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ABSTRACT
The concept of thermal therapy toward the treatment of brain tumors has gained traction in recent
years. Traditionally, thermal therapy has been subdivided into hyperthermia, with mild elevation of
temperature in treated tissue above the physiologic baseline; and thermal ablation, where even higher
temperatures are achieved. The recent surge in interest has been driven by the use of novel thermal
ablation technologies, including laser interstitial thermal therapy (LITT), that are implemented in brain
tumor treatment. Here, we review previous scientific literature on the biologic effects of thermal ther-
apy on brain tumors, with an emphasis on glioblastoma (GBM), an aggressive brain malignancy. In
addition, we present in vitro evidence from our laboratory that even moderate elevations in tempera-
ture achieved in the penumbra around laser-ablated coagulum may also produce GBM cell death.
While much remains to be elucidated in terms of the biology of thermal therapy, we propose that it is
a welcome addition to the neuro-oncology armamentarium, in particular with regard to GBM, which is
generally resistant to current chemoradiotherapeutic regimens.
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Introduction

Brain tumors have always been considered a challenge in
the field of oncology due to limited efficacy of conventional
chemoradiotherapeutic approaches. Our biggest challenge in
neuro-oncology remains the treatment of malignant primary
brain tumors. The most common primary brain malignancy,
glioma, is in dire need of new treatments. In glioblastoma
(GBM) in particular, the most aggressive form of glioma,
median survival remains only �16months after surgery, and
chemoradiotherapy [1]. The high propensity of GBM tumor
cells to infiltrate brain tissue eliminates a curative role for
the surgery. Instead, surgery is used as a key cytoreductive
step in therapy, which is almost always followed by chemo-
radiotherapy. However, GBM utilizes tumor-intrinsic and
microenvironment-mediated mechanisms to resist conven-
tional cytotoxic chemotherapy and high doses of radiother-
apy. In addition, recent large-scale randomized trials testing
anti-angiogenic therapy, gene therapy and antibody-drug
conjugates targeting the epidermal growth factor receptor
(EGFR), a receptor tyrosine kinase commonly amplified in
GBM, have shown minimal efficacy [2–6]. There is therefore a
critical need to identify novel therapies or potentiate cur-
rent treatments.

Thermal therapy for brain tumors, and GBM in particular,
is a treatment approach aimed at raising intratumoral tem-
peratures in order to directly or indirectly facilitate tumor cell
kill. In general, thermal therapy can be subdivided into two
modalities that differ by the amount of heat delivered and
the change in tissue temperature [7,8]. First, hyperthermia
usually refers to mild elevations in tumor temperature
(43–45 �C), which may be sub-lethal but induce sufficient bio-
logical changes to facilitate therapy in conjunction with
other modalities [9]. Hyperthermia has long been known to
radiosensitize tumors, including glioma, in part by limiting
activation of AKT [10], a kinase central to glioma biology.

A second type of thermal therapy involves thermal abla-
tion of tumor cells, by raising intratumoral temperatures to
lethal ranges. Thermal ablation can be achieved through a
variety of technologies, including laser interstitial thermal
therapy (LITT), high-intensity focused ultrasound (HIFU), mag-
netic hyperthermia, as well as radiofrequency and microwave
ablation [7]. These approaches are minimally- or noninvasive
and usually require live MR thermography to monitor heat
spread. Previous work has indicated that within the zone of
ablation, temperatures exceed 50 �C and may reach up to
80–90 �C, while in the penumbra immediately around the
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ablation temperatures typically reach the 40–50 �C
range [11].

The efficacy of these treatments against GBM is still being
evaluated [12–22]. From the safety point of view, there are
two major considerations. First, heat spread should be
titrated, so it reaches ablative levels within the tumor bulk

without damaging the tumor-infiltrated but potentially still
functional surrounding brain tissue, in order to reduce the
risk of neurologic deficits [20]. Second, the fact that ablated
tumor tissue is not removed, as opposed to conventional
surgery, raises concerns about post-procedure increases in
intracranial pressure (ICP), especially because of anticipated
increases in inflammation and edema in an innate response
to cell death. The size and location of the tumor are, there-
fore, important parameters in determining whether thermal
ablation is an appropriate therapy.

