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Background/Aim. Irreversible electroporation (IRE) showed promising results for small-size tumors and very early cancers.
However, further development is needed to evolve this procedure into a more efficient ablation technique for long-term control
of tumor growth. In this work, we show that it is possible to increase the antitumor efficiency of IRE by simmultaneously
injecting c-di-GMP, a STING agonist, intratumorally. Materials and Methods. Intratumoral administration of c-di-GMP
simultaneously to IRE was evaluated in murine models of melanona (B16.OVA) and hepatocellular carcinoma (PM299L).
Results. The combined therapy increased the number of tumor-infiltrating IFN-γ/TNF-α-producing CD4 and CD8 T cells and
delayed tumor growth, as compared to the effect observed in groups treated with c-di-GMP or IRE alone. Conclusion. These
results can lead to the development of a new therapeutic strategy for the treatment of cancer patients refractory to other therapies.

1. Introduction

Irreversible electroporation (IRE) is an emerging alternative
to multimodal ablative therapies for the liver [1], prostate
[2], kidney [3], pancreas [4–6], or lung cancers [7]. The main
use of IRE is aimed at the ablation of tumors that are in con-
tact with vital vascular or nervous structures which must be
preserved. Electroporation destroys tumor cells but it does
not affect collagen-containing structures like vessels and
nerves [8–10]. The advantages of IRE compared to other
techniques are as follows: (i) the selectivity of the tissue
affected [10]; (ii) the ability to specifically define the margins
affected by the procedure [11]; (iii) the short time the treat-
ment lasts; and (iv) the possibility of monitoring the effect
of electroporation in real time [11]. All this makes IRE a ther-

apeutic alternative in patients with tumors located in areas
not surgically resectable near to vital structures.

Clinical trials showed safety and absence of serious
adverse effects when IRE was used; however, its therapeutic
efficacy remained poor [5, 12, 13]. It was suggested that there
are islands of viable tumor cells remaining within ablated
regions after IRE treatment, which may contribute to tumor
development [14]. Lack of long-term efficacy of this tech-
nique might also be due to its limited capacity to induce an
inflammatory reaction that favors the activation of an antitu-
mor immune response. This is because IRE causes tumor cell
death by apoptosis and not necrosis as in other techniques
based on thermal ablation or radiation [15]. In previous
work, we found that it was possible to improve the antitumor
effect of IRE when combining it with the intratumoral injec-

Hindawi
BioMed Research International
Volume 2021, Article ID 8852233, 9 pages
https://doi.org/10.1155/2021/8852233

https://orcid.org/0000-0003-4758-7542
https://orcid.org/0000-0001-7122-5475
https://orcid.org/0000-0003-4960-0261
https://orcid.org/0000-0002-5442-4496
https://orcid.org/0000-0001-5250-8437
https://orcid.org/0000-0003-3817-6434
https://orcid.org/0000-0002-2667-0753
https://orcid.org/0000-0003-1641-3881
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8852233


tion of Poly-ICLC (Hiltonol) immediately before the IRE
procedure [16]. Poly-ICLC is a synthetic analog that mimics
double-stranded viral RNA, a ligand of pattern recognition
receptors (PRR) including TLR3, MDA5, RIG-1, or the
NLRP3 inflammasome that sense danger signals [17]. In
addition to RNAs, double-stranded DNAs (dsDNA) are
potent inducers of type I interferons (IFNs). There are a
number of sensors of cytosolic dsDNA which can trigger dif-
ferent signaling pathways through the endoplasmic reticu-
lum membrane protein STING (stimulator of IFN genes)
[18] [19]. Indeed, in the presence of cytosolic double-
stranded DNA (dsDNA), activated cyclic GMP-AMP syn-
thase (cGAS) uses cytosolic ATP and GTP as substrates to
catalyze the production of cyclic dinucleotides (CDNs)
(reviewed in [20]). Upon binding to CDNs, STING translo-
cates from the ER to the Golgi apparatus and further to the
perinuclear microsomes and activate TBK-1/IRF-3 and NF-
κB signaling pathways inducing robust type I IFNs and pro-
inflammatory cytokines, which can trigger adaptive immune
responses against tumors [21, 22]. A number of natural and
synthetic STING agonists are being tested in preclinical
models and in the clinic for the immunotherapy of cancer.
However, these molecules are susceptible to enzymatic deg-
radation, having low bioavailability in target tissues and pro-
ducing unwanted toxicities. New drug delivery systems are
being explored to address these challenges [23].

