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A B S T R A C T   

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease, projected to rank as the 
second most prevalent cause of cancer-related mortality by 2030. Despite significant progress in 
advances in surgical techniques and chemotherapy protocols, the overall survival (OS) remains to 
be less than 10 % for all stages combined. 

In recent years, local ablative techniques have been introduced and utilized as additional 
therapeutic approaches for locally advanced pancreatic cancer (LAPC), with promising results 
with respect to local tumor control and OS. In addition to successful cytoreduction, there is 
emerging evidence that local ablation induces antitumor immune activity that could prevent or 
even treat distant metastatic tumors. The enhancement of antitumor immune responses could 
potentially make ablative therapy a therapeutic option for the treatment of metastatic PDAC. In 
this review, we summarize current ablative techniques used in the management of LAPC and their 
impact on systemic immune responses.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease with an increasing incidence, predicted to become the second 
leading cause of cancer-related death by 2030 [1]. Despite advances in surgical techniques and more effective systemic chemotherapy 
regimens, 5-year overall survival (OS) still remains less than 10 % for all stages combined [2]. Although surgical resection is still 
considered the only chance for cure, fewer than 20 % of patients present with resectable disease [3]. The remaining approximately 30 
% of patients are affected by locally advanced pancreatic cancer (LAPC) that is considered unresectable on the basis of arterial 
involvement (superior mesenteric artery, celiac trunk, or common hepatic artery), or involvement of the mesenteric-portal venous axis 
that precludes the possibility of venous reconstruction after resection [4]. 
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With the availability of more effective chemotherapy regimens, neoadjuvant chemotherapy has been more broadly used in recent 
years for the treatment of selected LAPC. Resection rates for tumors initially classified as unresectable have been reported to be as high 
as 60 % after neoadjuvant therapy, although many studies have included a mix of unresectable and “borderline resectable” tumors 
[5–7]. However, even after early systemic treatment, micrometastatic disease is often not controlled as almost 80 % of patients who 
have undergone “complete” (R0) resection after systemic neoadjuvant therapy will relapse and succumb to their disease due to local 
recurrence and/or distant metastatic disease [8,9]. 

In order to improve local tumor control in patients who are not candidates for resection, several local ablative techniques have 
emerged as additional therapeutic approaches in the multimodal treatment of LAPC [10,11]. Although not explicitly referred to as 
“ablation”, radiation therapy is the most widely utilized ablative therapy for LAPC. Other more direct catheter-based tumor ablation 
techniques such as radiofrequency ablation (RFA) or microwave ablation (MWA) rely on thermal coagulation to induce cytoreduction, 
mainly through necrosis. In contrast, irreversible electroporation (IRE) is a non-thermal ablative technique that delivers high-voltage 
electrical pulses and avoids significant heating of the tissue. This decreases the risk of thermal damage to vital structures adjacent to 
the ablation zone, such as blood vessels, and cell death is mainly induced through apoptosis [12–14]. 

Besides local cytoreduction, there is growing evidence that ablative techniques may lead to systemic tumor control through the 
release of antigens that elicit anti-tumor specific immune responses [15–17]. In theory, cell remnants following ablation remain 
available for uptake by antigen presenting cells, such as dendritic cells (DCs), which can—in turn—activate T-cells and adaptive 
immunity [18–20]. It is thought that the increase in immunogenicity will not only kill the primary tumor but also cancer cells distant to 
the original site of treatment [21]. This phenomenon of spontaneous regression of tumor lesions outside of the field of local treatment – 
also known as “abscopal effects”—was first described in the 1950s by Mole, referring to an immune-mediated response to radiation 
[22–24]. The mechanisms behind abscopal effects have not been completely elucidated, but the idea of being able to enhance the 
anti-tumor immune responses induced by local ablation is obviously appealing. These “abscopal effects” have been studied extensively 
in preclinical and clinical studies and have been primarily demonstrated in hepatocellular carcinoma, as well as colorectal and other 
metastatic liver tumors, since these are technically easier to ablate than primary pancreatic tumors [25–28]. 

In this review, we will provide an overview of local ablative techniques currently in clinical use for LAPC and their ability to induce 
abscopal effects. 

2. Methods 

A literature research using PubMed was performed to summarize the most current publications on the use of local ablative ther-
apies in LAPD. Peer-reviewed publications which assessed anti-tumor immune responses as a primary endpoint were included. Based 
on the data obtained and on the clinical relevance of local ablation currently being used, we focused on the following techniques 
(Figs. 1 and 2; see Table 1): Radiofrequency Ablation (RFA), Microwave Ablation (MWA), Cryoablation, High-intensity focused ul-
trasound (HIFU), and Irreversible Electroporation (IRE). Given that the "abscopal effect, identified in the field of radiotherapy, is 

Fig. 1. Local ablative therapies and the effect on antitumor immune responses in PDAC.  
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marked by a decrease in the size of tumors located beyond the radiation zone. Initially observed and documented by Mole, this 
phenomenon entails a notable reduction in the volume of untreated tumors subsequent to radiotherapy administered for either pri-
mary or metastatic tumors. 

