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Abstract

Cryoablation (CA) is unique as the singular energy deprivation therapy that impacts all cellular
processes. CA is independent of cell cycle stage and degree of cellular stemness. Importantly, CA
is typically applied as a non-repetitive (single session) treatment that does not support adaptative
mutagenesis as do many repetitive therapies. CA is characterized by the launch of multiple forms
of cell death including a) ice-related physical damage, b) initiation of cellular stress responses (Kill
switch activation) and launch of necrosis and apoptosis, c) vascular stasis and d) likely activation
of ablative immune responses. CA is not without limitation related to the thermal gradient formed
between cryoprobe surface (~—185 °C) and the distal surface of the freeze zone (~ 0 °C) requiring
freeze margin extension beyond the tumor boundary (up to ~ 1 cm). This limitation is mitigated in
part by commonly applied dual freeze thaw cycles and the use of freeze sensitizing adjuvants. This
review will (1) identify the cascade of damaging effects of the freeze — thaw process, its physical
and molecular-based relationships, (2) a likely immunological involvement (abscopic effect), and
(3) explore the use of freeze-sensitizing adjuvants necessary to limit freezing beyond the tumor
margin.
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Introduction

The use of combinatorial treatment paradigms is emerging as new generation “gold
standards” of cancer therapy as long applied monotherapies have not often provided a
curative response. Combinatorial treatments both within and between radiotherapy and
chemotherapy have emerged as standards of care despite concern over further mutagenesis
common to repetitive dosing. A unique feature of cryoablation (CA) is that the chill-freeze
process disrupts all cellular processes through heat extraction which causes the initiation of
diverse cell death processes while, importantly, not providing time for defensive mutation in
cancer cells [1].

The impact of the freeze-thaw process on a targeted tissue is well recognized for the
physical damage due to ice formation both intra-and extra-cellularly. Freezing, however,
does not provide uniform damage across the targeted tumor. Absolute cell destruction is
associated with proximity to the cryoprobe but less so in the distal regions of the freeze
zone. While a second freeze cycle extends the zone of absolute destruction, in practice, a
positive (excess) freeze margin beyond the tumor’s distal boundary is necessary to assure
maximum lethality within the targeted tumor region [2]. With this practice some damage to
normal tissue can be anticipated.

How then can damage to the freeze zone periphery be limited thereby enabling a greater
degree of precision to CA? A series of post-freeze observations revealed that at milder
subfreezing temperatures, typically associated within the outer 1cm of a frozen mass, gene
regulated cell death or apoptosis was initiated [3]. Subsequent studies demonstrated that at
these temperatures the intrinsic (mitochondrial-based) apoptotic pathway was activated, and
at lower temperatures the extrinsic (membrane-based) apoptotic pathway was apparent [4,5].
These observations led to the realization that cell death could be improved in the freeze zone
periphery with apoptosis-inducing adjuvants [6-9]. Hence, greater precision may be possible
even with a reduced positive freeze margin and elevated nadir temperatures.

It was reported that secondary tumors would transitionally regress following freezing of the
primary tumor [10-12]. This observation led to the belief that a systemic cryo-
immunological response (CIR) was possible [13]. When cancer cells are ruptured due to
intracellular freezing or the necrosis that follows, numerous cell components with antigenic
potential are released including chemokines and cytokines, DNA, RNAs, proteins and
membrane fragments [14]. Many of these components are proinflammatory attracting
various white blood cells (macrophages, dendritic cells, T-cells, etc.) and may result in the
launch of an innate immune response in some but not all cancers studied. Reports indicate
that CIR can be enhanced with combinatorial agents such as cyclosphosamide or heat-cold
sequencing [15]. However, due to the uncertainty of both the types (qualitative) and levels
(quantitative) of danger signaling elements released during variable freeze-thaw protocols,
the mechanisms of the immune-stimulating process has been difficult to identify and even
observe with consistency.

Cryoablation provides more complex, sequenced effects on targeted cells than initially
recognized [1]. Initial freeze rupture occurs during the freeze process and is observable
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immediately post-thaw. Partially damaged cells will undergo necrosis post-thaw due to
unrepairable damage to cell membranes and tumor hypoxia following damage to tumor
capillaries. Apoptosis occurs primarily in the frozen periphery within the first 24-hours post-
thaw and may transition to seconadary necrosis with increased hypoxia.

This review will detail the mechanisms of cell death following CA, review the scope of
potential adjuvants that support a combinatorial treatment paradigm and identify the putative
immunological consequence of CA.