Our main goal in the present work was to evaluate the
effectiveness of IRE concomitant to the administration of a
STING agonist to improve mice survival after a long-term
follow-up. We have made the proof of concept in murine
models of melanoma and hepatocarcinoma.

2. Materials and Methods

2.1. Cell Lines and Mice. B16-OVA (ATCC, American Type
Culture Collection) and PM-299L (provided by Dr. Lujambio,
NY) cell lines were cultured in RPMI-1640 supplemented with
10% FCS, 100U/mL penicillin, 100μg/mL streptomycin,
2mML-glutamine, and 50μM 2-mercaptoethanol (CM
medium). Specific pathogen-free, 7-10-week-old female
C57BL/6 wild-type mice (Charles River) were used in agree-
ment with the ethical directives of the Spanish veterinary
authorities. They were housed in appropriate animal care
facilities during the experiments and handled following the
international guidelines required for experimentation with
animals. Institutional ethical committee approved the experi-
ments (Ref. 111-15).

2.2. In Vivo Experiments: Ire Treatment and Tumor Follow-
Up. B16.OVA melanoma cells or PM299L HCC cells were
injected (5x105 cells/mouse), subcutaneously (s.c.) in
C57BL/6 mice (n = 5 − 8) purchased by Harlan (Barcelona,
Spain). Ten days after tumor cell injection, when the tumors
grew to 5mm in diameter, mice were randomly distributed
into different experimental groups.

Irreversible electroporation was carried out using the
ECM 830 Square Wave Electroporation System, using spe-
cific tweezers (edges of 2mm) for the fixation of the tumor
for the IRE treatment. IRE consisted in twenty consecutive

pulses of 2500V/cm (0.1msec each) with 0.5 s intervals
between pulses. When indicated, 25μL of a solution con-
taining 1mg/mL c-di-GMP STING agonist (InvivoGen)
was injected intratumorally into the space defined by the
tweezers. In an experimental group, c-di-GMP administra-
tion was done immediately before electroporation (IRE +
c-di-GMP group). In another experimental group (c-di-
GMP group), c-di-GMP was administered intratumorally
exactly as described above, but without the administration
of the electroporation current. IRE group received only the
electroporation treatment alone without the c-di-GMP
administration. Tumor size, represented as the multiplica-
tion of two perpendicular diameters (mm2), was measured
at different time points. According to the institutional
guidelines, mice were sacrificed if the mean tumor diameter
was greater than 20mm2.

2.3. Flow Cytometry. For characterization experiments,
PM299L tumor-bearing mice were treated as indicated, and
10 days later, mice were sacrificed to analyze immune infiltrate
by flow cytometry. Tumors were excised and digested with
collagenase D (400U/mL) and DNase-I (50μg/mL, Roche)
for 20min at 37°C. The spleens were mashed in PBS. Red
blood cells were lysed by ACK buffer (Sigma). For functional
analyses, cells were stimulated with PMA (50ng/mL) and
ionomycin (1μg/mL) in the presence of GolgiStop and Golgi-
Plug (BD Biosciences). After 5 hours, cells were incubated with
Zombie NIR Fixable dye (BioLegend) and stained with
fluorochrome-labeled mAbs against CD45.2 (104), CD8
(XMG1.4), CD4 (RMA4-5), and CD44 (IM7) in the presence
of purified anti-CD16/32 mAb. For intracellular staining, cells
were treated with the BD Fixation/Perm buffer (BD Biosci-
ences) and stained with anti-IFN-γ (XMG1.2) and anti-TNFα
(MP6-XT22) mAbs. Samples were acquired on a FACSCanto-
II cytometer (BD Biosciences). Data were analyzed using the
FlowJo software (TreeStar).

2.4. Statistical Analysis. Normality was assessed with the
Shapiro-Wilk W test. Statistical analyses were performed
using parametric (Student’s t test and one-way ANOVA with
Tukey’s multiple comparison) and nonparametric (Mann–
Whitney U and Kruskal-Wallis) tests. GraphPad Prism for
Windows was used for statistical analysis. A p value < 0.05
was considered statistically significant.

