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Commentary

Over the years, several ablation techniques, such as radiofrequency ablation (RFA), microwave
ablation, and cryoablation, have been developed and implemented in the treatment of different
cancers [1]. Of these ablation technologies, RFA is the most widely used [2]. RFA is a form of
thermal ablation that relies on radio waves to produce an electrical current at the tip of an inserted
electrode, thus allowing for heat production at the site of the tumor [1]. Compared to conventional
surgical resection, RFA is more cost efficient, less invasive, and equally effective in specific cases such
as small liver metastases [1,2]. Nonetheless, the major drawbacks of RFA are the “heat sink” side effect
damaging nearby nerves or blood vessels and incomplete tumor ablation leading to cancer recurrence
[1,2]. More recently, irreversible electroporation (IRE) has been explored as a novel ablation strategy
[3,4]. IRE is a non-thermal approach that utilizes short electrical pulses to irreversibly puncture the
tumor cell membrane, leading to cell death [1,3]. Compared to RFA, IRE is particularly advantageous
because it does not rely on heat and therefore preserves delicate structures including blood vessels, bile
ducts, and lactiferous ducts [1,3]. While preliminary success has been demonstrated in the treatment
of various cancers including liver, pancreas, breast, and lung, research is required to optimize IRE
treatment efficacy [3,4]. One such strategy involves the combination of IRE with immunotherapeutic
anticancer agents [5].

Several promising immunotherapies have emerged in the treatment of cancer. First, toll-like
receptors (TLRs) are a family of pattern recognition receptors that recognize conserved pathogen-
associated molecular patterns (PAMPs) and play a role in activating immune responses [6,7]. TLRs
are known to stimulate antigen presenting cells (APCs) such as dendritic cells (DCs), that can
subsequently activate a tumor-specific T cell response [6]. TLR agonists—such as TLR3 agonist poly
I:C (pIC) and TLRY agonist CpG—have been shown to enhance antitumor T cell responses [2,6].
Second, programmed cell death receptor 1 (PD-1) is highly expressed in B cells, T cells, natural killer
(NK) cells, and myeloid cells [8]. Its ligand, programmed cell death ligand 1 (PD-L1), is expressed
in DCs, macrophages, T cells, NK cells, and tumor cells [8]. Importantly, the binding of PD-LI
to PD-1 on CD8" T cells triggers the inhibition of the PD-1/PD-L1 pathway, leading to T cell
dysfunction and exhaustion [9]. Blocking this axis—either by anti-PD-1 or anti-PD-L1 antibodies—
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is a popular method used in cancer immunotherapy [8]. Overall,
several strategies exist to enhance antitumor immune response.

The immunotolerant tumor microenvironment (iTME) is a key
obstacle in anticancer immunotherapy. In short, the iTME plays
a central role in enhancing tumor progression and metastasis, and
resistance to tumor immunotherapy [10,11]. Various cell types
can be found within the iTME, including both immune and non-
immune cells [10,11]. TME immune cells are often classified into two
subgroups: 1) the immunogenic group and 2) the immunotolerant
group. In the immunogenic group CD8'CD103*CDl1l1c" type-
1 conventional dendritic cells (cDCls) strongly stimulate CD8*
T cell responses, CD11b'F4/80°'CD169* macrophages (M169)
trigger antitumor activity by preferentially phagocytosing apoptotic
tumor cells and presenting tumor antigens to CD8" T cells, and
CD11b'F4/80'MHCII*  type-1 tumor-associated macrophages
(M1) secrete inflammatory cytokines that drive polarization of
immunogenic CD4* Th1 cells [12]. In the immunotolerant group,
CD11b*Gr1*Ly6G* myeloid-derived suppressor cells (MDSCs)—one
of the key players in iTME—activate suppressive CD4*CD25*Foxp3*
regulatory T’ (Treg) cells and show potent inhibitory effect on CD8*
T cell responses, CD11b*F4/80'MHCII type-2 macrophages (M2)
secrete suppressive cytokines TGF-f and IL-10, and CD317-B220"
plasmacytoid DCs (pDCs) strongly favor inhibitory Treg cell
expansion [13]. Due to an imbalance between immunogenic and
immunotolerant factors, the TME is highly immunosuppressive
and promotes conditions that are conducive to tumor growth,
development, and enhanced evasion of immunosurveillance [10].
Additionally, the characteristics of the TME have been shown to vary
depending on tumor stage, with the TME becoming increasingly
immunotolerant as the cancer progresses [10]. For these reasons,
anticancer immunotherapeutic agents that work by stimulating host
immune cells have limited efficacy when administered alone [10]. It
follows that targeting the TME may be a viable strategy to increase
the efficacy of cancer immunotherapy [10].

