450 MHz frequencies of microwave intratumorally to cause im
mediate coagulation necrosis via high heating. When tumor is located 
close to important normal tissue and organs, sterile water or saline is 
injected around the ablation area, forming a water cushion that sepa
rates the targeted tissue from sensitive adjacent structures and absorb 
excessive ablative heat to provide protection. The ablation zone is 
spherical or ellipsoidal in shape which is critical to therapeutic efficacy 
in the light of heating-coverage area.

Laser ablation is microinvasive procedure which is percutaneous or 
via natural body openings, such as the mouth, nose, or urethra, to 
introduce focused laser at the target tissue energy by a thin fiber-optic 
probe. Laser light is absorbed by the tissue, converting it into heat, 
causing vaporize (for smaller, superficial tumors) or coagulate (for 
larger size) to destroy cancer.

HIFU is a truly non-invasive therapeutic technique that delivers high- 
frequency sound waves that converge at a focal point within the tissue 
under MRI or ultrasound guidance. The ultrasound waves create intense 
heat in a small, targeted area, which can destroy tissue, such as tumors, 
without affecting surrounding healthy tissue. At this focal point, the 
energy from the ultrasound waves causes rapid heating, leading to tissue 
coagulation or destruction. This is entirely non-invasive which is able to 

Fig. 1. Schematic illustration of nanomaterial-synergized locoregional interventional therapies boosting immunotherapies.
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Table 1 
Clinical trials reporting interventional therapy combined with cancer immunotherapy.

Trial Patient Intervention Efficacy Safety

NCT03939975 [35] Advanced HCC after sorafenib 
failure (n = 50)

At least one dose of nivolumab or 
pembrolizumab, 33 cases received 
subtotal RFA or MWA

ORR: 24 %; mTTP, mPFS, and mOS: 6.1 
months, 5 months, and 16.9 months

Serious AEs in 14 % of patients

NCT04805736 [36] Early-stage breast cancer (n =
60)

Single-dose camrelizumab alone (n =
20), 
MWA alone (n = 20), camrelizumab +
MWA (n = 20)

57 patients received prescheduled 
surgery, and 3 women received 
neoadjuvant chemotherapy first

No grade 3–4 AEs

NCT01853618 [37] Advanced HCC (n = 32) Tremelimumab + subtotal RFA or 
chemoablation

Confirmed partial response rate: 26.3 
%; 6 and 12-month probabilities of 
tumor PFS: 57.1 % and 33.1 %; mTTP: 
7.4 months; mOS: 12.3 months

Grade 3–4 AEs in 53 % of 
patients

NCT01853618 [38] Advanced biliary tract cancer (n 
= 20)

Tremelimumab + subtotal MWA Confirmed partial response rate: 12.5 
%; mPFS: 3.4 months; mOS: 6.0 months

Grade 3–4 AEs on 19 patients

NCT02626130 [39] Metastatic renal cell carcinoma 
(n = 29)

Tremelimumab with (n = 15) or 
without (n = 14) cryoablation

ORR: 3.4 % in the combination therapy 
arm; mPFS: 3.3 months for all treated 
patients

Grade ≥3 AEs in 55 % of 
patients

NCT04102098 [25] Patients with a high risk for HCC 
recurrence following resection or 
local ablation (n = 668)

Atezolizumab + bevacizumab every 3 
weeks or active surveillance

mRFS: not reach Atezolizumab + bevacizumab: 
41 % (grade 3–4 AEs), 2 % 
(grade 5 AEs); active 
surveillance: 13 % (grade 3–4), 
<1 % (grade 5)

NCT02821754 [40] Advanced BTC (intra- or 
extrahepatic 
cholangiocarcinoma, gallbladder 
cancer, or ampullary cancer) (n 
= 22)

Durvalumab and tremelimumab (Arm 
A, n = 10), combination of 
tremelimumab and durvalumab with 
RFA (Arm B, n = 12)

mPFS: 3.3 months in Arm A, 2 months 
in Arm B; mOS: 6.1 months in Arm A, 
5.7 months in Arm B

Hematologic-related grade 3–4 
AEs in 19 patients and 22 of 
non-hematologic AEs in 22 
patients

NCT02250014 [41] Low to intermediate-risk 
localized prostate cancer (n = 20)

Cryoablation alone (Control group, n 
= 10) or + GM-CSF (Treatment group, 
n = 10)

At 4 weeks: Treatment group shows an 
increase of 2.8 % in cancer antigen- 
related antibodies; Control group shows 
a decrease of 18 %. At 12 weeks: the 
treatment group shows an increase of 
25 %, Control group shows a decrease 
of 9 %

No grade 3 AEs

KCT0000008 [27] HCC with complete remission 
after standard treatment 
modalities (n = 156)

DC-based adjuvant immunotherapy (n 
= 77) 
Control (n = 79)

RFS: No significant difference between 
the two groups; DC immunotherapy: in 
non -RFA group (n = 83) reduces 
recurrence risk, in RFA group (n = 61) 
increases recurrence risk

Serious AEs in 14.2 % of the 
immunotherapy group and 
17.1 % in the control group

NCT02423928 [28] Metastatic castration-resistant 
prostate cancer confirmed 
metastases and intact prostate 
gland (n = 18)

Cryoablation + iDC dose; 
Cryoablation + iDC dose +
ipilimumab/pembrolizumab

mPFS: 10.5 months; mOS: 40.7 months No grade >3 AEs

NCT04118166 [42] Unresectable or metastatic soft 
tissue sarcomas (n = 30)

Ipilimumab and nivolumab for four 
doses, followed by nivolumab alone 
with cryoablation

ORR: 4 % (RECIST) and 11 % 
(irRECIST); mPFS: 2.7 months; mOS: 
12.0 months

Grade 4 AEs in 2 patients

NCT03237572 [43] Advanced cancer with liver 
metastases (n = 14)

HIFU + anti-PD-1 antibody 
(sintilimab/toripalimab/ 
camrelizumab/tislelizumab)

ORR: 21.4 %; DCR: 78.6 % No grade >3 AEs

NCT00568763 [44] Unresectable, metastatic 
melanoma (n = 9)

Heat-shock therapy (42 ◦C, 30 min), 
then one of three treatments: 
intralesional GM-CSF, RFA + GM-CSF, 
or cryoablation + GM-CSF

mOS: 8.2 months No dose-limiting toxicity

NCT03183219 [45] HCC (n = 30) and ICC (n = 29) Groups A (n = 15, HCC) and C (n = 15, 
ICC): locoregional ablation 
(cryoablation or IRE); Groups B (n =
15, HCC) and D (n = 14, ICC): 
locoregional ablation + allogeneic γδT 
cell transfer

Combination treatment vs. locoregional 
treatment groups: median distant PFS: 
8 vs. 4 months (HCC), 8 vs. 4 months 
(ICC); OS: 13 vs. 8 months (HCC), 9.5 
vs. 8 months (ICC)

No severe AEs

NCT03008343 [29] Unresectable primary liver 
cancer (n = 40)

IRE group (n = 22) 
IRE-NK group (n = 18)

IRE-NK group vs. IRE group: mPFS: 
15.1 vs. 10.6 months; 
mOS: 17.9 vs. 23.2 months

No severe AEs

NCT03180437 [31] Locally advanced pancreatic 
cancer (n = 62)

Group A: IRE + γδT-cell infusion (n =
30) 
Group B: IRE (n = 32)