Mechanisms of Cell Death following Cryoablation

Events of the freeze-thaw cycle

The freezing process is initiated by the activation of one or more cryoprobes appropriately
placed to treat a tissue mass of certain geometry often with intraoperative ultrasound
visualization. CT and MRI guidance can also be utilized. Probe positioning is accomplished,
when possible, to assure that the —40 °C isotherm reaches the tumor margin. After the
planned freeze volume is attained, the cryogen flow is terminated and the frozen mass of
tissue is allowed to thaw passively. Slow thawing is more damaging than a rapid thaw [16].
Many cryoprobes have heating capability which may serve one of two functions. The first
and most common is to loosen the cryoprobes from the frozen mass to end the procedure.
The second supports the repositioning of the probes. Using the heat function to assist or
speed tumor thawing may be counterproductive as tissue adjacent to the cryoprobe has
already received the maximal destructive consequences of the highest freeze rate. Further,
active probe heating will not significantly affect the tumor margin where tumor cell survival
may be possible due to limited freezing. Thawing of the freeze zone periphery is
accomplished by heat flux from surrounding tissue.

A second freeze interval is normal as it enhances cell death in the targeted tissue. The second
freeze typically exposes the tissue to a more rapid freeze rate and moves the desired nadir
temperature (i.e. =40 °C) closer to the periphery as the second freeze is initiated in colder
tissue in which the vasculature has been damaged [1].

CA is typically thought of as a simple, physically destructive process dependent on ice
migration through the targeted tumor mass. A number of observations have stimulated an in-
depth analysis of the ablative process. It was first recognized that post-thaw inflammation
and the infiltration of diverse leucocyte populations including macrophages, dendritic cells
and T-cells occurred within 24-hours and maintained a presence for weeks to months
depending on tumor mass [17]. A second observation, regression of some but not all
secondary tumors (metastatic) originating from the primary lesion correlated with elevated
antibody titers in patients, was thought to provide a putative immunostimulatory potential
linked to the release of inflammatory debris. Third, a series of discoveries revealed that gene
regulated cell death (apoptosis) occurred at mild sub-freezing temperatures common to the
freeze zone periphery [3]. Hence a cascade of distinct modes of cell death occurs and
understanding the “cascade” might provide a changed paradigm for CA optimization with
beneficial adjuvants.
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CA is a combinatorial therapy as it exposes targeted cells to numerous stressors that launch
diverse cell death cascades. Table 1 provides an overview of the numerous physical and
molecular-based stressors that contribute to targeted cell death. The CA process begins with
chilling (hypothermia) which is not lethal when applied for short periods. It is, however, a
condition that lasts throughout the CA period (~20-30 min.). Hypothermia causes
disruption/uncoupling of most metabolic pathways which leads to depleted energy stores
(i.e. ATP), ionic imbalances, cellular acidosis and free radical generation. The cell
membranes including those of organelles (mitochondria, lysosomes, etc.) change fluidity
and cytoskeletal structures disassemble [18]. As temperature is lowered further, nucleation
of the aqueous extracellular fluid occurs resulting in the initiation of extracellular ice
formation typically around -2 °C (Figure 1A and 2B). The presence of extracellular ice is
not a major lethal event, but when sustained, results in severe hyperosmolality. Ice forms as
a pure solid excluding both organic and inorganic solutes. Water diffuses from the cell to the
extracellular environment supporting further ice growth followed by cell shrinkage and
select macromolecule denaturation. With further lowering of the temperature the probability
of lethal intracellular ice formation increases typically near —15 °C (Figure 1B and 2C). As
ice growth is accretive (water is drawn from ahead of the advancing ice front), physical
damage is limited to rigid tissue structures unable to “move” with the increased volume of
ice (i.e. critically, capillaries lose their endothelial lining and become impatent after
thawing). As temperature is lowered to ~ -40 °C, freezable water both intra- and extra-
cellularly solidifies (Figure 1C) rendering the tumor mass hyperemic and stagnant due to
interrupted blood flow, a state often referred to as coagulative necrosis.

This first freezing cycle is terminated and thawing initiated. Passive thawing to the level of
the —40 °C isotherm is recommended before applying a second freeze which will progress
the —40 °C isotherm further in the tumor periphery due to a) the damaged vascular tree and
attendant disruption of blood flow with diminished heat flow and b) re-initiating freezing in
tissue previously rendered hypothermic.

Non-mutagenic benefits of CA

An essential benefit of CA is that it targets the entire energy profile of all cells within the
tumor microenvironment. The majority of today’s CA treatments are single session which
together with energy deprivation does not provide the opportunity for cancer cells to launch
their armamentarium of defensive strategies. Table 2 provides an overview of cancer cell’s
adaptative responses that may follow repetitive therapies thereby compromising curative
potential. It is the combination of structural damage with necrosis, initiation of apoptosis in
highly stressed cells, tumor hypoxia caused by destruction of tumor microvasculature and
activation of both local and systemic cryoimmunologic effects that prevents adaptative
responses [2].