Given that the "abscopal effect has been identified primarily in the field of radiation therapy (RT), we have also included a brief 
section of PDAC relevant research related to RT (see also Table 1). 

3. Local ablative techniques for pancreatic cancer 

3.1. Radiation therapy (RT) 

The role of RT in the management of LAPC has been questioned in several clinical trials and remains controversial, although still 
being incorporated in the NCCN guidelines as a treatment option for borderline resectable and locally advanced tumors [4]. Some 
studies have suggested that induction chemotherapy before concurrent chemoradiotherapy improves survival [29–32], whereas a 
randomized controlled trial (LAP-07) failed to demonstrate an overall survival benefit of conventional chemoradiation therapy after 
induction chemotherapy versus chemotherapy alone [33]. The major disadvantage associated with conventional RT is that PDAC is 
known to be radioresistant, while the surrounding organs (i.e., stomach, duodenum) are highly radiosensitive and therefore, increase 
the risk for RT related complications such as bleeding, and perforation [34–37]. 

The potential of RT to induce anti-tumor specific immune responses that kill the primary tumor and cancer cells distant to the 
original site of treatment as abscopal effect has been investigated for decades [38,39]. It has been demonstrated that RT can enhance 
immune responses or the efficacy of immunotherapy by the upregulation of major histocompatibility complex (MHC) class I molecules 
that are recognized by CD8 T cells [40]. RT has also been associated with the activation of DCs that enhance cross-presentation of 
tumor antigens and consequently prime an adaptive immune response [41,42].In the last several years, stereotactic body RT (SBRT) 
has emerged as a potentially more effective RT for LAPC since it allows for precise radiation delivery to the pancreatic tumor with less 
radiation to the surrounding organs [23,43]. To evaluate the efficacy of SBRT for local control, survival and safety, a retrospective 
study was performed to analyze patients with LAPC treated with a dose of 45 Gy in 6 fractions [44]. One-, 2- and 3-year local control 
(LC) rate was 81.9 %, 69.1 % and 58.5 %, while median DPFS was 6.03 months and median OS was 11.6 months. In addition to this, no 
patients experienced G3 toxicity. 

In order to assess the safety of SBRT, a prospective multicentre phase-1 dose-escalation study was performed in BRPC patients, who 
received pre-operative SBRT, with one dose to the primary tumour and an integrated boost to the region where tumour was in contact 
with vasculature [45]. Twelve patients were registered, and eleven received SBRT. Nine serious adverse reactions or events occurred 
(seven CTCAE Grade 3, two Grade 4). Median overall survival for SBRT patients was 8.1 months. 

Another study has reported a greater than 10 % risk of gastrointestinal ulceration, which is higher than usually associated with 

Fig. 2. Antitumor immune responses induced by local ablation.  

S. Erdem et al.                                                                                                                                                                                                          



Heliyon10(2024)e23551

4

Table 1 
Summary of relevant preclinical and clinical studies assessing therapeutic efficacy and immunomodulatory effects of local ablative therapies for PDAC.  

RT 
Author Type of study Tumor 

stage 
Treatment Primary endpoint Results Conclusion 

Zhu et al. 
rowhead 

Phase 2 trial Postop. 
local 
recurrence 

1. SBRT +
pembrolizumab +
trametinib (SBRT +
K + M) 
vs  

2. SBRT +
gemcitabine (SBRT 
+ G) 

OS, PFS Longer OS in SBRT 
(≥65Gy) + K + M 
(median: 15.1 vs. 
12.4 months, HR 
0.67 [95%CI 
0.43–1.04]; p =
0.071) 
Longer PFS in 
SBRT (≥65Gy) +
K + M (median: 
8.6 vs. 5.0 months, 
HR 0.48 [95 % CI 
0.31–0.77]; p =
0.0021) 

Dose escalation of SBRT may improve PFS with pembrolizumab and trametnib. No statistical 
relevance for longer OS. 

Petrelli et al. 
rowhead 

Systematic 
rev. 

Stage III 
(not 
resectable) 

SBRT 1-year OS Pooled 1-year OS 
= 51.6 % in 13 
trials. 
Median OS ranged 
from 5.7 to 47 
months (median 
17). 

SBRT shows satisfactory OS for inoperable PDAC. 

Yasmin-Karim 
et al. 
rowhead 

Preclinical 
research 

Mouse SQ 
model 
(Panc02) 

SBRT +
intratumoral 
agonistic anti-CD40 

Unilateral 
treatment of 
tumor: Abscopal 
effect? 