LITT has received considerable attention in recent years as
a treatment option [23,24]. Indeed, a survey of Pubmed,
using ‘laser’ and ‘glioma’ as search terms, shows a dramatic
increase in publications over the past few decades (Figure
1(A)). At our institution, we have employed LITT to treat
recurrent (Figure 1(B,C)) and even newly diagnosed GBMs
that we deem poor candidates for conventional surgical exci-
sion. While we view LITT as a salvage procedure in a carefully
selected subset of patients, we and others postulate that it
may be exploited toward the development of novel GBM
therapies due to two of its biological effects. First, several
groups have observed a break-down of the blood-brain bar-
rier (BBB) around the area of LITT ablation, lasting up to one
month post-procedure [25,26]. This phenomenon may be
exploited to treat tumor cells infiltrating brain tissue around
the tumor bulk with small molecules or biologics that would
otherwise not cross the BBB. Indeed, there are current clinical
trials evaluating cytotoxic agents in post-LITT GBM patients.
Second, we and others postulate that cell death secondary
to LITT ablation of GBM may incite activation of the immune
response [27–30] in an otherwise immunologically ‘cold’
tumor. The combination of LITT with immune checkpoint
inhibitor therapy for recurrent GBM is current being eval-
uated in clinical trials in GBM.

The mechanisms of LITT-induced cell death remain
unclear. The temperatures reached within the core of laser-
ablated GBM tumors exceed 60 �C normally and are, there-
fore, presumed to generate primary necrosis [31–33]. In pri-
mary necrosis, an acute insult, such as heat, induces severe
enough damage to cellular constituents at the molecular and
organellar level to generate breakdown of the plasma mem-
brane [33]. When the plasma membrane is disrupted, the
cell’s DNA is accessible to DNA-binding fluorophores that are
otherwise membrane impermeant [34]. This can be exploited
to visualize dying cells with flow cytometry.

Regulated or programed cell death differs from primary
necrosis in that the cell itself or extrinsic stimuli trigger a cel-
lular program that leads to death [33]. Conventional apop-
tosis is the most common mechanism of programed cell
death, but certainly not the only one. In apoptosis, changes
in the plasma membrane lead to phosphatidylserine being
exposed on the extracellular side of the plasma membrane.
This moiety is recognized by annexin V and this interaction
can also be exploited to detect programed cell death with
flow cytometry [34]. Programed cell death ultimately leads to
secondary necrosis, which is again detectable with DNA-
binding fluorophores [34]. A fundamental difference between
primary necrosis and apoptosis is that the former is highly

Figure 1. Laser ablation of glioma. (A) A Pubmed search for ‘laser’ and ‘glioma’
shows a striking increase in the number of publications over the past two deca-
des. (B) Example of recurrent GBM in the corpus callosum. (C) This callosal
tumor was treated with LITT at our institution. This image was captured with
live MR thermography during the ablation. The white target is located on the
expanding border of the predicted cell kill zone (blue contour line) and has
reached a temperature of 44.5 �C. Higher temperatures were generated within
the area outlined by the contour line.
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immunogenic. In contrast, most, but not all, mechanisms of
programed cell death evade immune recognition [33].

While it is established that a necrotic coagulum forms
within the core of laser-ablated GBM tumors, there is less
known about whether the milder elevations in temperature
in the penumbra of the ablation may also result in cell death
[35]. This is an important question because GBM is notorious
for brain infiltration beyond the tumor bulk that is laser-
ablated. As shown in Figure 1(C), tissue along the margins of
ablation reaches temperature elevations in the 40–50 �C
range. Here, we use patient-derived GBM cultures and flow
cytometry to show that temperatures found in the penumbra
of laser-ablated tissue increase the rate of cell death in vitro
[36]. We believe that our preliminary findings can lay the
foundation for more detailed characterization of the tumor
cell-intrinsic and microenvironment-mediated effects of ther-
mal ablation in GBM.

Materials and methods

Patient biospecimens and primary tumor cultures

Experiments were performed with two patient-derived IDH
wild-type GBM tumorsphere cultures, GBML20 and GBML61.
To establish the cultures, operative specimens were minced
in Hank’s Balanced Salt Solution (HBSS, Life Technologies,
Bengaluru, India) and enzymatically dissociated into single
cells (Accutase, Innovative Cell Technologies, San Diego, CA).
Upon dissociation, cells were cultured in suspension on non-
adherent plates in Neurobasal media (Life Technologies),
supplemented with N2 (Life Technologies), B27 (without vita-
min A; Life Technologies), 20 ng/mL of human recombinant
EGF (Life Technologies) and 20 ng/ml bFGF (R&D Systems,
Minneapolis, MN) [37,38]. This protocol was approved by the
institution’s IRB (IRB#12-01130) and required informed con-
sent by patients. Molecular subtyping of parental tumors was
performed with DNA methylation 450 K arrays, as previously
described [37–39].