Group A vs. B: mPFS: 11 vs. 8.5 months; 
mOS: 14.5 vs. 11 months; 
In group A, mOS of multi-course γδT- 
cell infusion vs. single-course: 17 vs. 
13.5 months

Grade 3–4 AEs in 14 patients

NCT03575806 [46] Primary HCC with microvascular 
invasion received hepatectomy 
(n = 48)

Tcm group: central memory T-cell self- 
transfusion + TACE (n = 23) 
Control group: TACE alone (n = 25)

Tcm group vs. the control group: mRFS: 
not reached vs. 9.5 months; 
1- and 2-year RFS rates: 72.0 % vs. 46.4 
% and 58.18 % vs. 39.14 %

No serious AEs

NCT04174781 [47] HCC in BCLC stage A exceeding 
the Milan criteria, or BCLC stage 
B (n = 61)

At least one treatment cycle with DEB- 
TACE + sintilimab

ORR: 62 % (37/60); 51 patients had 
undergone surgery; mPFS: 30.5 
months; 12-month PFS rate among 

Grade ≥3 AEs in 28 % of 
patients

(continued on next page)
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minimize damage to surrounding tissues and ensure patients to recovery 
within a short time after the procedure. HIFU is used for localized 
prostate, liver, pancreas, kidney, and breast cancer. In prostate cancer, 
it’s an alternative to surgery or radiation for localized cases. However, 
HIFU is challenging in large, widespread, or multiple lesions. It may 
require multiple sessions, depending on the size and type of tissue being 
treated. HIFU continues to be studied and developed as a treatment 
option and shows great promise in wider applications.

Cryoablation is a minimally invasive procedure that destroys and 
freezes abnormal tissue, such as tumors. It involves inserting a cryo
probe, a thin, needle-like device, directly into the target tissue, guided 
by ultrasound, CT, or MRI. Cryoablation consists of repeated cooling- 
thawing cycles which involves an "ice ball’ around the probe produced 
by liquid nitrogen or argon gas, and subsequent natural or heat-thawing, 
collectively inducing cell death. Cryoablation bring less uncomfortable 
experiences and less recovery time for patients. This technique is 
commonly used in treating certain cancers (such as prostate, kidney, 
liver, and lung cancers) and some benign tumors.

IRE is a minimally invasive technique used to destroy tumor cells by 
applying short, high-voltage electrical pulses. IRE works by disrupting 
the cell membranes through an electric field, causing irreversible dam
age to the cell structure and ultimately leading to cell death. Mechani
cally, several needle-like electrodes are inserted into and around the 
target tumor, and high-voltage pulses are then delivered to generate an 
intense electric field. Micropores are permanently produced in cell 
membranes, which is called electroporation, then cells undergo 
apoptosis (programmed death), and the immune system gradually clears 
the dead cells. With the non-thermal mechanism and tissue-preserving 
properties, IRE is much safer associated with a shorter recovery period 
and fewer side effects compared to traditional ablation methods. 
Ongoing research is promoting IRE applications, and it continues to 
show promises in treating challenging cancer.

Histotripsy, a brand-new non-invasive therapeutic ultrasound tech
nology, uses high-amplitude focused ultrasound pulses to mechanically 
liquefy tissue into subcellular debris [14]. To be specific, histotripsy 
achieves tissue fractionation through the rapid formation, expansion, 
and collapse of microbubbles within the target tissue, effectively 
liquefying local tissue at a subcellular level without damaging sur
rounding structures. It surpasses traditional LITs due to the real-time 
monitoring, reduced heat sink effect, and most importantly, excellent 
immunostimulation. Histotripsy has been recently approved by the US 
Food and Drug Administration to treat liver tumors, with other clinical 
trials for benign prostatic hyperplasia [15] (NCT01896973) and 

calcified aortic stenosis (NCT03779620).

2.2. Embolization therapies

Embolization therapies are applied to treat hypervascularized tu
mors such as HCC, and renal carcinoma. TACE is a minimally invasive 
procedure primarily to treat liver cancer, especially in patients who 
cannot afford surgery [16,17]. Under X-ray guidance, TACE involves the 
selective delivery of chemotherapeutic drugs mixed with embolic agents 
directly into the tumor vessels. The blockage starves the tumor of oxygen 
and nutrients to limit growth, while the trapped chemotherapy remains 
concentrated within tumor. This allows precise target treatment with 
reduced systemic exposure and side effects. In HAIC, chemotherapy 
drugs are injected through hepatic artery via a catheter, allowing for a 
high concentration of chemotherapeutic drugs to reach the tumor site 
with reduced systemic side effects [18–20]. The catheter is often con
nected to an implanted infusion pump that can continuously or peri
odically offer the drug administration, allowing for steady and 
controlled chemotherapy. SIRT or radioembolization by intra-arterial 
injection of radioactive elements-loaded microspheres is increasingly 
applied in HCC [21,22], intrahepatic cholangiocarcinoma [23], and 
liver metastasis [24].

2.3. Immunotherapy combinations

Novel immunotherapies have markedly advanced the landscape of 
current cancer treatment, especially in the clinical setting of unresect
able tumors. Clinically approved immunotherapies, such as ICIs and 
adoptive cell therapy, were gradually explored to synergize with inter
ventional therapies. Emerging trials have investigated the safety and 
efficacy of combined therapies (Table 1). The indicators such as overall 
survival (OS), progression-free survival (PFS), overall response rate 
(ORR), and disease control rate (DCR) are commonly used to assess the 
efficacy of clinical trials, while treatment-related AEs are used to eval
uate the safety.

For instance, 668 HCC patients with high recurrence risk following 
surgery or local ablation were administrated with atezolizumab plus 
bevacizumab every 3 weeks or active surveillance (IMbrave050) [25]. 
Atezolizumab plus bevacizumab treatment significantly increased the 
RFS compared with active surveillance group, with median follow-up 
time of 17.4 months. Grade 3–4 AEs occurrence in 
atezolizumab-bevacizumab group and active surveillance group were 
41 % and 13 %, respectively. To investigate the LIT-ICI combination as 

Table 1 (continued )

Trial Patient Intervention Efficacy Safety

patients undergoing surgery: 76 %; 
pathologic CR: 14 % (7/51)

NCT04011033 [30] Unresectable HCC after TACE 
failure (n = 60)

TAE (n = 30) 
TAE-iNKT (n = 30)

TAE-iNKT vs. TAE: mPFS: 5.7 vs. 2.7 
months; 
ORR: 52 % vs. 11 %; DCR: 85 % vs. 33 
%

Grade 3 AEs of 4 % in TAE- 
iNKT and 19 % in TAE

NCT03817736 [26] Locally advanced, unresectable 
HCC (n = 33)

Sequential TACE and stereotactic body 
radiotherapy followed by avelumab

Amenable to curative treatment: 18 
patients

Grade ≥3 AEs in 33 % of 
patients

NCT03397654 [48] Liver-confined HCC (n = 15) Up to two rounds of TACE followed by 
pembrolizumab

ORR: 53 %; mPFS: 8.95 months; mOS: 
33.5 months

Grade ≥3 AEs in 46.7 % of 
patients

ChiCTR2100050410 
[49]

Unresectable HCC (n = 55) TACE + lenvatinib + camrelizumab ORR: 76.4 %; 
DCR:85.5 %; Surgical conversion rate: 
52.7 %; 
Radical resection rate: 96.6 %