Single dose SBRT 
+ CD40 lead to 
regression of 
contralateral, 
untreated tumor 
and result in 
prolonged survival 
(p < 0.0001) 
T cell infiltration 
increased in 
combination 
therapy (p <
0.0001) 

SBRT and anti-CD40 effective at augmenting T cell priming, tresulting in vitiligo in long-term 
survivors. 

Azad et al. 
rowhead 

Preclinical 
research 

Mouse SQ 
model 
(KPC, 
Pan02) 

1. RT +
gemcitabine + anti 
PD-L1 
Vs 
2. RT + gemcitabine 

Does PD-L1 
inhibition alter 
radio- and 
chemosensitivity? 

anti-PD-L1 t +
high RT doses (12, 
5 × 3, 20 Gy) 
improved tumor 
response in KPC 
and Pan02 
allografts. 
anti PD-L1 + high 
RT doses (12 Gy) 
prevent liver 
metastases 

Synergy between high dose RT and anti PD-L1. 

Comito et al. 
rowhead 

Retrospective 
study 

Stage III 
(LAPC) 

SBRT (45 Gy in 6 
fractions) 

Local control 
(LC), distant 

1-, 2- and 3-year 
LC rate = 81.9 %, 

SBRT increased LC. 
SBRT + chemotherapy improved OS. 

(continued on next page) 
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Table 1 (continued ) 

progression free 
survival (DPFS), 
(OS), toxicity 

69.1 % and 58.5 
%. 1- and 2-year 
DPFS rate = 19.9 
% and 4.5 %. 
1-, 2- and 3-year 
OS rates = 45.4 %, 
16.1 %, and 9.8 %. 
No patients 
experienced G3 
toxicity. 

RFA 
Author Type of 

study 
Tumor stage Treatment Primary endpoint Results Conclusion 

Fegrachi 
et al. 

Phase II 
trial 

Stage III (LAPC) RFA Safety (major 
complications 
Clavien-Dindo 
grade ≥ III) 

Delayed gastric 
emptying (DGE) in 
4 patients (24 %), 
5 patients (29 %) 
had a major 
complication other 
than DGE. 
1 (6 %) RFA- 
related major 
complications 
occurred. 

RFA is a safe procedure for patients with LAPC. 

Gao et al. Preclinical 
(Panc02) 
and basic 
(human 
pancreatic 
cell line) 
research 

Stage III RFA Quantifification 
of immune cell 
subtypes and 
related cytokines 
to identify 
combination 
therapies. 

Tumor-infiltrating 
CD8+ T cells 
increased; 
regulatory T cells 
(Tregs) decreased 
post-RFA 
treatment. 
RFA + mTOR 
inhibitor =
synergetic 
repressive effect 
on tumor growth 

RFA + mTOR signaling blockade can promote tumor immune response, but also restrain residual 
cancer cell proliferation. 

Giardino 
et al. 

Prospective 
clinical 
study 

Stage III (LAPC) RFA Immune 
reaction/cell 
infiltration 
assessed in 
peripheral Blood 
samples 
preoperatively 
and on post- 
operative days 
3–30. 

CD4+, CD8+ and T 
effector memory 
cells (TEM) 
increased from day 
3 (=activation of 
the adaptive 
response).  

Myeloid DCs 
(=tumour- 
associated 
antigens) 
increased at day 
30. 

This study provides the first evidence of RFA-based immunomodulation in LAPC. 

(continued on next page) 
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Table 1 (continued ) 

Faraoni 
et al. 

Preclinical 
study 

Stage III (LAPC) RFA Local and 
abscopal affects 
after RFA. 

RFA reduced 
PDAC tumor 
progression  

RFA elevated 
dendritic cell 
numbers in RFA- 
treated tumors and 
promoted a 
significant CD4+

and CD8+ T-cell 
abscopal response.  

RFA elevated 
levels of PD-L1; 
checkpoint 
blockade 
inhibition 
sustained tumor 
growth reduction 
in the context of 
RFA 

RFA promotes antitumor immunity. 

Frigerio 
et al. 

Multicenter 
RCT 

LAPC RFA (Group A) vs. 
conventional 
chemoradiotherapy 
(CHRT, Group B)) 

OS, PFS No statistically 
significant survival 
benefit from RFA 
compared to 
CHRT, neither in 
terms of OS 
(medians of 14.2 
months and 18.1 
months, 
respectively, p =
0.639) nor PFS 
(medians of 8 
months and 6 
months 
respectively, p =
0.570). 

Compared to CHRT, RFA alone did not provide any advantage in terms of OS or PFS. 

MWA 
Author Type of study Tumor stage Treatment Primary endpoint Outcome Conclusion 

Ierardi et al. 
rowhead 

Retrospective 
study 

Stage III 
(LAPC) 

MWA Feasibility and safety Procedure was 
feasible in all 
patients (100 
%). 
Mean hospital 
stay = 4 days. 
No major 
complications. 

Percutaneous MWA is a feasible and safe approach for the palliative treatment of advanced stage 
PDAC. 