Heating GBM cells

GBM tumorsphere cultures were placed in an incubator set
at specific temperatures for defined periods. Oxygen levels
were kept at 21%. Each condition was tested 3–5 times.

Flow cytometry

Cells were dissociated with Accutase (Innovative Cell
Technologies). To identify cells with impaired membrane
integrity, we incubated cells with 100 nM 40,6-diamidino-2-
phenylindole (DAPI, Thermo Fisher, Waltham, MA), a fluores-
cent DNA-binding stain. We also incubated cells with annexin
V conjugated to phycoerythrin (annexin V� PE, Thermo
Fisher), according to the manufacturer’s instructions, to iden-
tify cells undergoing apoptosis [34]. The LSRII analyzer (BD
Biosciences) was used for flow cytometry analysis.

Statistical analysis

Statistical comparisons included one-way and 2-way ANOVA
with post-hoc Tukey tests. Statistical significance was set at
p< 0.05. Prism (GraphPad) was used for statistical analyses.
Population statistics are represented as mean± standard error
(SE).

Results

We used two previously established proneural IDH wild-type
patient-derived GBM cultures, GBML20 and GBML61, for our
experiments [37]. Tumor cells were grown as tumorspheres.
To analyze the effects of heat on cell viability, we incubated
cells at either 43, 46 or 49 �C, for 30, 60 or 180min. At the
end of the incubation period, tumorspheres were dissociated
and subjected to flow cytometric analysis with the DNA-
binding fluorescent stain DAPI, indicating breakdown of the
plasma membrane, and annexin V� PE, a marker of pro-
gramed cell death/apoptosis [34]. Figure 2 shows the flow
cytometry protocol used for identifying single cells that
qualified for the DAPI/annexin V analysis. Because apoptotic
annexin Vþ cells can also show DAPI staining during late
phases of apoptosis (or secondary necrosis), we assumed
that DAPIþbut annexin V� cells represented the cellular
population that underwent acute primary necrosis.

As shown in Figure 3, heating the cells to 49 �C caused an
increase in both DAPI and annexin V staining in a time-
dependent manner, relative to the baseline at 37 �C (0min).
To quantify the effects of different temperatures and the dur-
ation of heating, we plotted the fraction of DAPIþ, annexin
Vþ and DAPIþ/annexin V� cells as a function of tempera-
ture and time (Figure 4). Two-way ANOVA indicated no effect
of temperature on annexin V staining. However, the DAPI
signal showed significant increases in both patient-derived
cultures at 60 and 180min at 49 �C, and in one of the cul-
tures after 180min at 46 �C. When we focused in on the
DAPIþ/annexin V�population, the presumably acutely nec-
rotic cells, the two cultures showed significant increases after
as little as 60min of 49 �C, and in the case of GBML20, after
as little as 30min. In GBML61, heating the cells to 46 �C for
180min also produced a statistically significant increase in
the DAPIþ/annexin V� cell fraction. These findings sug-
gested that heating GBM cells generates cell death via pri-
mary necrosis predominantly, rather than programed cell
death/apoptosis mechanisms.

Discussion

Our findings suggest that heating GBM cells to temperatures
comparable to those found in the penumbra of LITT abla-
tions produces cell death in a temperature- and time-
dependent manner. The fact that the increase in the
DAPIþ cell population precedes and exceeds that in the
annexin Vþ fraction suggests that cell death may not be pre-
dominantly programed, but rather primary necrosis. The time
and temperature dependence of cell kill in our study is gen-
erally consistent with the Arrhenius equation and models for
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heat-induced cell death [40–42]. While our findings are not
surprising, given that heat has pronounced effects on all bio-
molecules relevant to cells, they raise the possibility that

such heat-induced acute necrosis in the penumbra of laser
ablations can be exploited toward immunologic therapies.
Indeed, the sudden unregulated death associated with heat

Figure 2. Flow cytometry protocol. We used a series of gates based on side scatter (SSC) and forward scatter (FSC) to isolate single dissociated cells for analysis of
their DAPI and annexin V� PE fluorescence. The far right dot plot in the top row is used as an example in the bottom row to illustrate the populations of cells we
analyzed: DAPIþ, annexin Vþ, and DAPIþ/annexin V�.