Grade 3–4 AEs in 43.6 % of 
patients

NCT03380130 [50] Unresectable HCC and liver-only 
disease received 
chemoembolization (n = 42)

SIRT followed 3 weeks later by 
nivolumab

ORR: 41.5 %; mTTP: 8.8 months; mOS: 
20.9 months

Grade 3–4 AEs in 26 % of 
patients

NCT02416466 [32] CEA+ liver metastases (n = 6) Anti-CEA CAR-T hepatic artery 
infusions and SIRT

mOS: 8 months No serious AEs

AEs, Adverse events; DCR, Disease control rate; HCC, Hepatocellular carcinoma; ICC, Intrahepatic cholangiocarcinoma; IRE, Irreversible electroporation; MWA, 
Microwave ablation; mTTP, Median time to progression; mOS, Median overall survival; mPFS, Median progression-free survival; ORR, Overall response rate; RFA, 
Radiofrequency Ablation; SIRT, Selective internal radiation therapy; TACE, Transarterial chemoembolization.
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conversion therapy, 33 patients with locally advanced, unresectable 
HCC received Sequential TACE and SIRT followed by avelumab [26]. 
The conversion rate from unresectable to acceptable for curative treat
ment is 55 % (18/33). Two of the 33 patients had resection, two had 
RFA, and 14 had a complete radiological response and opted for close 
surveillance. 33 % (11/33) of the patients experienced treatment-related 
grade 3–4 AEs. Besides, DCs [27,28], NK cells [29], NKT cells [30], γδT 
cells [31], or CAR-T cell [32] infusion alone or combined with TACE or 
ablative therapies hold promises in amplifying cytotoxicity mediated 
antitumor immunity. In trial of intraarterial CAR-T cell infusion and 
SIRT for carcinoembryonic antigen (CEA)+ liver metastases, the median 
OS was 8 months. After hepatic artery infusions of CAR-T treatment, the 
levels of GM-CSF, IDO, and PD-L1 in liver metastases decreased, and the 
serum CEA levels of all subjects remained stable or declined. No serious 
treatment-related AEs occurred.

Although promising results were provided in certain types of cancer, 
there are substantial challenges to be addressed, including the tumor 
recurrence, heterogenous immune response between individuals, and 
the predictive biomarker of patient selection during decision-making 
process. The use of patient-derived organoid or ex vivo immune cell 
co-culture models can better evaluate efficacy and predict outcomes [33,
34]. There remains key issues in the microenvironment post 
immune-LIT combined therapies, such as the insufficient adoptive cell 
infiltration into core region of tumor, local hypoxia and metabolism 
competition between tumor cells and lymphocytes, unexpected immu
nosuppressive environment (CAFs, TAM or MDSCs), and so on. Further 
studies should involve more specific efforts to characterize and reshape 
the TME post-interventional therapies.

3. LIT-induced immunomodulatory effects

Local ablation aims to directly destroy the target tumor lesion 
without damage to surrounding tissue by extremely high temperature 
(>60 ◦C), which causes unrehearsed cell injury and triggers cancer cell 
apoptosis or coagulative necrosis. Of note, these ablative therapies serve 
as antigen sources and immunostimulants for activating immune sys
tem, since tumor debris is permanently left in situ. By integrating spatial 
transcriptomics with histological techniques in a preclinical pancreatic 
cancer model, the results indicated that how the RFA and immuno
therapy combination therapy reshaped TME towards an anti-tumor 
milieu [51]. However, tumor ablation itself is insufficient for evoking 
potent and robust immune responses and sometimes may cause immu
nosuppressive effects. Embolization therapies triggers large amounts of 
TAAs following ischemia-induced cell death. Soluble molecules (cyto
kine, chemokine, and growth factor) and immune cells (T cell, neutro
phil, DC, and macrophage) are vital players in shaping TME post 
embolization [52–57]. For example, transarterial embolization leads to 
the increase of CD3+, CD4+, CD8+, and FOXP3+ lymphocytes, as well as 
PD-L1 expression, and such influences are dependent on disease sub
type, embolic agent type, and vessel distribution [58]. Currently, there is 
an emerging role of partial embolization for boosting immune response 
to larger extent instead of conventional total/complete embolization 
[59]. In context of high tumor burden or conversion therapy, the partial 
embolization facilitates anti-VEGF/TKI and/or ICI-based systemic 
therapy and also preserve liver function for HCC patients [60,61]. Be
sides, SIRT was considered as a better option to combined with immu
notherapy, since its superior activation and recruitment of effector cells 
[62]. Therefore, understanding the immune effects of LITs on TME can 
empower the design of optimal and tailored strategies for precise 
medicine.

3.1. Antigen process and presentation

Compared with conventional surgical resection, interventional 
therapies preserve the post-treatment lesion in situ, forming an antigen- 
enriched hub due to the immunological cell death (ICD) effect, including 

necroptosis [63], pyroptosis [64], and ferroptosis [65], which plays 
crucial roles in altering the TME. Subsequently, danger-associated mo
lecular patterns (DAMPs), high mobility group box 1 and ATP, are 
released into the extracellular tissue via the disrupted cell membrane 
and serve as a "find me’ signal for recruiting APCs. Meanwhile, calreti
culin translocates to the outer membrane of tumor cells, and functions as 
an "eat me’ signal and facilitates APC phagocytosis of tumor associated 
antigens (TAAs) [66,67]. Heat shock protein 70 (HSP70) efflux under 
heating stress is regarded as a costimulatory signal that provokes local 
inflammation and triggers antitumor response. Dromi et al. found that 
intratumoral dendritic cells (DCs) were still detectable in the treatment 
group at 11 days post subtotal RFA [68]. Both RFA and MWA can 
enhance evident and durable TAA-specific T cell responses in HCC pa
tients, lasting for 24 weeks [69,70]. Further clinical studies show that 
GPC3-expressing HCC can powerfully produce GPC3-specific CTLs after 
RFA/TACE but not in surgical groups [71]. Notably, by leveraging 
electrical pulses to disrupt cell membranes, IRE is a more efficient way to 
preserve the antigenicity of TAAs without heat-induced protein dena
turation [72]. Kuang et al. observed that IRE induces cell necrosis and 
significant release of cellular molecules, including ATP, HMGB1 and 
calreticulin, that are vital to activate CD8+ T cell immunity [73]. Shi
mizu et al. demonstrated that IRE boosted the proliferation of tumor 
antigen-specific memory CD8+ T cells, which exerted enhanced anti
tumor immunity synergized with anti-CTLA-4 treatment in a prostate 
cancer model [74]. Furthermore, IRE is able to reverse ICI resistance by 
promoting the infiltration and memory establishment of CD8+ T cell 
[75]. Recently, histotripsy appears as a novel FUS tumor ablation 
therapy with potent immunostimulatory effects indicated in diverse 
preclinical models, including melanoma [76,77], HCC [78], breast 
cancer [79], and osteosarcoma [80]. Inoculation with cell-free tumor 
debris generated by histotripsy has been demonstrated potent antitumor 
immunity against tumor challenge [78].