Vogl et al. 
rowhead 

Retrospective 
study 

Stage III 
(LAPC) 

MWA Safety, efficacy No major 
complications. 
2 patients 

MWA for LAPC shows promising results regarding feasibility and safety. 

(continued on next page) 
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Table 1 (continued ) 

(9.1 %) with 
minor 
complications 
(severe local 
pain related to 
MWA). 
Local tumor 
progression in 
1 case (10 %) 
of the 10/22 
available 
three-month 
follow-up 
imaging 
studies. 

Carrafiello et al. 
rowhead 

Retrospective 
study 

Stage III 
(LAPC) 

MWA Safety and efficacy Feasible in 
100 %. 
1 late major 
complication, 
no visceral 
injury was 
detected. 

MWA ablation is a feasible approach in the palliative treatment of pancreatic tumors. 

Cryoablation 
Author Type of study PDAC stage Treatment Primary endpoint Results Conclusion 

Li et al. 
rowhead 

Retrospective 
study 

Stage IV Palliative bypass 
with 
cryoablation 
(PBC) vs without 

Safety and efficacy No significant 
difference in 
overall 
complications 
(p = 0.809). 
Higher 
delayed 
gastric 
emptying rate 
in the PBC 
group (36.8 % 
vs 16.2 %, p =
0.005). 

Cryosurgery combined with palliative bypass surgery can be considered a safe and effective 
treatment for unresectable pancreatic cancer. 

Song et al. 
rowhead 

Retrospective 
study 

Stage IV Palliative bypass 
surgery 
combined with 
cryoablation vs. 
without 
cryoablation 

Safety and efficacy Reduction in 
tumor size and 
CA 19-9 level 
only in the 
combination 
treatment 
group. 
No difference 
in 
postoperative 
complications 
and prognosis. 

Cryoablation can reduce tumor size and relieve the patients’ symptoms, without improving the 
patients’ prognosis significantly. 

HIFU 

(continued on next page) 
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Table 1 (continued ) 

Author Type of study Tumor stage Treatment Primary endpoint Results Conclusion 

Sung et al. 
rowhead 

Prospective study Stage III/IV HIFU Safety and efficacy OS rates at 6, 12, 
and 18 months 
from HIFU were 
52.2 %, 30.4 %, 
and 21.79 %, 
respectively; 
median survival =
7.0 months. 

High-intensity focused ultrasound is safe and effective. 

Lee et al. 
rowhead 

Prospective study Stage III 
(LAPC) 

Concurrent 
chemotherapy +
HIFU (CCHT) vs. 
Chemotherapy 
alone 

OS, time to tumor 
progression (TTP), the 
complications and the 
current performance 
status. 

OS in the CCHT 
group (3 patients) 
= 26.0, 21.6 and 
10.8 months.  

TTP of the three 
patients in the 
CCHT group was 
13.4, 11.5 and 9.9 
months. 

This study shows that CCHT is a potentially effective and safe modality for the treatment 
of unresectable pancreatic cancer. 

Zhu et al. 
rowhead 

Retrosepctive 
study 

Stage III 
(LAPC) 

HIFU Efficacy, pain relief, 
and relative 
complications of HIFU 
therapy. 
Overall survival rate 
(OSR) and median 
survival time (MST). 

Pain reduction in 
74/86 (86.05 %) 
patients, total 
remission rate =
97.6 % (74/76). 
Total MST = 9.9 
months (2–58.7 
months), total OSR 
in 1 and 2 years =
41.5 % and 9.6 %, 
respectively. 

HIFU can significantly alleviate cancer-related pain and prolong the survival time of 
patients with pancreatic cancer. 

Yu et al. 
rowhead 

Preclinical study Stage III 
(PDAC 
xenograft 
model) 

HIFU +
microbubbles vs. 
HIFU +
microbubbles +
gemcitabine 
(HIGEM + MB) 

Therapeutic effects of 
combination therapy. 

HIGEM + MB 
group: Higher 
apoptosis rates (p 
< 0.05), slowest 
tumor growth. 

HIFU combined with microbubbles enhances the therapeutic effects of gemcitabine 
chemotherapy in a pancreatic cancer xenograft model. 

Li et al. 
rowhead 

Retrospective 
analysis 

Stage IV 
(gemcitabine 
refractory) 

Group A: HIFU +
S-1 vs 
Group B: S-1 
alone 

OS, PFS Median OS longer 
in group A (10.3 
months vs. 6.6 
months, P =
0.000). 
Median PFS longer 
in group A t (5.1 
months vs 2.3 
months, P =
0.000). 

HIFU in combination with S-1 might be effective and well tolerated as salvage 
chemotherapy in the treatment for metastatic pancreatic cancer. 

Wang et al. 
rowhead 

Prospective study Stage IV HIFU Efficacy NK cell enhanced 
in 10 patients (P <
0.05). 
\CD3+ and CD4+

subsets, CD4+/ 

HIFU may enhance cell-mediated immunity in the host. 