Figure 3. Heating GBM cells to 49 �C increases DAPI and annexin V staining. Representative flow cytometric analysis of GBML20 and GBML61 cells for DAPI and
annexin V staining after heating to 49 �C for 30, 60 or 180min.
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causes the release of cellular antigens, as well as pro-inflam-
matory molecules [36]. Most mechanisms of programed cell
death, on the other hand, are considered less immunogenic,
because they evade immune system activation via a regu-
lated death program that leads to dying cells being engulfed
by phagocytes without the sudden release of cellular anti-
gens and pro-inflammatory signals [33]. In the future, we
intend to test the hypothesis that LITT-induced cell death
may invite the immune system to clear cellular debris, and
that immune infiltrates may trigger an additional wave of
pro-inflammatory cytokine release.

The concept that thermal therapy of tumors may incite an
immune response has gained traction in recent years
[43–45]. In this context, thermal ablation serves as a
‘vaccination’ mechanism, which presents tumor antigens to
immune cells infiltrating the ablated area. Although the cur-
rent study does not provide direct support for our theory,
we postulate that the breakdown of the BBB in the penum-
bra of ablated GBM, along with the tumor cell death that
occurs as our data indicate, allows immune infiltration to
clear necrotic debris. We envision pairing GBM thermal ther-
apy with immune checkpoint inhibition, which is based on
unleashing the immune system against tumor antigens. This
is particularly relevant in GBM tumors, which are immuno-
logically ‘cold’ through a number of mechanisms, and are
therefore generally resistant to conventional immune check-
point inhibitors by themselves, as shown in recent clinical tri-
als [4,46,47].

The importance of studying the effects of heat in the pen-
umbra of laser ablations is justified by the fact that this pen-
umbra is the region where immune infiltration may occur. As
mentioned above, the core of each ablation represents
coagulum, which is devoid of vascular perfusion. However,

the penumbra around the ablation is not only vascularized,
but, as suggested by radiographic data, develops breakdown
of the BBB [26]. One may speculate that it is this penumbra
that uniquely combines immunogenic cell death with vascu-
lar access to immune cells that may trigger an immune
response against tumor antigens. Our study supports this
hypothesis by providing evidence for cell death triggered by
moderate temperatures in this penumbra.

Our in vitro study will need to be further validated in
in vivo rodent models of LITT. Our in vitro model, while
informative, is artificial. For example, it is clear that LITT pro-
cedures do not usually last 3 h. Instead, live MRI thermog-
raphy shows temperature elevations within minutes after
activating the laser (Figure 1(C)). The time discrepancy
between our model and the actual clinical scenario is most
likely explained by delayed heating of the cells due to two
parameters: first, the high heat capacity of the aqueous
medium in which our tumorspheres are suspended for the
in vitro experiments; and second, the fact that heating in our
in vitro system is achieved via convection, rather than the
infrared laser-induced heating obtained during laser ablation
procedures. Nonetheless, our findings are consistent with the
Arrhenius equations and models for heat-induced cell death
[40–42], including the temperature and time dependence.

The potential opportunity to combine LITT for GBM with
immune checkpoint inhibitors is currently being tested in a
few clinical trials. We hope that this study will serve as a
springboard for further studies on the biologic effects of
laser ablation on GBM and brain tumors in general. We also
hope that our preliminary studies will convince the pharma-
ceutical industry to take a closer look at immune-oncology
opportunities generated by LITT in the context of GBM, a
malignancy with sadly very few treatment options.

Figure 4. Heat induces a predominantly non-apoptotic death in GBM cells in vitro. Summary graphs of effects of three different temperatures applied for 30, 60 or
180min to two patient-derived GBM cultures on DAPI and annexin V staining (A–F). The DAPIþ and DAPIþ/annexin V� cell populations show the most statistic-
ally significant increases in response to heat in a temperature and time-dependent manner. Two-way ANOVA was used for statistical comparisons. The effect of
temperature was significant in all conditions with the exception of annexin V staining for GBML20 (B) (F2,10 ¼ 2.160, p¼ 0.1661) and GBML61 (E) (F2,10 ¼ 1.291,
p¼ 0.3170). Time, and the interaction of temperature–time were significant in all conditions. Asterisks indicate post-hoc significant differences by Tukey test.�p< 0.05; ��p< 0.01.
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