Except for TAA release, thermal ablation also enforces the secretion 
of proinflammatory cytokines [81,82]. VEGF often overexpressed in 
HCC patients postRFA [83]. Interestingly, it has been demonstrated that 
targeting VEGF is a promising way to enhance the antitumor immune 
response and make ICIs more effective. Indeed, VEGF can upregulate 
tumor PD-1 and PD-L1 expression, and VEGF-targeted therapy can lead 
to transient vascular normalization that allows more T lymphocytes to 
infiltrate into the tumor region. The outcomes from the IMbrave 150 
RCT, which enrolled 501 HCC patients, definitely demonstrated that 
patients in the atezolizumab plus bevacizumab group had outstanding 
outcomes in OS (67.2 % VS 54.6 %) and mPFS (6.8 VS 4.3 months) than 
the control group [84].

3.2. Local perfusion and metabolism

Promoting perfusion in TME is still debatable, as enhanced perfusion 
means that tumor cells can obtain more nutrients and energy for pro
liferation and have more opportunity to access blood vessels and cause 
hematogenous metastasis. On the one hand, hypoxia is one of the main 
contributors for tumor angiogenesis, growth, metastasis and failure of 
treatment [85–90]. Embolization or ablative therapy both disrupt the 
intratumor vessel distribution, then leading to even more hypoxia 
environment which is characterized with upregulation of 
hypoxia-inducible factor-1α and VEGF [91–94]. The subsequent tumor 
neovascularization is recognized as a critical contributor to cancer 
recurrence [93,95]. RFA induces the hypoxia-inducible factor-1α upre
gulation in preablation rim with a temperature-dependent manner [91]. 
The serum VEGF level is demonstrated as an independent predictor for 
the risk of tumor progression postTACE [96]. On the other hand, thermal 
therapy could improve perfusion and reduce intratumor interstitial 
pressure [97], which improves the accumulation of therapeutic agents 
or lymphocytes, and the secretion of cytokines and chemokines 
[98–100]. Albumin-bound paclitaxel (Abraxane) plus carboplatin 
administration after MWA treatment were investigated in lung cancer 
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patients, which provided acceptable efficacy and safety [101]. Besides, 
metabolic stress in TME causes T cell exhaustion and dysfunction, 
especially owing to the competition for oxygen and nutrients [102,103]. 
Since LIT leaves a complex posttreatment TME, the dynamic metabolism 
should be further explored in the light of immune-metabolism crosstalk. 
FUS is often used to open physical barrier [104–106], especially 
blood-brain barrier, for enhancing delivery of micromolecular drug or 
contrast agent microbubbles into tumor.

Besides, regarding the dynamic immunometabolism in TME, meta
bolic reprogramming significantly influences therapeutic outcomes 
[107,108]. Tumor cells and immune cells both undergo metabolic 
changes, such as altered glycolysis and oxidative phosphorylation, 
affecting cell function and therapeutic response. For instance, tumor 
cells often exhibit increased glycolysis, known as the Warburg effect, 
supporting rapid proliferation. This shift can lead to the accumulation of 
lactate, creating an acidic environment that suppresses immune cell 
activity. Conversely, immune cells in the TME may experience metabolic 
constraints, limiting their effector functions. As we all known, LITs 
induce profound alterations in the tumor metabolic microenvironment, 
which disrupt local blood flow and oxygen supply, leading to acute 
hypoxia and ischemia. Consequently, there is a metabolic shift from 
oxidative phosphorylation to anaerobic glycolysis, accompanied by 
lactate accumulation and acidosis. Furthermore, the deprivation of nu
trients and oxygen alters lipid and amino acid metabolism, promoting a 
stress-adaptive metabolic phenotype. Targeting these metabolic path
ways post LITs offers potential therapeutic strategies to enhance treat
ment efficacy.

3.3. Physical barrier and cell infiltration

There is an unexpected firewall established between tumor core area 
and precancerous immune niche, which hinders the cytotoxic T lym
phocytes infiltration. In HCC context, cross-presentation of antigens 
appears between pericancerous macrophages and CD103+ CTLs, causing 
the CD103+ CTLs accumulation in the pericancerous area, then pro
moting tumor progression as well as immunotherapy resistance [109]. 
This barrier phenomenon could be even more common post-thermal 
ablation, since the heat-induced cell damage is not restricted to cancer 
cells; other cell types, such as stromal cells and fibroblasts, are also 
involved. Cancer-associated fibroblasts (CAFs) can develop a "physical 
barrier’, produce protumoral extracellular matrix proteins and cytokines 
and prevent CTLs from migrating into the tumor region, which results in 
a desmoplastic and immunosuppressive TME and impedes the efficacy of 
ICIs and chemotherapy [110]. It has been reported that targeting Pin1 
on CAFs can reduce collagen deposition, tumor growth, and CAF acti
vation and proliferation by inhibiting lysosomal degradation of PD-L1 
and ENT1 in tumor cells and activating other cancer-associated path
ways [111]. In contrast, certain benefits are from direct thermal dena
turation, wherein the peripheral thermal region of the lesion experience 
a rim of acute inflammatory response leading to immune cell recruit
ment. Additionally, increased blood flow in the periphery of the thermal 
region not only alters the hypoxic state and sensitizes the tumor tissue to 
antitumor therapies, but also makes the nanomaterials accessible to 
tumors.

3.4. Suppressive effect

In some cases, subtotal ablative therapy accelerates residual cancer 
progression and confront with poor prognosis [112–115]. To reveal the 
underlying mechanism, Kuang’s group investigated and reported a se
ries work [34,116–118]. Thermal stimulation obviously activates the 
transcription factor SP1 via mechanical stress, which increases 
IL4-Induced-1expression, and catalyzes tryptophan metabolites to acti
vate the aryl hydrocarbon receptor [116]. This could be a significant 
mechanism for cancer invasiveness postRFA. Epigenetic modifications 
on various RNA species also participate in cellular dynamic response and 

final fate to heat stress [119,120]. Sublethal thermal stress increases the 
m7G tRNA [34] modification and m6A mRNA modification [117], and 
targeting the corresponding axis may prevent tumor progression. Pre
clinical evidence also indicated a more suppressive environment 
featured excessive myeloid suppressor cells, tumor-associated macro
phages (TAMs), and tumor CCL2 secretion after incomplete RFA, which 
in turn hindered the anti-PD-1 immunotherapy [121]. Targeting the 
METTL1-TGF-β2-PMN-MDSC axis was to remodel TME and reduce HCC 
relapse postRFA [118]. Besides, Li’s group characterized the immune 
landscape following TACE, and TREM2+ TAMs were observed to 
apparently suppress CD8+ T cell proliferation, which demonstrated the 
significance of TREM2 deficiency for the therapeutic improvement of 
anti-PD-L1 immunotherapy [122]. Ueshima et al. revealed that TAE 
increases the intratumor immunosuppressive TGF-β1 expression in the 
rat hepatoma model, and targeted inhibition of TGF-β1 could extend 
animal survival [123].