3. Results

3.1. Irreversible Electroporation (IRE) in Combination with
Intratumor Administration of c-di-GMP Adjuvant Has
Therapeutic Effect in a Murine Model of Melanoma. IRE pro-
duces cellular destruction and the release of tumor-specific
antigens, which might be captured by antigen presenting cells
to initiate the induction of an antitumor immune responses.
However, the tumor microenvironment is not favorable for
antitumor immune priming. We proposed that utilizing an
immunotherapeutic approach in combination with IRE might
favor the induction of stronger antitumor immune responses.
In order to do this, IRE was combined with the simultaneous
injection of the immunostimulatory agent and STING agonist,
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c-di-GMP. To evaluate this combination therapy, we first used
a murine model of melanoma based on the administration of
B16.OVA tumor cells. Mice bearing B16.OVA were treated
with (i) IRE, (ii) intratumoral injection of c-di-GMP, (iii)
intratumoral injection of c-di-GMP immediately accompa-
nied by IRE, or (iv) left untreated (control group).

IRE treatment or c-di-GMP treatment alone did not
show any effect on tumor kinetics and did not significantly
decreased tumor growth compared to the untreated group
(Figures 1(a) and 1(b)). However, mice that received IRE +
c-di-GMP combination treatment showed a significant delay
in tumor growth, resulting in 1 out of 8 mice completely
rejecting the tumor (Figure 1(a)). Survival was significantly
improved in those mice compared to single treatment groups
and the untreated control group (p < 0:05; Figure 1(b)).

3.2. IRE in Combination with c-di-GMP Has a Therapeutic
Effect in a Murine Model for Hepatocellular Carcinoma. IRE
is an emerging alternative to ablative therapies for liver can-
cer [1]. Even if results were particularly promising for small-
size and very early-stage hepatocellular carcinomas (HCC),
tumor recurrence is still high [24, 25]. We tested if combina-
tion of IRE with the c-di-GMP adjuvant could improve the
efficacy of IRE in amurine model of HCC. C57BL/6 mice were

injected with PM-299L hepatoma cells subcutaneously. Seven
days later, mice were treated with (i) IRE, (ii) intratumoral
injection of c-di-GMP, or (iii) intratumoral injection of c-di-
GMP followed immediately by IRE or (iv) left untreated. It
was observed that IRE treatment alone or c-di-GMP alone
cured 16.6% and 20% of mice, respectively (Figure 2(a)). Sur-
prisingly, 66.7% of mice responded to IRE + c-di-GMP com-
bination therapy (Figure 2(a)) with 4 out of 6 mice totally
rejecting established tumors. On the other hand, only 1 out
of 5 or 1 out of 6 mice were cured after c-di-GMP or IRE
monotherapies, respectively (p < 0:05; Figure 2(b)). We
repeated the experiments but using male mice and the same
treatments schedules. Combination therapy c-di-GMP plus
IREwas also able to significantly delay tumor growth andmice
survival (Figures 2(d)–2(f)), although the effect was less pro-
nounced than that found in female mice. No effect was
observed when mice were treated with monotherapies.

In order to evaluate the antitumor immune response
in vivo, we repeated the experiment with the same treatment
options but sacrificing the mice ten days after tumor injec-
tion. The phenotype and functionality of tumor infiltrates
was then analyzed. Tumor size at the day of sacrifice was sig-
nificantly lower in mice treated with the combination therapy
(both measured as tumor diameter and as tumor weight,
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Figure 1: Treatment of B16.OVA tumor cells by irreversible electroporation plus c-di-GMP. Mice were challenged s.c. with B16-OVA tumor
cells and at days 7-10, when tumors reached 5mm in diameter, they were treated i.t. as indicated. (a) Each curve represents tumor mean
diameter for an individual mouse. Numbers of mice free of tumors out of the total animals per group are indicated. (b) The Kaplan-Meier
plots of the percentage of mice survival are represented. Log-rank (Mantel-Cox) test. p< 0.05.
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Figure 2: Continued.
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Figure 3(a)). Flow cytometric analysis of tumor-infiltrating
lymphocytes showed a significant increase in the number of
leukocytes (percentage of CD45+ cells/mg of tumor) in mice
treated with c-di-GMP alone or with c-di-GMP combined
with IRE (Figure 3(b)). These differences were also observed
in the percentage of activated CD4+ and CD8+ infiltrating
lymphocytes (the percentage of CD44highCD4+ and
CD44highCD8+ T cells) (Figure 3(c) and 3(d)). Importantly,
these two groups showed a significant increase in the per-
centage of CD4+ and CD8+ T cells that simultaneously
expressed TNF-α and IFN-γ, and in the percentage of IFN-
γ-producing NK cells (Figures 3(e)–3(g) and Figure S1).
These results suggest that intratumoral administration of c-
di-GMP induced a proinflammatory microenvironment
favorable for T cell/NK cell activation. IRE treatment alone
did not induce tumor infiltration of immune cells.
Interestingly, the combined therapy of c-di-GMP and IRE
was able to significantly increase the percentage of
infiltrating activated IFN-γ and TNF-α-producing CD8+ T
cells, suggesting that this combination therapy favors the
activation of an antitumor immune response able to control
tumor growth more efficiently.