Recent studies have revealed that IRE ablation coupled with
various immunotherapeutic strategies may increase cancer treatment
efficacy [14]. First, Zhao and colleagues demonstrated that IRE in
combination with PD-1 blockade significantly suppressed tumor
growth and prolonged survival of mice bearing pancreatic ductal
adenocarcinoma or melanoma tumors [15]. Their IRE+PD-1
blockade regimen stimulated an increase in selective tumor
infiltration by CD8* T cells. Further, they found that IRE+PD-1
blockade was able to mildly modulate the TME by increasing the
CD8" T cell to Treg cell ratio. Importantly, they concluded that
tumor infiltration by CD8* T cells is the key to superior eflicacy of
IRE+PD-1 blockade treatment. Second, Narayana and colleagues
determined that IRE combined with both TLR7 agonist 1V270
and PD-1 blockade improved treatment efficacy [16]. Researchers
observed an increase in cDCls in the TME resulting in the inhibition
of primary pancreatic tumor growth. Notably, researchers found
that IRE+TLR7 agonist+PD-1 blockade led to the regression of
distant untreated tumors in mice. Third, Zhang and colleagues have
demonstrated that OX40 agonist in combination with IRE triggers
a systemic antitumor immune response [17]. OX40 is expressed
in activated CD4*and CD8* T cells. Importantly, stimulation of
OX40 signaling promotes the differentiation, proliferation, and
survival of effector T cells as well as the generation of memory T
cells [17]. Researchers discovered that co-administration of OX40
with IRE eradicated 80% of primary tumors in mice, led to an

increase in CD8" T cell tumor infiltration, and conferred immunity
to tumor rechallenge. Lastly, Burbach and colleagues found that IRE
combined with CTLA-4 immune checkpoint inhibition (ICI) led to
increased expansion of tumor-specific CD8* T cells [18]. Researchers
determined that IRE + CTLA-4 ICI established a robust memory
T cell population that was associated with tumor remission and
protection from tumor rechallenge [18]. Overall, recent research
suggests that IRE in combination with immunotherapeutic strategies
is a promising approach to cancer treatment.