3.5. Abscopal effect

Immunomodulation effect in systemic landscape triggered by inter
ventional therapy was also confirmed in distant, untreated tumors. 
Increased serum levels of proinflammatory factors HSP70 [124,125], 
Interferon (IFN)-γ [69], TNF, IL-6, and reduced anti-inflammatory cy
tokines (TGF-β, IL-10) were detected in RFA-treated malignant tumor 
[81]. In a spontaneous breast cancer lung metastasis model, primary 
tumor ablation inhibited lung metastasis via activation of the 
macrophage-IL15-NK cell axis [126]. Similarly, patients who underwent 
a better NK cell response after RFA were correlated with better 
disease-free survival [127]. Wang’s group unveiled the MWA-induced 
systemic immune response in 6 breast cancer patients [128]. 
Single-cell RNA sequencing indicated the peripheral activated NK and 
CD8+ T cells, enhanced co-stimulatory signature of CD4+ T cells, as well 
as increased ICOS+CD4+ T cells were observed after MWA treatment. 
Recently, abscopal effect is often observed after cryoablation-treated 
patients [129–131]. In lung cancer patients, cryoablation significantly 
increases peripheral CD8+ T cell subpopulations and IFN-γ expression 
[132]. In mouse cancer models, the STING-dependent type I IFN 
signaling pathway was mechanistically responsible for enhanced sys
temic immune response [132,133]. Combined therapy with cryo
ablation and anti-PD-1 blockade could augment the infiltration of CD8+

T cells, CD4+ T cells, DCs and M1-like TAMs, and reduce immunosup
pressive M2-like TAMs and MDSCs in distant tumors [134]. The U.S. 
FDA newly-approved non-thermal histotripsy treatment also induced 
potent abscopal effect on preclinical melanoma or HCC [76,78]. 
Notably, a safety and efficacy clinical trial of histotripsy for liver tumor 
reported an abscopal effect, which involves a reduction in the volume of 
nontreated tumor lesions in liver, and a sustained reduction of tumor 
biomarker (CEA) [135]. This compelling results promotes future clinical 
validation in large-scale population.

4. Rationally designed immuno-nanostrategies synergize with 
LIT

4.1. Biomaterials promote in situ vaccine

Tumor thermal ablation is one of the most common LITs for solid 
tumor in clinical settings. Hyperthermia therapy based on photothermal 
agents or nanoparticles is often performed on superficial tumors of pa
tients or pre-clinical animal models. Embolization could induce similar 
ICD via chemotherapeutic agents or starvation strategy [136]. These 
heating or embolization treatments not only initiate in situ vaccination 
effect, but also triggers the release of tremendous proinflammatory cy
tokines and chemokines. Compared to the exogenously delivered tumor 
vaccine, such as live-attenuated vaccines [137,138], mRNA vaccines 
[139–141], or recombinant vector vaccines [142,143], the in situ tumor 
vaccine possesses integrated antigen resource including neoantigen, 
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which holds promises in triggering potent and prompt antitumor 
response. However, this immunoactivation is insufficient and not du
rable enough to fight against residual tumor cells or even tumor recur
rence. Bearing this in mind, current nanostrategies are developed and 
administered post LIT, aiming to inhibit tumor recurrence via ampli
fying in situ vaccination effect.

As a typical example, Li et al. constructed the bisphosphonates with 
dual electric potentials (BNV(+&− )) [144]. The proposed nanovaccine 
enabled effective capture of various released tumor pan-antigens post
RFA. Bisphosphonate also acted as an immunoadjuvant by blocking 
mevalonate metabolism in TME. Furthermore, BNV(+&− ) loaded with 
neoantigens was injected subcutaneously to activate systemic immunity. 
This novel strategy triggered spatiotemporal immune effect and pro
vided precise delivery of tumor vaccines. To reduce the postRFA me
tastases and recurrence by adding immunoadjuvants, Tian et al. 
proposed an in situ nanovaccine formed by layered double hydroxides 
encapsulating a STING agonist, cGAMP, denoted as LDHs-cGAMP, 
which adsorbed tumor antigens to potentiate antitumor immune 
response [145]. Additionally, virus-derived nanoparticles could be 
alternative adjuvant for immunomodulation. Ghani et al. combined 
cryoablation and cowpea mosaic virus-derived nanoparticles as an 
immunoadjuvant, which was extracted from plant virus containing a 
single-stranded RNA genome [146]. In subcutaneous RIL175 
cell-derived HCC models, cryoablation plus CPMV treatment exerted 
excellent tumor inhibition and abscopal effect.

As APCs play vital roles in antigen process and presentation, 
emerging studies have made efforts to strengthen the antigen recogni
tion, phagocytosis behavior of DCs and the following presentation to 
cytotoxic T cells. To capture the cryoablation-generated tumor frag
ments and achieve lymph node targeting, Hu et al. synthesized 
maleimide-modified nanoparticles encapsulating Astragalus poly
saccharide, which both suppressed primary tumor and secondary 
recurrence as an in situ nanovaccine [147]. Integrated with toll-like 
receptor 9 agonists (CpG oligodeoxynucleotide, CpG-ODN), the nano
adjuvant could be effectively internalized by APCs and synergized with 
IRE in MR and CT imaged theranostics [148]. HSPs are released from 
tumor cells following thermal ablation-induced stress or necrosis. These 
molecular chaperones can bind to TAAs and serve as DAMPs, which are 
recognized by pattern recognition receptors on DCs. The interaction 
promotes DC maturation, enhances antigen processing and presentation, 
and facilitates the activation of tumor-specific T-cell responses. 
Accordingly, Zhou et al. developed a mannose-modified carbon dots 
(Man-CDs), which absorbed postMWA "danger signals’ (such as HSPs or 
other TAAs) in situ and then targeted deliver to DCs [149]. The in vivo 
animal experiment showed that postMWA injection of Man-CDs trig
gered a potent tumor-specific immune response and effectively hindered 
the hepa 1-6 tumor growth. In addition, Chen’s group reported a 
Rho-associated kinase (ROCK) blockade-hydrogel, which aimed to pro
mote DC phagocytosis postRFA. ROCK inhibitor, Y27632, is first 
dispersed in PLGA-PEG-PLGA solution in vitro, which forms hydrogel 

Fig. 2. Interventional hydrogel microsphere vaccine as an immune amplifier for activated antitumor immunity after IRE. The hydrogel microsphere vaccine 
improved the recruitment and amplification of tumor-resident cDC1s by rapidly releasing FLT3L, followed by the controlled release of CD40L in the acidic TME, 
which further amplified cDC1 maturation and migration into tumor-drained lymph nodes. A) Schematic of the hydrogel microsphere vaccine preparation. B) 
Scanning electron microscope image of the hydrogel microspheres. C) The in vitro release profile of FLT3L and CD40L from the hydrogel microspheres. D) Schematic 
of combined therapies in pancreatic cancer model. E) Animal survival curve of indicated treatment. F) The hydrogel microsphere vaccine increased the circulating 
CD11c+MHC II+ cells, CD8+ T-cell-to-CD4+ T-cell ratio, CD24+CD64− cells, and CD8+ T cells. G,H) Flow cytometry analysis showing the proportion of circulating 
CD11c+MHCII+ cells (G) and CD8+ T cells (H). Data are presented as mean ± SEM. The log-rank (Mantel–Cox) test for survival curves was used in E, and two-tailed 
unpaired t-test was used in F. Reproduced with permission [151]. Copyright 2022, Springer Nature.
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quickly in vivo, obviously prolonging the retention of Y27632 [150]. 
With improved DC phagocytosis of antigens, cytotoxic T cells are further 
activated for potent antitumor immune responses. Wang and co-workers 
reported a hydrogel microsphere loaded with FLT3L and CD40L as a 
tumor vaccine combined with cryoablation, which facilitates cDC1 
migration to the lymph nodes, leading to enhanced CD8+ T cell cyto
toxicity in pancreatic cancer (Fig. 2) [151]. The altered expression of 
HMGB1, TNF-α, IFN-γ, and PD-L1 were attributed to the immunosti
mulation via injectable hydrogel vaccine, which holds satisfied 
biocompatibility and safety in vivo. Overall, advanced strategies of in 
situ nanovaccine showed potent efficacy in preclinical models, further 
clinical translation is still urgently in need.