4. Discussion

IRE is a promising, low-invasive technique for the ablation of
solid tumors. Unlike thermal ablation techniques, IRE treat-
ment does not damage the surrounding extracellular matrix,
vessels, nerves, and neighboring normal tissue [12, 13, 26,
27]. Clinical trials have shown safety and absence of serious
adverse effects related to the procedure. However, the thera-
peutic efficacy is poor [5, 12, 13], and high incidence of short-
term recurrences was reported [12, 28, 29]. Some studies sug-
gest that the remaining islands of viable tumor cells within
ablated regions after IRE treatment are responsible for higher
resistance to pore formation [14]. It is probable that these

remaining IRE resistant cells may continue tumor develop-
ment and reduce the therapeutic efficacy of this technique.

Long-term tumor growth control can be achieved by elicit-
ing a strong antitumor immune response. However, IRE alone
does not induce favorable inflammatory conditions to facili-
tate antitumor T cell priming. As shown in this work, IRE
treatment did not augment T cell infiltration of the tumor or
improve infiltrating T cell activation state. IRE-induced cellu-
lar destruction may lead to the release of a substantial amount
of tumor-specific antigens that can be engulfed by dendritic
cells (DC, the professional antigen presenting cells) for their
presentation to tumor-specific T lymphocytes. However, T
lymphocyte activation is only achieved if DCs are in a mature
stage. This maturation process is highly impaired by the
immunosuppressive tumor microenvironment. Modifying
the tumor microenvironment by introducing molecules that
promote the maturation of dendritic cells might favor the acti-
vation of an antitumor immune response. We speculated that
intratumoral injection of factors with proinflammatory prop-
erties, like c-di-GMP, might synergize with IRE technique to
elicit antitumor T cell responses.

In previous work, we showed that the therapeutic effect of
IRE can be improved when combined with simultaneous
intratumoral administration of Poly-ICLC, a TLR3 agonist
that mimics a viral infection and activates a strong innate
immunity [16]. In addition to TLR ligands, the cGAS–
STING axis was identified as an important regulator of
immunity by mediating type I IFN production in response
to cytosolic DNA [30, 31]. Type I IFN production elicited
through the STING pathway has an essential role in the
development of antitumor immunity by facilitating antigen
cross-presentation by DCs (reviewed in [32]). DNA sensing
by STING triggers the production of type I IFN by DCs
and facilitates effective cross-priming of tumor-specific
CD8+ T cells [33]. The proinflammatory potential of STING
signaling has prompted many laboratories towards the search
and development of small molecule modulators targeting the
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Figure 2: Treatment of PM299L tumor cells by irreversible electroporation plus c-di-GMP. Mice were challenged s.c. with PM299L tumor
cells and at days 7-10, when tumors reached 5mm in diameter, they were treated i.t. as indicated. (a) Each curve represents tumor mean
diameter for an individual mouse. Numbers of mice free of tumors out of the total animals per group are indicated. (b) The Kaplan-Meier
plots of the percentage of mice of survival are represented. Log-rank (Mantel-Cox) test, p< 0.05.
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Figure 3: Phenotypic and functional analysis of intratumor T lymphocytes in mice bearing PM299L tumors. Mice were challenged with
PM299L tumor cells s.c. and at days 7-10, when tumors reached 5mm in diameter, they were treated i.t. as indicated and sacrificed seven
days later for phenotypic analysis of tumor-infiltrating lymphocytes. (a) Tumor area (measured with a caliper) and tumor weight
measured in each individual mice the day of sacrifice. (b–g) Phenotypic and functional analysis of tumor-infiltrating T lymphocytes and
NK cells measured by flow cytometry using the indicated antibodies. One-way ANOVA with Tukey’s multiple comparison test. p < 0.05; ∗
∗p < 0:01; ∗∗∗ p < 0:001.
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cGAS–STING–TBK1 signaling pathway for their clinical use
as a new immune stimulatory therapy. While multiple new
generation STING agonists are being advanced into clinical
development (reviewed in [19]), data from initial phase I clin-
ical trials showed that STING agonists alone elicited modest
therapeutic efficacy [34]. This poor efficacy was in part due
to their poor pharmacokinetic profile. The anionic properties
of STING agonists reduce their membrane permeability, lim-
iting their entry into the cytosol and the activation of the
STING pathway. Moreover, systemic delivery of STING ago-
nists for cancer therapy can induce off-target generalized
inflammation or autoimmunity, since they do not preferen-
tially localize to tumor tissue. We hypothesized that the
anionic charge of the STING agonist c-di-GMP could facilitate
its internalization into the tumor cells in vivo through the
nanopores in the cell membrane caused by the IRE procedure,
as it has been proposed by other means, such as the use of lipo-
somal encapsulation [35]. Moreover, dead tumor cells loaded
with STING agonists could be engulfed by DC and improve
their maturation and the induction of a tumor-specific T cell
immune response. In this scenario, we proposed the combina-
tion of intratumoral injection of c-di-GMP immediately
followed by IRE as a more efficient antitumor therapy. We
found that combination of IRE and c-di-GMP was able to
delay tumor growth in two murine tumor models. We
observed a significant delay in tumor growth B16.OVA mela-
noma and PM299L HCC tumor models. Interestingly, female
mice responded more efficiently to combined therapy than
male mice. This result is in agreement with previous reports
showing that female mice respond better to immunotherapy
[36]. Gender influence on cancer immunotherapy has been
recently reviewed by Irelli et al. [37].