(continued on next page) 
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Table 1 (continued ) 

CD8+ ratios 
increased. 

Zhou et al. 
rowhead 

System. Rev., 
Meta-Analysis 

Stage IV HIFU alone and/ 
or in 
combination 
with chemo/and 
radiotherapy 

Eifficacy Increased NK cell 
activity, the 
population of 
CD4+

lymphocytes, and 
the ratio of CD4+/ 
CD8+ in the blood 
circulation of 
cancer patients are 
found after HIFU. 

Immune response induced by HIFU ablation may become an effective way of cancer 
treatment. 

IRE 
Author Type of study Tumor stage Treatment Primary endpoint Results Conclusion 

Martin et al. 
rowhead 

Prospective study LAPC IRE Safety, efficacy All patients 
underwent 
successful IRE. 1 
90-day mortality. 
No evidence of 
clinical 
pancreatitis or 
fistula formation. 

IRE ablation of locally advanced pancreatic cancer tumors is a safe and feasible primary 
local treatment in unresectable, locally advanced disease. 

Martin et al. 
rowhead 

Prospective multi- 
center study 

LAPC IRE OS In a comparison of 
IRE patients to 
standard therapy, 
improved local 
progression-free 
survival (14 vs. 6 
months, p = 0.01), 
distant 
progression-free 
survival (15 vs. 9 
months, p = 0.02), 
and overall 
survival (20 vs. 13 
months, p = 0.03). 

IRE ablation of locally advanced pancreatic tumors remains safe and in the appropriate 
patient who has undergone standard induction therapy for a minimum of 4 months can 
achieve greater local palliation and potential improved overall survival compared with 
standard chemoradiation-chemotherapy treatments. 

He et al. 
rowhead 

Preclinical study LAPC IRE Immunomodulatory 
effects 

Tumor growth 
significantly 
suppressed, 
increased 
infiltration of 
CD8+ T cells. The 
growth of 
untreated tumors 
was suppressed 
and the effector 
CD8+ T cells and 
memory T cells 
increased 
significantly in 
mice. 

IRE induced local immunomodulation by increasing specific T cells infiltration. 

(continued on next page) 
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Table 1 (continued ) 

He et al. 
rowhead 

Prospective study LAPC IRE Immunomodulatory 
effects 

The alteration of 
CD8+ T cell 
between day 3 and 
7 was identified as 
a prognostic factor 
for OS and PFS. 
ROC curve (AUC) 
and C-indexes of 
the alteration of 
CD8+ T cell for OS 
and PFS = 0.816 
and 0.773 and 
0.816 and 0.639, 
respectively. 

This study presented the first evidence of IRE-based immunomodulatory in patients with 
LAPC. The alteration of CD8+ T cell between D3 and D7 showed relatively good 
performance and could be used as an effective tool for prognostic evaluation for LAPC 
patients after IRE. 

Shankara et al. 
rowhead 

Preclinical study LAPC IRE + CD40 
agonistic 
antibody 

Therapeutic immune 
effects 

IRE + CD40 Ab 
improved median 
survival >35 days, 
(vs. 21 days for IRE 
and 24 days 
CD40Ab, p <
0.01).  

CD40Ab decreased 
metastatic disease 
burden, with less 
disease in the 
combination group 
than in the sham 
group or IRE alone. 

Addition of CD40Ab to IRE improved dendritic cell activation and neoantigen recognition, 
while generating a strong systemic antitumor T-cell response that inhibited metastatic 
disease progression.  

S. Erdem
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conventional RT [46]. 
Notably, there is evidence that the combination of RT with immunotherapy can improve local and distant tumor control as a result 

of improved anti-tumor immune responses in several preclinical studies [47–50]. In a preclinical mouse model of PDAC, the combi-
nation of a single dose of SBRT with intratumoral injection of agonistic anti-CD40, resulted in regression of non-treated contralateral 
tumors and formation of long-term immunologic memory [51]. Another study group has demonstrated that the addition of anti-PD-L1 
to high doses of radiation therapy has significantly improved tumor response in preclinical PDAC models [52]. In addition to this, they 
showed that PD-L1 blockade further augmented the effect of high RT doses (12 Gy) in preventing development of liver metastases. 

These results have provided preclinical for the approach of combining RT with immuno therapy for several tumor entities, 
including PDAC, and several early-stage clinical studies are ongoing. 