4.2. Biomaterials enhance ICIs

Although immune checkpoint blockade has achieved great progress 
in a series of clinical trials, only a few patients could achieve durable 
survival benefits. Emerging clinical evidence suggested that the efficacy 
of PD-1, PD-L1, or CTLA-4 blockade are different among patient classi
fication (tumor subtype, disease stage, receptor expression, adminis
tration combinations, etc.). LIT thereby offers a synergistic contribution 
to the local and systemic immunostimulation, in terms of reducing 
tumor burden and triggering abscopal effect. With enhanced and precise 
targeting behavior, nanomaterials exactly provide significant bridge 
between LIT and ICI to maximize the treatment efficacy. Besides, 

considering the enhanced tumor accumulation of ICIs, nanomaterials 
could also reduce the off-target effects and possible AEs in clinic, lead to 
prolonged treatment window for patients. The summarized related 
studies are listed in Table 2. The nanomaterial-based LIT and immune 
checkpoint blockade therapy mainly categorized into three aspects: 1). 
Nanoparticles to targeted delivering ICIs [152–154]; 2). Nanoparticles 
to promote LIT efficacy and then combined with ICI administration 
[155–160]; 3). Nanoparticles to targeted inhibition of immune check
point expression [161,162].

For example, nanoparticle-mediated mild magnetic hyperthermia 
therapy can induce antitumor immune response involving macrophages, 
DCs, and T cells [163,164]. To further optimize the magnetic hyper
thermia related immune performance, Pan et al. synthesized super
paramagnetic CoFe2O4@MnFe2O4 nanoparticles for magnetic 
hyperthermia treatment under an alternating magnetic field combined 
with α-PD-L1 intravenously injection [157]. This combination therapy 
can not only entirely ablate primary tumors but also generate TAAs 
presented by DCs to stimulate native T cells. Under treatment with 
α-PD-L1, the suppressive T cells were relieved; therefore, a large amount 
of cytotoxic T cells infiltrated into the distant tumor. Incomplete RFA 
was considered as a critical contributor to tumor progression post 
ablation, a nanostrategy of targeting PD-L1 expression of tumor exo
some, which integrated GW4869 and amlodipine into a polydopamine 
nanoparticle [162]. GW4869 and amlodipine enables exosome secretion 
and triggered PD-L1 autophagic degradation, collectively remodeling 

Table 2 
A brief summary of targeting immune checkpoints nanomaterials for synergized LITs.

Targeting immune 
checkpoint

Nanomaterial LIT Tumor model Outcomes Ref

Delivery of anti-PD-L1 
antibody

Platelets@anti-PD-L1 HIFU, PDT, 
radiotherapy

4T1 breast cancer 
mouse model

Increased the delivery of anti-PD-L1 to 
tumor residues

[152]

Delivery of anti-PD-L1 
antibody

Hollow mesoporous manganese dioxide 
nanoparticles encapsulating FIDAS-5 with 
macrophage membrane coating and surface 
modification of anti-PD-L1

RFA H22 liver cancer 
mouse model

Augmented HCC antigenicity to stimulate 
cytotoxic T cell recognition and cytotoxic 
killing, mediated immunogenic cell death

[153]

Delivery of anti-PD-1 
antibody

PLGA nanoparticle encapsulating imiquimod and 
coated with PD-1 expressed cell membrane

IRE CT26 colon cancer 
model

Generated potent and systemic anti-tumor 
immune response, remarkably suppressed 
distant tumors

[154]

Delivery of anti-PD-1 
antibody

Nivolumab loaded silk embolic hydrogel TAE Porcine arterial 
embolization model

Achieved embolization of porcine arteries 
without recanalization and delivered both 
albumin and Nivolumab

[165]

Combined with PD-1 
inhibition

Silica microshell loaded with perfluorocarbon 
liquid + anti-PD-1 i.p. injection

HIFU GL261 glioblastoma 
mouse model

Induced a "hot’ immune-microenvironment 
and achieved tumor remission

[155]

Combined with PD-1 
inhibition

Hemin & lipoxidase co-loaded CaCO3- 
encapsulated PLGA + anti-PD-1 i.v. injection

RFA 4T1/H22/human 
PDX tumor mouse 
model; 
VX2 rabbit tumor 
model

Inhibited the growth of both residual and 
metastatic tumors

[156]

Combined with PD-L1 
inhibition

Superparamagnetic CoFe2O4@MnFe2O4 + anti- 
PD-L1 i.v. injection

MHT 4T1 breast cancer 
mouse model

Produced numerous tumor-associated 
antigens for effective immunotherapy of 
distant metastatic tumors

[157]

Combined with PD-L1 
inhibition

Metallic supra-structured cryo-nanocatalyst +
anti-PD-L1 i.p. injection

Cryoablation TrampC1 prostate 
cancer mouse 
models; 
MCA-RH7777 HCC 
rat model

Promoted ice formation and necroptosis, 
enhanced anti-tumor immune responses

[158]

Combined with CTLA-4 
inhibition

Chlorine e6 loaded mesoporous organosilica 
bodies with magnetic heads + anti-CTLA-4 i.v. 
injection

MHT, PDT MCF-7 or 4T1 breast 
cancer mouse model

Eradicated primary and metastatic tumors 
with low systematic toxicity

[159]

Combined with CTLA-4 
inhibition

R837@PLGA or MPLA@PLGA + anti-CTLA-4 i.v. 
injection

RFA, HIFU CT26 colon cancer 
mouse model

Induced robust tumor vaccine-like 
responses to inhibit metastatic tumor and 
recurrence via anti-tumor immune 
responses

[160]

Silencing PD-L1 
expression

Camptothecin &PD-L1 siRNA CRNPs Cryoablation EO771 or 4T1 
breast cancer model

Induced strong immunogenic cell death, 
promoted maturation of DCs, and activation 
of CD8+ cytotoxic T cells and memory T 
cells

[161]

Amlodipine triggered the 
autophagic 
degradation of PD-L1 
in exosome

Polydopamine loaded with GW4869 & 
amlodipine

RFA Hepa1-6 and H22 
liver tumor model; 
Orthotopic N1-S1 
HCC Rat Models

Remodeled TME substantially,inhibited the 
progression and metastasis of HCC

[162]
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immune environment and conquering tumor metastasis post RFA. To 
achieve transarterial delivery of anti-PD-1 antibody into tumor, Oklu 
et al. developed a novel silk protein-based embolic hydrogel encapsu
lating nivolumab and confirmed acceptable embolization efficacy in 
healthy porcine model [165]. Further evaluation is expected using a 
cancer model which receives embolization and PD-1 blockade combined 
therapy.

4.3. Biomaterials improve cell-based immunotherapy

ACT is explored to leverage natural or genetically engineered T cells, 
NK cells, NKT cells and macrophages isolated from patients to specif
ically eliminate cancer. However, the potency of ACT against solid tu
mors remains insufficient due to the limited tumor-specific antigens, 
dense ECM, and immunosuppression environment. These factors sub
stantially impair the intratumoral infiltration, proliferation, and capac
ity of adoptive cells.