Cryo-immunological Responses

The control of metastatic disease has been a long-term goal of cancer therapy. Throughout
the past half-century the prospect of activating the patient’s immune system in association
with thermal therapies had been an intriguing prospect. It had been observed since the late
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1960’s that distant secondary tumors show complete or partial ablative effects following CA
of the primary lesion in both animal studies and select patient response [10-14]. This
cryoimmunologic effect is not always observed, is transient, has demonstrated distinct
chronologies and has not proved curative. Numerous studies in the decades that followed
added (and continue to add) further knowledge and confirmation that cryoablation generates
an anti-tumor immune response [15, 19, 20]. Transferring this knowledge to the clinic has no
doubt been challenged by the diversity of animal species and cancer types tested along with
limited single center retrospective analyses which together limits the ability to define
manageable mechanisms of a cryo-immune response. While the margin of the ablated tumor
is readily approximated by either thermography, ultrasound or other visualization modalities,
the nature of cellular damage will likely vary with tumor size and therefore extent and
timing of apoptosis, necrosis, freeze rupture and potentially autophagy. The full extent of the
release of inflammatory agents and hence uniformity of a local and certainly a systemic
immune response may be difficult to quantify and even repeat. Cellular breakdown of the
tumor mass can occur over days to weeks such that proinflammatory cytokines, DNA, RNA
and HSP levels can provide a stimulatory effect but in a non-quantifiable chronology. Hence,
macrophage, NK cells, dendritic cells, granulocytes and other relevant immune cells (i.e. T-
cells) infiltration and ultimate activation of an immune response and its transfer to metastatic
sites through the draining lymphatics is problematic to study.

A Case for Cryo-adjuvants

Tissue sensitization

It is widely recognized that no single monotherapy provides assurance of cure especially
with repetitive therapies. Absent a complete clinical response, radiotherapy provides
“curative outcomes” of 5-10% for metastatic malignancies and 60-80% for organ confined
disease [21]. Patient outcomes are similar following chemotherapy, hormonal ablation and
diverse thermal therapies.

With improved understanding of the adaptative hallmarks of cancer and the survival
functionality of the tumor environment, there is now a clear recognition that combinatorial
treatment strategies are essential to the concept of cure. Treatments are challenged by the
diverse and extensive survival strategies employed by cancer cells resident to a complex and
heterogeneous tumor mass [22-25]. To elicit a tumor response a treatment strategy must
involve the destruction of resistant cancer stem cells, recruited non-cancerous stromal cells
(i.e. fibroblasts) that provide a cancer support system and tumor-associated immune cell
population that functions to defeat the surveillance functions of the body’s innate immune
system. Additionally, activating mutations down regulate tumor suppressor genes (i.e. p53),
upregulate VEGF to support new blood vessel growth, enhance cancer cell immortality
through telomerase activation and telomere production, upregulate anti-apoptotic
mechanisms (i.e. Bcl2 upregulation), re-program metabolism to support both ATP and
building blocks of cell growth production. To defeat these and other tumor defense
mechanisms characteristic of cancer multiple (combinatorial) treatment paradigms are in
development. Today, chemotherapy may include up to five distinct cytotoxic agents that
attack different cellular defenses. Other therapy strategies employ chemotherapy —
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radiotherapy sequencing. Unfortunately, these approaches, while improving disease
suppression, fail to kill cancer stem cells and indolent cancer cells (i.e. cell cycle GO stage)
due in part to the production of protective proteins by tumor-associated fibroblasts such as
Whnt16b and upregulation of ABC cell transporter proteins that minimize the cytotoxicity
[24, 26].

Cryoablation, like any therapy, has its “Achilles Heel.” The thermal gradient that is a
function of the physics of freezing assures that the full morphology of the tumor will not
experience a lethal nadir temperature unless a sufficient positive freeze margin (“over
freeze™) is included in the procedure. The inclusion of an “over freeze” is often problematic
as the volume of this treatment zone may exceed the volume of the cancerous target thereby
damaging benign tissue (Figure 3). There are two possible solutions to this problem. The
first entails the utilization of a cryogen capable of “driving” the nadir isotherm further
toward the distal boundary of the freeze zone margin. Only one cryogen, supercritical
nitrogen (SCN), has demonstrated this capability, but still is unable to provide nadir ablation
temperatures at the tumor margin. To this end, studies suggest that through the use of SCN
as the cryogen the —20 °C and —40 °C isotherms can be driven towards the iceball periphery
resulting in a significant increase in the lethal volume [27]. For instance, tissue engineered
prostate cancer tumor studies have shown that following a dual 5 minute freeze with a 5 min
thaw in between freezes using SCN a 28.9 cm? frozen mass with >60% being completely
lethal, whereas when using an Argon driven device <50% was found to be lethal [27,28]. A
similar level of improvement was found using a renal cancer tissue engineered model
[27,28]. Unfortunately, SCN remains in the developmental stage.