3.2. Radiofrequency ablation (RFA) 

Radiofrequency ablation (RFA) is a thermal ablative method that generates hyperthermic temperatures through high-frequency 
alternating current that induces coagulation and protein denaturation and eventually results in tumor destruction through necrosis 
[53–55]. RFA is in clinical use primarily for hepatocellular carcinoma (HCC) and colorectal liver metastases [56]. A commonly 
described limitation of RFA is the “heat-sink effect” that decreases susceptibility of the tumor to thermal damage when adjacent to 
larger vessels, as occurs frequently in LAPC [16,53]. Consequently, the use of RFA in PDAC is limited, although newer studies also 
outline its safety and feasibility in the treatment of LAPC [57,58]. Moreover, some research groups have illustrated 

that RFA can impact tumor lesions beyond the region subjected to ablation, suggesting its potential as an immunomodulatory 
therapy [59–61]. Nevertheless, experiments in preclinical settings utilizing the Panc02 cell line in a murine pancreatic tumor model 
indicated no significant impact on local tumor growth after RFA treatment [59]. However, there was a notable increase in the pro-
portion of CD8+ T cells infiltrating the tumor, accompanied by a decrease in the number of regulatory T cells (Tregs) following RFA 
treatment. Subsequently, combining RFA treatment with an mTOR inhibitor demonstrated a synergistic inhibitory effect on tumor 
growth in this preclinical murine cancer model [59]. 

In a prospective clinical study, peripheral blood samples of patients with LAPC after RFA were obtained preoperatively and on post- 
operative days 3–30 [59]. The results revealed a general activation of adaptive immune responses by an increase of CD4+ and CD8+

T-cells. In addition to this, they revealed a remarkable increase in effector memory T cells (TEMs) which is known to be an important 
step in a systemic immune response. Taken together, the investigators concluded that RFA induces immunomodulation in LAPC. 
Nonetheless, despite some promising preclinical studies and a few clinical studies demonstrating safety, the first randomized 
controlled trial comparing open surgical RFA to conventional chemoradiation in 100 patients with LAPC compellingly showed no 
benefit for RFA [60]. The increased availability of endoscopic ultrasound (EUS)-guided RFA has renewed interest in this modality, but 
a phase II randomized controlled trial comparing EUS-guided RFA plus chemotherapy to chemotherapy alone in borderline resectable 
or LAPC also failed to demonstrate a survival benefit [61]. 

Due to the absence of randomized controlled trials (RCTs) exploring the impact of combining radiofrequency ablation (RFA) with 
established chemotherapy on overall survival (OS), the "Pancreatic Locally Advanced Unresectable Cancer Ablation" (PELICAN) trial 
has been launched [62]. This multicenter superiority RCT enrolls all LAPC patients initiating FOLFIRINOX or (nab-paclitaxel/)gem-
citabine, subject to eligibility screening. Following restaging, patients with stable disease or objective response according to RECIST 
criteria, for whom resection is not viable, undergo randomization to either RFA followed by chemotherapy or chemotherapy alone. A 
total of 228 patients from 16 centers in The Netherlands and four other European centers are included, with the primary endpoint 
being overall survival. 

3.3. Microwave ablation (MWA) 

Unlike RFA, the coagulative effect of MWA is generated by water molecule oscillations caused by an alternating electromagnetic 
field that creates dielectric instead of frictional heating [63–65]. Although a major advantage of MWA, compared to RFA, is its 
effectiveness in different tissue types (e.g., fibrous and charred tissues), the extent of the ablation zone is less predictable and explains 
the controversy concerning the possible side effects related to this technique [53]. Therefore, the literature for MWA for LAPC is even 
more scarce than for RFA, and results from existing studies are not encouraging given that progressive disease following MWA in LAPC 
was detected in the majority of patients [64,66]. 

The immunomodulatory effects of MWA have primarily been assessed for hepatocellular carcinoma (HCC) showing an increase of 
immune stimulatory cells (i.e., CD4+ T cells, CD8+ T cells, NK cells) and a decrease in immunosuppressive cells (i.e., IL-4 and IL-10), 
associated with better survival and lower recurrence rates [26,67,68]. As such, in a prospective clinical study, peripheral blood 
samples from HCC patients showed a significant increase in CD3+, CD4+ cells and IL-12 one month after MWA which was associated 
with an improved anti-tumor immunity [67]. This was confirmed by another study group showing an increase in immune infiltrating 
cells in tumor tissues 3 and 17 days after MWA. The immune modulatory effects of MWA have not been demonstrated for PDAC yet and 
need to be confirmed in future studies. 

3.4. Cryoablation 

Cryoablation causes coagulative necrosis and cell death by using liquefied gases that cool as they expand, such as argon nitrogen 
and helium gases [69]. Two retrospective studies have assessed the safety and efficacy of cryoablation in the treatment for unresectable 
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PDAC [70,71]. In both studies, cytoreduction after treatment was successful and local tumor load was reduced. However, cryoablation 
did not improve OS [70,71]. Evidence for immune effects of cryoablation in PDAC is limited. One of few studies directly comparing the 
immune effects of different ablation techniques (using the B16 melanoma cell line) showed that cryoablation produced a greater 
release of total and native (non-denatured) proteins than ablation with heat [72]. They also demonstrated that cryoablation was 
associated with an enhanced release of a melanoma antigen (TRP-2) and antigen-specific T-cell activation than heat, although 
non-thermal ablation with irreversible electroporation (IRE) produced a significantly higher antigen release and T-cell activation than 
either thermal technique [72]. 