Image-guided locoregional therapies have increased sub-
stantially the overall 5-year survival of patients with liver can-
cers. However, new and more efficient treatment approaches
are warranted to further improve treatment outcomes. The
combination of local and systemic therapies is being actively
studied to increase response rates (reviewed in [38]). Combi-
nation of locoregional therapies, such as local radiation, ther-
mal ablations, or transarterial chemoembolization, with the
systemic administration of immune checkpoint inhibitors
has demonstrated increased antitumor immune response
and constitutes a promising combination [39–41]. Intratu-
mor administration of oncolytic viruses in combination with
anti-PD1 antibodies is currently being investigated in clinical
trials (NCT03071094, NCT02509507). Combination of novel
immunotherapeutic strategies with locoregional therapies is
indeed a treatment concept being actively developed. Several
clinical trials have been initiated to test the combination of
immune checkpoint blockade and other immunotherapies
plus locoregional therapies (reviewed in [42]). All these trials
will shed more light on the mechanisms of action of these
combined therapies and will guide clinicians in designing
more effective therapeutic strategies for each patient.

Our results show that the combination of IRE with
STING agonist favors the activation of an antitumor T cell
immune response compared to the single intratumoral
administration of c-di-GMP or IRE treatment alone. This
study have several limitations. New studies are needed to

improve the efficacy of this combined therapy. An optimiza-
tion of the IRE protocol, number of pulses and voltages, dose
of STING agonist, delivery route, or repetitions of the ther-
apy at different time points should be tested. In addition, a
deeper analysis of immunological effects of locoregional ther-
apies and synergies with immunomodulatory agents will help
in the understanding of the mechanism of action of this com-
bination therapy. Also, other variables such the age of ani-
mals, the type of tumors, or tumor heterogeneity, which
may affect to immunotherapies [43, 44], should also be eval-
uated. Despite these limitations, and the difficulty of extrap-
olating preclinical data to clinical practice with patients, the
present data could constitute the basis for clinically testing
this combination therapy in refractory HCC.

Data Availability

All data supporting the results has been included in the
manuscript.

Conflicts of Interest

No benefits in any form have been or will be received from a
commercial party related directly or indirectly to the subject
of this manuscript.

Authors’ Contributions

Aritz Lasarte-Cia and Teresa Lozano have contributed
equally to this work and share first authorship.

Acknowledgments

The study was supported by grants from PIUNA Universidad
de Navarra, FIMA, Ministerio de Economia y Competitividad
(SAF2016-78568-R),Ministerio deCiencia e Innovación (PID2019-
108989RB-I00/AEI/10.13039/501100011033), “Murchante se
mueve contra el cancer,” and Fundación Bancaria La Caixa-
Hepacare Project. TL is a recipient of a Juan de la Cierva grant
(IJCI-2017-34204). ALC is a recipient of a grant of the depar-
tamento de Educación, Gobierno de Navarra. We thank Elena
Ciordia and Eneko Elizalde for excellent animal care.