To improve the therapeutic efficacy of IRE ablation, we
developed treatment protocols involving IRE in combination with
either TLR3/9 agonists (pIC and CpG), PD-1 blockade, or both
(IRE+Combo), and investigate their stimulatory effect on CD8" T
cell response and antitumor immunity in a mouse model bearing
large primary and medium distant EG7 lymphomas engineered to
express chicken ovalbumin (OVA) [19]. OVA was used as a nominal
tumor antigen to detect tumor-specific CD8" T cell response.
First, we found that IRE induces massive EG7 tumor apoptosis
in the central area of tumor tissue, but IRE or Combo alone was
unable to stimulate significant OVA-specific CD8* T cell response
and inhibition of tumor growth [19]. However, IRE ablation
combined with either pIC/CpG (IRE+pIC/CpG) or PD-1 blockade
(IRE+PD-1 blockade) induced significant (3.8% or 1.79%) OVA-
specific CD8" T cell response, with IRE+pIC/CpG having more
efficient inhibition of EG7 tumor growth than IRE+PD-1 blockade
[19]. Importantly, IRE+Combo treatment induced potent OVA-
specific CD8* T cell response (5.8%), leading to eradication of both
primary and untreated distant EG7 tumors or lung tumor metastasis
[19]. To elucidate its underlying mechanism, we used flow cytometry
to analyze immune cell profiles of enzymatically prepared tumor
tissue single-cell suspensions stained with a cockrail of antibodies
recognizing different cellular markers of various immune subsets.
We demonstrated that, compared to IRE+PD-1 blockade, IRE+pIC/
CpG plays a larger role in reducing the abundance of immunotolerant
M2, MDSCs, pDCs and Treg cells, and in increasing the frequency
of immunogenic cDC1, M1, M169, CD4" and CD8" T cells [19]. In
contrast, IRE+PD-1 blockade treatment demonstrates more efficient
capacity in dramatically reducing inhibitory PD-L1 expression on
suppressive M2, MDSCs and EG7 tumor cells than IRE+pIC/CpG.
Therefore, we uncovered that TLR3/9 agonists and PD-1 blockade
play distinct roles, whereby TLR3/9 agonists contribute mainly to
modulating immune cell profiles and PD-1 blockade contributes
mainly to downregulating PD-L1 expression in the TME. We also
demonstrated that IRE+Combo induces cooperative modulational
effects to convert iTMEs by reducing immunotolerant immune cell
subsets and PD-L1 expression and increasing immunogenic subsets
[19]. In addition to downregulation of PD-L1, IRE+Combo also
greatly modulates M2, MDSCs and EG7 tumor cells in peripheral
areas of tumor tissues [19]. IRE+Combo-treated M2, MDSCs and
EG7 tumor cells show downregulation of suppressive IDO and
arginase, compared to IRE-treated ones [19]. Given the evidence
that IRE+Combo treatment of primary EG7 tumors induces the
“abscopal” effect by eradicating untreated distant tumors, we wanted
to investigate whether IRE+Combo treatment modulates the iTME
in distant tumors. Interestingly, we found that the iTME in distant
tumors is similarly converted, though in slightly milder content
than that in treated primary tumors [19]. Lastly, we investigated
whether IRE+Combo treatment affects systemic immune tolerance.
Most notably, we showed that IRE+Combo promotes ¢cDC1 and
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effector CD8"* T cell responses in tumor-draining lymph nodes, and
reduces inhibitory M2, MDSCs, and cytokine TGF-f and increases
immunogenic cytokines IL-2 and IFN-y in mouse peripheral blood
[19], indicating that IRE+Combo is able to convert not only the
local iTMEs, but can also confer systemic immunotolerance. This
regimen successfully eradicated primary and untreated distant
tumors as well as lung tumor metastases. These findings demonstrate
that combining IRE ablation to induce massive tumor apoptosis and
release a large amount of tumor antigens with Combo adjuvants to
convert iTME and systemic immune tolerance and activate CD8*
T cell responses and antitumor immunity is a promising strategy in
cancer therapy (Figure 1) and warrants further investigation.

In summation, the modulation of the iTME is an intriguing
approach for cancer immunotherapy but remains poorly understood
[20]. Ourrecent findingsstrengthen the idea thatimmunomodulatory
strategies work synergistically with tumor ablation treatment to
eradicate tumors by converting iTMEs [14-16,19,21]. Moving
forward, research may continue to investigate IRE in combination
with different immunomodulatory adjuvants and may also explore
other avenues to transform the iTME. Targeting the TME is a
promising strategy for cancer therapy and efforts should continue
to be made to enhance our understanding. Overall, further research
should be conducted to elucidate the most effective combination of
tumor ablation and immunomodulatory adjuvants.

s

Immunotolerant

1 M2 macrophages
1+ MDSCs

1 pDCs

1 T reg cells

1 PD-L1

.

Immunotolerant TME

Enhances tumor progression and metastasis
Promotes resistance to tumor immunotherapy

~

Immunogenic

| M1 macrophages

| M169 macrophages
| cDC1s

| CD4* & CD8* T cells

&

IRE + Combo
Treatment

Immunotolerant

| M2 macrophages

| MDSCs

| pDCs

| T reg cells
| PD-L1

N

Immunogenic TME

Combinational IRE+Combo ablation
successfully combats metastatic tumor diseases

=

Immunogenic

1 M1 macrophages

1t M169 macrophages
1 cDC1s

1 CD4* & CD8* T cells

S

Figure 1. Effects of IRE+Combo treatment on the TME immune cell composition. Combinational IRE+Combo ablation effectively combats metastatic
tumors by converting the immunotolerant TME. Specifically, IRE+Combo treatment downregulates inhibitory PD-L1, reduces the abundance of
immunotolerant M2, MDSCs, pDCs, and T reg cells, and increases the number of immunogenic M1, M169, cDC1, CD8* and CD4* T cells in the TME.
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