Instead of directly eliminating tumor, mild heating sometimes could 
act as an external trigger for modulating TME. Using non-invasive near- 
infrared light or FUS as a heat generator, Ping et al. reported a 
temperature-responsive nanodevice for Cas9 gene editing in tumor cells 
to reduce the apoptosis resistance, denoted as LEGEND or FUGEND 
(Fig. 3A) [166]. Specially, the LEGEND was prepared by coassembly 
with poly(β-amino ester) (PAE-C14), semiconducting polymer 
(BDT-TQE), tumor-targeting PEGylated lipids (DSPE-PEG-AEAA) and a 
heat-inducible Cas9 plasmid encoding sgRNA of HSP70 and BAG3 
(HSP-Cas9-dual). These round-shaped nanoparticles could induced 
apoptotic gene up-expressed in tumor cells (Fig. 3B and C). In 
tumor-bearing model, the infiltration, proliferation and cytotoxicity of 
TILs were also enhanced after LEGEND treatment, indicating the 
immunomodulation of LEGEND strategy (Fig. 3D–F). By disrupting the 

physical barriers, this can modulate extracellular TME and facilitate 
adoptive T cell infiltration. Similarly, under a HSP promote control r, 
FUS-generated heat was able to improve the genetics and cellular 
functions of CAR-T cells within tumors [167]. This acoustogenetic 
manipulation on engineered T cells offers a novel prospective on 
cell-based therapies. The therapeutic efficacy of adoptively transferred 
natural killer T (NKT) cells is hindered by insufficient tumor infiltration 
and inadequate activation. To overcome these obstacles, Wang et al. 
developed a PBIBDF-BT encapsulated with PLGA nanoparticle 
(NPs@PBT), to achieve photothermal therapy (PTT) [168]. Owing to 
PTT-induced inflammation, especially chemotaxis recruitment and 
complement triggered vasodilation, the infiltration of NKT cells in tumor 
were remarkably elevated and the NKT cell-based immune cascade were 
initiated. The combined therapy of PTT plus NKT cell transfer demon
strated obvious growth inhibition of both local and distant tumors, as 
the result of long-term immunological memory. The conventional ACT 
therapy targeting solid tumors, mainly based on intravenous injection of 
in vitro expanded cells. Considering the difficulty of in homing capability 
to tumor, using biomaterials to deliver adoptive cells via intertumoral 
injection may serve as an alternative. Park et al. encapsulated NK cells 
into 3D bioprinting hydrogels via thermally sensitive gelatin to form cell 
containing micro/macropore [169]. After implanted hydrogel into the 
tumor site, cell viability, cytotoxic effect, and cytokine release of NK 
cells were enhanced. In addition to enhance blood vasodilation and 
permeability, thermal effect on the physical barrier such as dense exo
cellular matrix and stroma, also contribute to TILs penetration. Tao et al. 
proposed the tin monosulfide nanoparticles (SnSNPs) that can overcome 
the stromal barrier [170]. Upon near-infrared irradiation, mild photo
thermal effect of SnSNPs allowed in situ tumor collagen denaturation 
and deep penetration of cytotoxic T lymphocytes into the tumor.

Tough some cases have tried transarterial infusion of NK cells [171] 

Fig. 3. Non-invasive activation of intratumoral gene editing for improved TILs in solid tumors. A) Schematic of LEGEND or FUGEND design for non-invasive 
intratumoral gene editing. B) Transmission electron microscopy image and size distribution of prepared nanoparticles for LEGEND usage. C) Western blot anal
ysis of HSP70, BAG3, anti-apoptotic proteins (BCL2, BCL2L1, XIAP) and pro-apoptotic proteins (BAX, cleaved CASP3) in LEGEND-treated B16F10 cells. D) increased 
TILs after LEGEND treatment. E) Enhanced proliferation of TILs after LEGEND treatment. F) Flow cytometry displaying the percentages of IFN-γ+ and GZMB+ in 
activated CD8+ TILs. Data are presented as mean ± SD. Two-tailed unpaired t-test was used in E. Reproduced with permission [166]. Copyright 2023, 
Springer Nature.
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or GPC3+ CAR T cells [172] in HCC patients with satisfying outcomes, 
the EPR effect of nanomaterials may provide additional value for tar
geted cell delivery while overcoming physical barrier; such further 
studies on are urgently in need.

4.4. Biomaterials modulate TME

The LIT itself and LIT induced immune alternation in TME are both 
dynamic and complex process, companied by various immune cells and 
metabolic pathways. The unexpected immunosuppression is markedly 
associated with limited efficacy and poor prognosis. For instance, un
controllable heat diffusion in TME has been a long-unaddressed problem 
which contributes to the immunosuppression and tumor recurrence post 
thermal ablation. To this end, Zhang et al. established a in situ Au 
bioreactor in thermally sensitive hydrogel, which was intratumorally 
injected in advance for better heat dispersion during MWA treatment 
[173]. Subsequently, the valid ablation zone was enlarged and extra
cellular matrix was also reprogrammed at the same time. Various im
mune cells could be easily activated or infiltrated into tumor, such as 
DCs, NK cells, M1 macrophages, and CD8+ T or CAR T cells.

MDSCs remain an important player in the formation of immuno
suppressive TME, and unfortunately local ablative therapies often 
induce increased MDSCs. In the nonlethal transition zone of incomplete 
RFA or MWA, the upregulated MDSCs feature high PD-L1 expression 
leading to immune evasion. Thus, a novel size-tunable nano-micro
liposome was developed to co-deliver anti-PD-L1 antibodies and MDSC 
inhibitors to activate antitumor immune responses [174]. Similarly, the 
MDSC inhibitors was encapsulated into hydrogel along with oxaliplatin 
to target MDSCs post MWA [175]. Meng et al. proposed another strategy 
which leverage H2S release in situ to inhibit MDSC accumulation in 
TME, by constructing a Bi-MOF nanostructure, which release L-cysteine 
to react with the highly expressed cystathionine β-synthase in tumor to 
generate H2S [176]. This Bi-MOF can also scavenge ROS, further 
reversing the MDSCs-mediated immunosuppression post MWA.

TAMs consist of pro-inflammatory M1 and anti-inflammatory M2 
subtype, and the altered M1/M2 ratio directly relates to tumorigenesis 
and progression. Park and co-workers synthesized a CpG-ODN-coated 
Mn-phenolic nanoparticle in combination with IRE for improved can
cer immunotherapy. The proposed nanoparticles are effectively 

internalized into TAMs, and successfully trigger M1 polarization via 
TLR9 and cGAS/STING pathway activation, ultimately promoting 
release of proinflammatory DAMPs, cytokines (IL15, IL18, TNF) and 
chemokines (CXCL13, CXC15, CCL5, CCL9) [177].

The abnormal indolamine 2,3-dioxygenase 1 (IDO1) metabolic 
pathway represents a vital contributor to generate immunosuppressive 
kynurenine from tryptophan, which further result in Tregs accumulation 
and CD8+ T cell exhaustion. The proposed IDO1 inhibitors loaded iron- 
oxide-nanocube clusters enabled effective IRE treatment and TME 
modulation for tailored therapeutic strategy [178]. Another IDO-1 
signaling pathway inhibitor NLG919 was also delivered via a MOF 
nanostructure to suppresses IDO-1 activity and reverse immunosup
pression for improved HIFU treatment [179].