Supplementary Materials

Figure S1: phenotypic and functional analysis of intratumor
T lymphocytes in mice bearing PM299L tumors. Mice were
challenged with PM299L tumor cells s.c., and at days 7-10,
when tumors reached 5mm in diameter, they were treated
i.t. as indicated and sacrificed seven days later for phenotypic
analysis of tumor-infiltrating lymphocytes. Phenotypic and
functional analysis of tumor-infiltrating T lymphocytes mea-
sured by flow cytometry using the indicated antibodies. One-
way ANOVA with Tukey’s multiple comparison test, p <0.05;
∗∗p < 0:01; ∗∗∗p < 0:001. (Supplementary Materials)

References

[1] N. Bhutiani, P. Philips, C. R. Scoggins, K. M.McMasters, M. H.
Potts, and R. C. Martin, “Evaluation of tolerability and efficacy

7BioMed Research International

https://www.clinicaltrials.gov/ct2/show/NCT03071094
https://www.clinicaltrials.gov/ct2/show/NCT02509507
http://downloads.hindawi.com/journals/bmri/2021/8852233.f1.pdf


of irreversible electroporation (IRE) in treatment of child-
Pugh B (7/8) hepatocellular carcinoma (HCC),” HPB: The
Official Journal of the International Hepato Pancreato Biliary
Association, vol. 18, no. 7, pp. 593–599, 2016.

[2] G. Onik, P. Mikus, and B. Rubinsky, “Irreversible electropora-
tion: implications for prostate ablation,” Technology in Cancer
Research & Treatment, vol. 6, no. 4, pp. 295–300, 2007.

[3] J. J. Wendler, M. Pech, S. Blaschke et al., “Angiography in the
isolated perfused kidney: radiological evaluation of vascular
protection in tissue ablation by nonthermal irreversible elec-
troporation,” Cardiovascular and Interventional Radiology,
vol. 35, no. 2, pp. 383–390, 2012.

[4] R. C. Martin 2nd, K. McFarland, S. Ellis, and V. Velanovich,
“Irreversible electroporation therapy in the management of
locally advanced pancreatic adenocarcinoma,” Journal of the
American College of Surgeons, vol. 215, no. 3, pp. 361–369,
2012.

[5] R. C. Martin 2nd, K. McFarland, S. Ellis, and V. Velanovich,
“Irreversible electroporation in locally advanced pancreatic
cancer: potential improved overall survival,” Annals of Surgical
Oncology, vol. 20, Supplement 3, pp. S443–S449, 2013.

[6] S. Paiella, G. Butturini, I. Frigerio et al., “Safety and feasibility
of irreversible electroporation (IRE) in patients with locally
advanced pancreatic cancer: results of a prospective study,”
Digestive Surgery, vol. 32, no. 2, pp. 90–97, 2015.

[7] A. Deodhar, S. Monette, G. W. Single Jr. et al., “Percutaneous
irreversible electroporation lung ablation: preliminary results
in a porcine model,” Cardiovascular and Interventional Radi-
ology, vol. 34, no. 6, pp. 1278–1287, 2011.

[8] M. Distelmaier, A. Barabasch, P. Heil et al., “Midterm safety
and efficacy of irreversible electroporation of malignant liver
tumors located close to major portal or hepatic veins,” Radiol-
ogy, vol. 285, no. 3, pp. 1023–1031, 2017.

[9] W. Li, Q. Fan, Z. Ji, X. Qiu, and Z. Li, “The effects of irrevers-
ible electroporation (IRE) on nerves,” PLoS One, vol. 6, no. 4,
article e18831, 2011.

[10] H. Schoellnast, S. Monette, P. C. Ezell et al., “The delayed
effects of irreversible electroporation ablation on nerves,”
European Radiology, vol. 23, no. 2, pp. 375–380, 2013.

[11] E. W. Lee, S. Thai, and S. T. Kee, “Irreversible electroporation:
a novel image-guided cancer therapy,” Gut and Liver, vol. 4,
Supplement 1, pp. S99–S104, 2010.

[12] T. P. Kingham, A. M. Karkar, M. I. D'Angelica et al., “Ablation
of perivascular hepatic malignant tumors with irreversible
electroporation,” Journal of the American College of Surgeons,
vol. 215, no. 3, pp. 379–387, 2012.

[13] G. Narayanan, P. J. Hosein, G. Arora et al., “Percutaneous irre-
versible electroporation for downstaging and control of unre-
sectable pancreatic adenocarcinoma,” Journal of Vascular
and Interventional Radiology, vol. 23, no. 12, pp. 1613–1621,
2012.

[14] Z. Qin, J. Jiang, G. Long, B. Lindgren, and J. C. Bischof, “Irre-
versible electroporation: an in vivo study with dorsal skin fold
chamber,” Annals of Biomedical Engineering, vol. 41, no. 3,
pp. 619–629, 2013.