The second solution relies on the use of cryosensitizing agents that would either enhance the
physical effects of the freezing process and/or activate multiple cell death cascades that
overwhelm and prevent the launch of cancer cells defensive strategies. Activation of multiple
cell stress pathways and inhibition of cell repair mechanisms common to repetitive treatment
strategies will assure an increased tumor ablation capacity [4, 29-35].

The optimal goal of a cryosensitization strategy is to render all cells within the tumor
microenvironment sensitive to freeze temperatures near the edge of the freeze zone (approx.
-1to -2 °C). When first proposed in prostate cancer model studies using 5-flurouracil [4],
lethal nadir temperatures were elevated from ~-40 °C to ~-20 °C, an improvement of nearly
20 °C. Subsequent studies using diverse cell stress activators including TNF-a. and TRAIL
revealed similar levels of sensitization [29,33,34]. The extent of developmental efforts to
identify ideal cryosensitizers now includes three strategic approaches: (1) thermo-physical
adjuvants, (2) chemotherapeutic and pro-inflammatory agents, (3) and nutraceuticals.

Thermophysical Adjuvants and Processes

The dual cycle or repetitive freeze-thaw practice provides an inherent sensitization observed
during the second freeze [1,9,16,32]. During the first freeze, the targeted nadir temperature
(—40 °C) is attained at a point distal from the cryoprobe. Exposure to above nadir
temperatures occurs closer to the freeze margin. Cells in this region are stressed, some are
partially damaged and may repair and survive. However, when cells in this region experience
a second freeze-thaw excursion, increased cell death is observed. Efforts to enhance ice
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structure lethality have relied on the addition of high concentrations of glycine, salts and
antifreeze proteins but may provide a challenge to clinical translation.

Chemotherapeutic Agents

Ikekawa et al. [36] first proposed the use of adriamycin and peplomycin with cryoablation in
a mouse model. Freezing was thought to concentrate the cytotoxic agents in the tumor target
thereby providing targeted enhancement of cell death. With the discovery of apoptotic cell
death in the freeze zone periphery [3], the concept of initiating multiple cell death cascades
specific to the chemotherapeutic agent and to the freezing process developed. The
combinatorial actions of the dual stressors would conceptually lead to apoptotic
enhancement and elevation of the cancer cell’s lethal nadir temperature. Diverse
chemotherapeutic agents have been investigated so that known, select death cascades could
be activated. The pro-inflammatory cytokine TNF-a in combination with freezing elevates
the lethal temperature to —0.5 °C [33]. Similarly, RF ablation [37], radiation with
cryoablation [38] and heat plus freezing [37] also enhance tumor cell death. One benefit
reported on the use of CA in combination with chemotherapy is the potential to use lower,
sub-lethal, doses of chemotherapeutic agents in combination with CA to obtain the desired
outcome [4,31,32].

Nutraceuticals

While the use of cytotoxic agents applied systemically followed by targeted freezing
accomplishes the goal of enhanced cancer cell death, it also results in the co-morbidities
common to chemotherapy. To use a chemo-cryo linked ablation process without co-
morbidities, the use of natural cancer suppressor agents (nutraceuticals) has been explored.
Vitamin D3 is a natural anti-proliferative agent for many cancers. When its active
metabolite, calcitriol, is used with freezing of prostate cancer cells, freeze sensitivity
increased to nadir temperatures as high as -5 °C to —15°C regardless of the androgen
sensitivity or rate of division (Ki67) of the prostate cancer [40-43]. This response is like
other cancer types which carry the VD3 receptor such as breast [44-46], lung [47], colon
[48,49] and pancreas [50] in addition to prostate (Figure 4) [40-43]. The use of calcitriol as
an adjunct as well as the VD3 receptor hypothesis is currently being tested in other cancers
which do not contain the VD3 receptor, including bladder and liver cancer. These data
indicate that the combination of calcitriol and CA in these cancers has minimal
combinatorial benefit. While less effective, more importantly no negative impact was
observed. While preliminary, these ongoing studies suggest there may be a universal benefit
of VD3/CA combination which may be further enhanced with additional combinatorial
agents. Other nutraceuticals such a resveratrol have shown positive results in renal cancers
[51].