In a recent publication, researchers investigated the abscopal effect following cryoablation on bone metastasis using a mouse model 
[73]. 

In this study, a breast cancer cell line was implanted into the bilateral tibiae of the animals, with one tumor (left) undergoing local 
cryoablation treatment. The results indicated an impact of cryoablation alone on the volume of the untreated tumor on the opposite 
side (right). Furthermore, the combination of cryoablation with anti-PD-1 exhibited a significant immunoenhancing effect [75]. 

Although the investigators suggest that cryoablation confirms an abscopal effect which can be enhanced by combination therapy 
with immune anti-PD-1, reliable data for PDAC remain scarce. 

3.5. High-intensity focused ultrasound (HIFU) 

HIFU is a newer ablative technique and the only non-invasive modality that can generate hyperthermic temperatures by delivering 
high-intensity ultrasound beams in a target definite area of interest [74,75]. Subsequently, this selectively treated area is destroyed by 
coagulative necrosis while the tissue outside of this area remains intact [76]. Several studies have demonstrated the feasibility and 
safety of HIFU in the treatment of pancreatic tumors, primarily in a palliative setting for unresectable PDAC [77,78]. A few 
non-randomized studies have suggested beneficial effects of HIFU—either as monotherapy or in combination with chemotherapy—on 
pain control as well as some objective tumor responses and prolonged median survival [77,79–81]. Immunomodulatory effects 
following HIFU have been reported by a study group, which has evaluated blood samples of 15 patients with late stage PDAC before 
and after HIFU therapy [82]. They demonstrated an increase in circulating CD3+ and CD4 T cells, an increased CD4+/CD8+ T-cell 
ratio, and increased NK cell activity. The immunemodulatory effect of HIFU has been also supported by by a meta-analysis of 3022 
clinical PDAC cases that had been treated with HIFU [79]. 

Another aspect of HIFU is that it can be also used to induce non-thermal effects for disruption of tissue, a technique that is known as 
histotripsy [83]. This ability to avoid thermal destruction and denaturation of proteins is of particular interest as it is expected to 
enhance anti-tumor specific immune responses [84]. A recent preclinical study demonstrated that histotripsy was superior to thermal 
ablation in its ability to release potential antigens from a murine PDAC cell line in vitro; treatment of subcutaneous tumors in vivo 
induced a decrease in immunosuppressive tumor-infiltrating leukocytes and prolonged survival [85]. Further investigations are clearly 
warranted to elaborate the immunomodulatory effects of HIFU and histotripsy ablation. 

3.6. Irreversible electroporation (IRE) 

IRE is a non-thermal local ablation therapy that uses high-voltage (maximum 3000 V), short microsecond pulse lengths (70–90μs) 
to induce permanent cell membrane damage and cellular apoptosis [10]. Since 2009, IRE has been used clinically in selected patients 
with LAPC who have not demonstrated distant progression after neoadjuvant chemotherapy, with studies showing median OS similar 
to patients undergoing resection (25 months) [86,87]. As opposed to thermal ablative techniques, IRE is believed to have the distinct 
advantage that cell death is caused by disruption of the cellular membrane integrity and therefore results in relative preservation of 
adjacent surrounding structures (i.e., bile ducts, larger blood vessels) [88–90]. This and the fact that it is not vulnerable to “heat sink” 
effects render IRE particularly attractive to treat LAPC [88]. 

Presumably, immune stimulation induced by IRE may be more pronounced compared to thermal ablation since it has been shown 
that different ablative mechanisms result in varying levels of immune cell infiltration [14,91,92]. A preclinical study by Bulvik et al. 
evaluated the effects of IRE and RFA in an orthotopic hepatocellular carcinoma (HCC) mouse model and in a subcutaneous HCC 
xenograft mouse model [89]. In this study, infiltration of leukocytes into the ablation zone was present in IRE-treated, but not in 
RFA-treated lesions. Furthermore, ablation of the liver with IRE slowed the growth of remote, untreated subcutaneous tumors, which 
was more pronounced compared to RFA. Indeed, the immunomodulatory and abscopal effects of IRE have been assessed extensively in 
non-pancreatic cancers and, more recently—in preclinical PDAC models and clinical studies [14,15,91,93]. 