[15] A. Golberg and M. L. Yarmush, “Nonthermal irreversible elec-
troporation: fundamentals, applications, and challenges,” IEEE
Transactions on Biomedical Engineering, vol. 60, no. 3,
pp. 707–714, 2013.

[16] I. Vivas, K. Iribarren, T. Lozano et al., “Therapeutic effect of
irreversible electroporation in combination with poly-ICLC

adjuvant in preclinical models of hepatocellular carcinoma,”
Journal of Vascular and Interventional Radiology, vol. 30,
no. 7, pp. 1098–1105, 2019.

[17] M. Yu and S. J. Levine, “Toll-like receptor, RIG-I-like receptors
and the NLRP3 inflammasome: key modulators of innate
immune responses to double-stranded RNA viruses,” Cytokine
& Growth Factor Reviews, vol. 22, no. 2, pp. 63–72, 2011.

[18] H. Ishikawa and G. N. Barber, “STING is an endoplasmic
reticulum adaptor that facilitates innate immune signalling,”
Nature, vol. 455, no. 7213, pp. 674–678, 2008.

[19] B. A. Flood, E. F. Higgs, S. Li, J. J. Luke, and T. F. Gajewski,
“STING pathway agonism as a cancer therapeutic,” Immuno-
logical Reviews, vol. 290, no. 1, pp. 24–38, 2019.

[20] T. Li and Z. J. Chen, “The cGAS-cGAMP-STING pathway
connects DNA damage to inflammation, senescence, and can-
cer,” The Journal of Experimental Medicine, vol. 215, no. 5,
pp. 1287–1299, 2018.

[21] M. S. Diamond, M. Kinder, H. Matsushita et al., “Type I inter-
feron is selectively required by dendritic cells for immune
rejection of tumors,” The Journal of Experimental Medicine,
vol. 208, no. 10, pp. 1989–2003, 2011.

[22] M. B. Fuertes, A. K. Kacha, J. Kline et al., “Host type I IFN sig-
nals are required for antitumor CD8+ T cell responses through
CD8α+ dendritic cells,” The Journal of Experimental Medicine,
vol. 208, no. 10, pp. 2005–2016, 2011.

[23] L. Motedayen Aval, J. E. Pease, R. Sharma, and D. J. Pinato,
“Challenges and opportunities in the clinical development of
STING agonists for cancer immunotherapy,” Journal of Clini-
cal Medicine, vol. 9, no. 10, 2020.

[24] P. Fruhling, A. Nilsson, F. Duraj, U. Haglund, and
A. Noren, “Single-center nonrandomized clinical trial to
assess the safety and efficacy of irreversible electroporation
(IRE) ablation of liver tumors in humans: short to mid-
term results,” European Journal of Surgical Oncology,
vol. 43, no. 4, pp. 751–757, 2017.

[25] C. Niessen, S. Thumann, L. Beyer et al., “Percutaneous irre-
versible electroporation: long-term survival analysis of 71
patients with inoperable malignant hepatic tumors,” Scientific
Reports, vol. 7, no. 1, article 43687, 2017.

[26] M. Dollinger, L. P. Beyer, M. Haimerl et al., “Adverse effects of
irreversible electroporation of malignant liver tumors under
CT fluoroscopic guidance: a single-center experience,” Diag-
nostic and Interventional Radiology, vol. 21, no. 6, pp. 471–
475, 2015.

[27] H. J. Scheffer, K. Nielsen, M. C. de Jong et al., “Irreversible elec-
troporation for nonthermal tumor ablation in the clinical set-
ting: a systematic review of safety and efficacy,” Journal of
Vascular and Interventional Radiology, vol. 25, no. 7,
pp. 997–1011, 2014.

[28] C. Niessen, L. P. Beyer, B. Pregler et al., “Percutaneous ablation
of hepatic tumors using irreversible electroporation: a pro-
spective safety and midterm efficacy study in 34 patients,”
Journal of Vascular and Interventional Radiology, vol. 27,
no. 4, pp. 480–486, 2016.

[29] P. Philips, D. Hays, and R. C. Martin, “Irreversible electropora-
tion ablation (IRE) of unresectable soft tissue tumors: learning
curve evaluation in the first 150 patients treated,” PLoS One,
vol. 8, no. 11, article e76260, 2013.

[30] D. L. Burdette and R. E. Vance, “STING and the innate
immune response to nucleic acids in the cytosol,” Nature
Immunology, vol. 14, no. 1, pp. 19–26, 2013.