Conclusion

Cryoablation, when applied as a monotherapy, is a long-proven cancer suppressive therapy
with patient outcomes equivalent current “gold standard” radiation and chemotherapies
[52-54]. As an energy deprivation treatment, its ablative actions are diverse ranging between
thermophysical damage to the activation of numerous cell stressor pathways that lead
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directly to cell death cascade activation. Current trends to improve the ablative precision of
freezing rely on patterned combinatorial additions of secondary stressors including
chemotherapeutics and anti-proliferative nutraceuticals that function to enhance sensitivity
of cancer cell’s molecular pathways to elevated subfreezing exposures. This sensitization
results in changed ablative temperatures such that the goal of rendering exposure at the
freeze zone periphery is lethal, thereby minimizing the “over-freeze” currently used to bring
a nadir lethal temperature to the entire tumor mass. Immune system activation that has
cryoablation dependencies is now being actively investigated in a series of clinical trials

[55-58].
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1A

1B
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Figure 1.
Illustrates the progression of the freezing process in a population of cells. Fig. 1A shows the

progression of extracellular ice formation during the initial freezing process. In Fig. 1B
extracellular ice has completely surrounded the cells with approximately half of the cells
experiencing intracellular ice. In Fig. 1C all cells are frozen intracellularly.
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2A

2B

2C

Figure 2.
Illustrates the freeze progression of single cell. In each figure temperature in degrees Celsius

appears in the upper left and time in seconds appears in the upper right. In Fig. 2A cooling
has proceeded to —1 °C without ice formation. In Fig. 2B extracellular has surrounded the
cell without damage. Fig 2C illustrates the consequences of intracellular ice formation with
extensive membrane rupture and expulsion of cellular content.
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Figure 3.
A schematic representation of the dynamics and events of the freeze zone.
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Figure 4.
Prostate Cancer TEM model results of a 5 minute cryosurgical procedure with a

Supercritical Nitrogen device. For VD3 + samples, pTEMs were pre-treated for 24 hours
with 50nM calcitriol prior to the freeze exposure. TEM samples were frozen, allowed to
thaw and assessed for viability 1hr or 24hrs post freeze using Calcein-AM (green, live cells)
and Propidium lodide (red, dead cells). Images depict the center of the freeze zone (left side)
to the iceball edge and non-frozen section (right side). Temperature during freezing were
monitored with embedded thermocouples during the freeze and end point temperatures at
their respective position in the samples are indicated. At 1hr post-freeze, both freeze only
and VVD3/freeze samples reveal cellular damage out to ~—10 °C. At 24hrs, in the freeze only
samples most of the cells in the —10 °C to —25 °C region recovered revealing complete cell
death below ~-30 °C. In VD3/freeze samples, cellular recovery was significantly reduced
resulting in complete cell destruction below ~-10 °C.

Int J Hyperthermia. Author manuscript; available in PMC 2020 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Baust et al.

Table 1.

Cellular Stress Events During Cryoablation

Freezing

Thawing & Recovery

Membrane Fluidity Changes
Cytoskeletal Disassembly

Wiaste Accumulation

Extracellular Ice Formation
Dehydration Induced Cell Shrinkage
Macromolecule Denaturation
Hyperosmolarity

Intracellular ice Formation

Tissue Shearing

“Local” Hypo-osmolarity (transient)
Cell Swelling

lonic Imbalance

ROS Generation

Activation of Cell Death Cascades
Release of “Danger Signals”
Dendritic Cell Activation

Vascular Stasis

Chronic Inflammation

Thermal Zone Cellular Response Target
Hypothermia (Cooling to Nadir Temperature) — Metabolic Uncoupling Molecular
ATP Depletion Molecular
lonic Imbalance Molecular
ROS Generation Molecular
Cellular Acidosis Molecular

Molecular — Structural
Molecular — Structural
Molecular
Molecular — Structural
Molecular — Structural
Molecular
Molecular — Structural
Structural
Structural
Molecular — Structural
Structural
Molecular
Molecular
Molecular — Structural
Molecular
Molecular
Molecular

Molecular
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Table 2.

Defensive Strategies of Cancer Cells

Sustained Proliferative Signaling

Evasion of Growth Suppressors

Resisting Programmed Cell Death - apoptosis

Induction of Vasculogenesis and Angiogenesis

Overcoming Immune System Defenses

Reprogramming Cellular Energetics

Cellular Immortality

Mobilization and Metastasis

Create Tumor Microenvironment through Recruitment of Stromal Cells
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