Using a subcutaneous mouse model, our laboratory showed that surgical resection was more effective at controlling the primary 
tumor compared to IRE [15]. However, when tumor-free mice were rechallenged with injection of live tumor cells on the contralateral 
flank, 3 of 5 mice treated with resection showed secondary tumor growth while the animals from the IRE group remained tumor-free. 
These findings demonstrate that IRE can generate protective immunity. We furthermore demonstrated that protective immunity is 
T-cell mediated through adoptive transfer experiments. Scheffer et al. assessed the immune modulatory effects of IRE by obtaining 
peripheral blood samples pre-and post-IRE treatment of patients with LAPC who were enrolled in the PANFIRE clinical trial [12,14]. 
Flow cytometric analysis revealed a transient decrease in systemic regulatory T cells (Treg) and a simultaneous transient increase in 
activated PD-1+ T cells, which recent evidence indicates can identify-tumor specific T cells in the tumor microenvironment and in 
peripheral blood [94]. Another group from China explored peripheral blood samples from 34 patients with LAPC, collected before 
surgery and on day three and seven after IRE, respectively [92]. Their findings indicated a change in CD8+ T cells between days three 
and seven, correlating with enhanced overall survival (OS) and progression-free survival (PFS) following IRE. This aligns with earlier 
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research suggesting a higher incidence of metastatic lesions in patients with reduced immune cell infiltrates, suggesting that systemic 
changes could potentially induce abscopal effects [95]. 

However, although these studies have demonstrated promising results, it has also been shown that the systemic immune effects 
following IRE alone are generally not sufficient to induce clinical abscopal effects. Established immune-tolerance mechanisms induced 
by the primary tumor and (micro)metastatic lesions might decrease the development of robust clinical responses [24]. To overcome 
this limitation and to increase the abscopal effect on distant tumor lesions (i.e., metastasis), many researchers have started to combine 
IRE with immunotherapy [17,96,97]. A study by Zhao et al. showed that the combination of IRE and anti-programmed cell death 
protein 1 (anti-PD1) immune checkpoint blockade promotes selective tumor infiltration by CD8+ T cells and significantly prolongs 
survival in a murine orthotopic PDAC model to a greater extent than did the combination of RT and anti-PD1 therapy [13]. A phase II 
clinical trial of IRE with adjuvant checkpoint blockade (NCT03080974) is currently ongoing at University of Louisville. They have 
recently published their results with the first 10 patients, demonstrating that this combination is well-tolerated [98]. Another group’s 
clinical study investigated the impact on OS and PFS of IRE versus IRE combined with NK cell immunotherapy (IRE-NK) in patients 
with unresectable stage III and IV PC [99]. They showed that median OS (13.2 months vs. 11.4 months) and PFS (9.3 months vs. 8.1 
months) was higher in the IRE-NK group compared to IRE alone. 

Prior work from our lab has demonstrated that IRE produced complete regression of subcutaneous tumors in up to 30 % of 
immunocompetent mice. However, the combination of IRE with intratumoral toll-like receptor-7 (TLR7) agonist (1V270) and systemic 
anti-programmed death-1 receptor (PD)-1 checkpoint blockade resulted in elimination of untreated concomitant distant tumors [15]. 
The PANFIRE-3 trial (NCT04612530) in Europe is currently evaluating a similar strategy, utilizing percutaneous IRE in combination 
with nivolumab (anti-PD1) and CpG (a TLR9 agonist) for patients with metastatic PDAC. In a more recent work from our lab, we used 
an orthotopic PDAC model to study the combination of IRE with a single intratumoral injection of an agonistic CD40 antibody at the 
time of IRE [93]. The combination not only improved local tumor control, but it also significantly decreased metastatic disease burden 
in the liver and increased infiltration of CD8+ T-cells and activated dendritic cells within liver metastases. A first-in-human study of IT 
injection of an agonistic CD40 Ab, ADC-1013 or mitazalimab (Alligator Biosciences) has demonstrated that injection even into solid 
organs is feasible and safe [100], and a clinical trial combining IRE with local delivery of CD40 Ab in LAPC is currently in development. 

4. Conclusions and Future perspectives 

The biggest challenge in the therapy of LAPC remains the fact that most patients have (micro)metastatic disease at diagnosis that 
cannot be detected on imaging studies. Systemic chemotherapy is the cornerstone of the multimodal treatment approach for PDAC; 
however, it has only provided a moderate survival benefit for affected patients. The key component to eradicating (micro)metastatic 
disease and overcoming the high rates of PDAC recurrence is believed to be the activation of tumor-specific immune responses in the 
host. PDAC is an aggressive disease, considered as immunologically “cold” and, so far, resistant to immunotherapy. Local ablative 
techniques have increased in number and availability over the last several years and have been associated with not only local tumor 
control but also distinct immunomodulatory effects. Studies investigating the systemic immune effects of currently available ablative 
techniques have revealed remarkable tumor-specific T cell responses and superior survival rates for several solid tumors. Encourag-
ingly, the combination of IRE and immunotherapy in LAPC has also shown potential for improved anti-tumor immunity through 
increased cytotoxic T cell responses. Both further preclinical investigations and translation of preclinical findings to clinical trials are 
necessary to develop this promising treatment paradigm into meaningful survival benefits for patients with PDAC. 
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