IFN-γ holds potent immunoactivation effect on various antitumor 
response [180]. Yan and co-workers reported an ultrasound-visible 
engineered Ecoli with the HIFU radioation triggered acoustic response 
in CEUS, and also modified DOX outside, denoted as Ec@DIG-GVs 
(Fig. 4) [181]. The Ec@DIG-GVs can produce gas vesicles (GVs) with a 
real-time imaging guidance for remote hyperthermia HIFU to upregulate 
IFN-γ gene expression. IFN-γ improved M1 macrophage polarization and 
DC maturation in several tumor models.

To reverse the tumoral immunosuppressive phenotype, Ranjan et al. 
combined histotripsy and a ICD-enhancing Calreticulin-Nanoparticles 
(CRT-NPs) in the local treatment of poorly immunogenic mouse oral 
squamous carcinoma, and also observed gut microbiome change as the 
predictive biomarkers of immunomodulatory effect [182]. Besides, 
anti-angiogenic drugs primarily inhibit the formation of tumor neo
angiogenesis by the blockade of VEGF/VEGFR signaling pathway. 
Beyond depriving tumors of oxygen and nutrients, targeting VEGF also 
normalize the abnormal tumor vasculature, improve perfusion and 
alleviate hypoxia. This normalization facilitates the infiltration of im
mune effector cells and also enhances the delivery of immunothera
peutic agents. Additionally, anti-angiogenic therapy can reverse 
VEGF-mediated immunosuppression by promoting DC maturation, 
reducing Tregs and MDSCs, and restoring cytotoxic T cell activity, 
thereby amplifying systemic antitumor immunity. Although previous 
studies proposed nanostrategies targeting VEGF via hydrogel, gold 
nanoparticles, or manganese dioxide nanoparticles-based drug delivery 
[183–185], these nanomaterials are expected to combine with LITs to 

Fig. 4. Ultrasound-visible engineered bacteria for tumor chemo-immunotherapy. A) Schematic of genetically engineer Ecoli, with an acoustic reporter gene 
and the hyperthermia-responsive IFN-γ gene, and loaded with DOX. B) TEM images of GVs in Ec@IG-GVs. C) CEUS images of Ec@DIG and Ec@DIG-GVs in vitro. D) 
The concentrations of tumor IFN-γ level at indicated timepoints with or without hHIFU treatment. Tumor growth E) and animal survival F) of 4T1 tumor models 
received indicated treatments. Two-way analysis of variance with Tukey’s test in H. Data are presented as mean ± SD. Reproduced with permission [181]. Copyright 
2024, Cell Press.
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further evaluate synergistic effects. Collectively, nanomaterials act as 
significant immunomodulators for reshaping suppressive TME into more 
activated status for better immune-LIT combinations.

In summary, the comparative analysis of different nanomaterials 
used in LITs for immunomodulation were listed in Table 3. Several ex
amples of Inorganic, organic, carbon-based, biomimetic, and hybrid NPs 
were included, highlighting key aspects such as category, function, 
biocompatibility, and efficacy in immunomodulation.

5. Conclusions and future prospects

Currently, cancer-related death continues to be one of most severe 
public health issue worldwide. Compared with traditional surgery, 
chemotherapy, or radiotherapy, LITs possess its own advantages of 
microinvasive procedure and immunomodulatory effects. Immune-LIT 
combined therapies are promising clinical strategies for solid tumors, 
considering personalized and tailored cancer strategy. The difficulty to 
modulate antitumor immunity in TME is the high tumor heterogeneity 
and dynamic immune landscape. Notably, the diversity of nanomaterials 
can meet various immune features, so immunomodulating nano
materials with excellent biocompatibility have been under wide and 
deep investigations, offering certain promising results.

However, formidable challenges still remain, hindering the broader 
application of these nanostrategies. Some considerations on the appli
cation and optimization of biomaterials synergized immune-LIT com
binations are proposed as follows. 

(1) First, the cytotoxicity and biocompatibility of nanoparticles is 
essential, especially given the emphasis on their clinical poten
tial. Machine learning models coupled with high-throughput in 
vitro bioassays were reported to develop for predicting the 
toxicity of metal oxide nanoparticles in immune cells [186]. 
Similarly, when screening and evaluating the nanomaterials to 
assist LIT-immunotherapy, the integration of artificial intelli
gence technologies could contribute to efficient and robust se
lection of safe nanomaterials.

(2) In addition to the safety assessment of nanomaterials, the scal
ability and regulatory challenges is essential for translating pre
clinical success of nanostrategies into clinic. The key 
manufacturing challenges involves batch-to-batch consistency, 
scale-up of multifunctional nanomaterials, and the need for 
standard manufacturing guideline. Future studies should focus on 
novel technologies such as modular nanoparticle design, AI- 
assisted formulation optimization, and continuous microfluidic 
method.

(3) Another major challenge is the biological heterogeneity between 
animal models and patients. Differences in immune system 
composition, metabolic rates, and disease progression often lead 
to discrepancies in therapeutic responses. The use of patient- 
derived organoid or humanized murine models may be better 
to evaluate efficacy and predict outcomes in future studies. These 
are indispensable tools for enhancing the translational value of 
preclinical research and accelerating the development of clini
cally effective therapies.

(4) Last but not the least, which kind of LIT is best for combination, 
or when is the optimal timing for LIT or immunotherapy 
administration was still vague and need more reliable clinical 
trials to explore. For instance, in preclinical study designs, the use 
of time-staggered administration models and longitudinal im
mune profiling could help to elucidate the temporal dynamics of 
therapeutic synergy. In addition, potential randomized controlled 
trial may be performed aiming to compare several LITs- 
immunotherapy combinations, or different timepoints setup of 
administration.

In conclusion, biomaterials are rapidly developing to benefit 
immune-LIT combinations, and have shown a great success in various 
preclinical models. With continuous optimization, the promotion of 
clinical translation will ultimately benefit patients by directing disease 
diagnosis and treatment.
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Table 3 
Comparative analysis of different nanomaterials used in LITs.

Category Nanoparticles (NPs) Function Biocompatibility Efficacy in immunomodulation

Inorganic NPs Mn-based metal NPs Mn as STING agonist Safe with suitable concentration Activate cGAS/STING pathway
Layered double 
hydroxides NPs

Nanocarrier for STING agonist delivery 
& adsorb tumor antigens

Biocompatible, with minimal inflammatory or 
cytotoxic responses

Activate cGAS/STING pathway

Iron-oxide-nanocube 
clusters

Nanocarrier for IDO inhibitor delivery FDA-approved Decrease Tregs & promote CD8+ T 
cell accumulation

Organic NPs Hydrogel microsphere Nanocarrier for FLT3L & CD40L 
delivery

Highly biocompatible, especially when composed of 
FDA-approved synthetic polymers

Promote DC maturation & antigen 
presentation

PLGA NPs Nanocarrier for PPT agent delivery FDA-approved Promote adoptive cell infiltration 
into tumor

Polydopamine NPs Nanocarrier for autophagy agonist 
delivery

Considered safe with proper surface modification & 
dosage control

Trigger the autophagic 
degradation of PD-L1

Carbon-based 
NPs

Carbon dots Capture TAAs post MWA Relatively safe with less inflammation or fibrosis Target DC presentation

Biomimetic 
NPs

Plant-derived NPs Immunoadjuvants High compatibility Increase in situ vaccination effect
Platelets Carrier for ICI delivery High compatibility Increase the targeted delivery to 

residual tumor
Hybrid NPs Mn-phenolic NPs Nanocarrier for CpG-ODN delivery Favorable biocompatibility due to natural 

composition, biodegradability, & low 
immunogenicity

Trigger M1 polarization
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