8 BioMed Research International



[31] H. Ishikawa, Z. Ma, and G. N. Barber, “STING regulates intra-
cellular DNA-mediated, type I interferon-dependent innate
immunity,” Nature, vol. 461, no. 7265, pp. 788–792, 2009.

[32] R. E. Vatner and E. M. Janssen, “STING, DCs and the link
between innate and adaptive tumor immunity,” Molecular
Immunology, vol. 110, pp. 13–23, 2019.

[33] S. R. Woo, M. B. Fuertes, L. Corrales et al., “STING-dependent
cytosolic DNA sensing mediates innate immune recognition of
immunogenic tumors,” Immunity, vol. 41, no. 5, pp. 830–842,
2014.

[34] C. R. Ager, M. J. Reilley, C. Nicholas, T. Bartkowiak, A. R. Jais-
wal, and M. A. Curran, “Intratumoral STING activation with
T-cell checkpoint modulation generates systemic antitumor
immunity,” Cancer Immunology Research, vol. 5, no. 8,
pp. 676–684, 2017.

[35] S. T. Koshy, A. S. Cheung, L. Gu, A. R. Graveline, and D. J.
Mooney, “Liposomal delivery enhances immune activation
by STING agonists for cancer immunotherapy,” Advanced
Biosystems, vol. 1, no. 1-2, 2017.

[36] P. Y. Lin, L. Sun, S. R. Thibodeaux et al., “B7-H1-dependent
sex-related differences in tumor immunity and immunother-
apy responses,” Journal of Immunology, vol. 185, no. 5,
pp. 2747–2753, 2010.

[37] A. Irelli, M. M. Sirufo, C. D'Ugo, L. Ginaldi, and M. De Mar-
tinis, “Sex and gender influences on cancer immunotherapy
response,” Biomedicine, vol. 8, 2020.

[38] M. S. Dendy, J. M. Ludwig, S. M. Stein, and H. S. Kim, “Locor-
egional therapy, immunotherapy and the combination in
hepatocellular carcinoma: future directions,” Liver Cancer,
vol. 8, no. 5, pp. 326–340, 2019.

[39] A. G. Duffy, S. V. Ulahannan, O. Makorova-Rusher et al.,
“Tremelimumab in combination with ablation in patients with
advanced hepatocellular carcinoma,” Journal of Hepatology,
vol. 66, no. 3, pp. 545–551, 2017.

[40] R. Slovak, J. M. Ludwig, S. N. Gettinger, R. S. Herbst, and H. S.
Kim, “Immuno-thermal ablations - boosting the anticancer
immune response,” Journal for Immunotherapy of Cancer,
vol. 5, no. 1, 2017.

[41] E. Vacchelli, N. Bloy, F. Aranda et al., “Trial watch: immuno-
therapy plus radiation therapy for oncological indications,”
Oncoimmunology, vol. 5, no. 9, article e1214790, 2016.

[42] T. F. Greten, M. Mauda-Havakuk, B. Heinrich, F. Korangy,
and B. J. Wood, “Combined locoregional-immunotherapy
for liver cancer,” Journal of Hepatology, vol. 70, no. 5,
pp. 999–1007, 2019.

[43] C. H. Kugel 3rd, S. M. Douglass, M. R. Webster et al., “Age cor-
relates with response to anti-PD1, reflecting age-related differ-
ences in intratumoral effector and regulatory T-cell
populations,” Clinical Cancer Research, vol. 24, no. 21,
pp. 5347–5356, 2018.

[44] Y. Wolf, O. Bartok, S. Patkar et al., “UVB-induced tumor het-
erogeneity diminishes immune response in melanoma,” Cell,
vol. 179, no. 1, pp. 219–235.e21, 2019.

9BioMed Research International


	Intratumoral STING Agonist Injection Combined with Irreversible Electroporation Delays Tumor Growth in a Model of Hepatocarcinoma
	1. Introduction
	2. Materials and Methods
	2.1. Cell Lines and Mice
	2.2. In Vivo Experiments: Ire Treatment and Tumor Follow-Up
	2.3. Flow Cytometry
	2.4. Statistical Analysis

	3. Results
	3.1. Irreversible Electroporation (IRE) in Combination with Intratumor Administration of c-di-GMP Adjuvant Has Therapeutic Effect in a Murine Model of Melanoma
	3.2. IRE in Combination with c-di-GMP Has a Therapeutic Effect in a Murine Model for Hepatocellular Carcinoma

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

