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Background: Nano-therapeutic utilizing hyperthermia therapy in combination with chemotherapy,
surgery, and radiation is known to treat various types of cancer. These cancer treatments nor-
mally focus on reducing tumor burden. Nevertheless, it is still challenging to confine adequate
thermal energy in a tumor and obtain a complete tumor ablation to avoid recurrence and
metastasis while leaving normal tissues unaffected. Consequently, it is critical to attain an
alternative tumor-killing mechanism to circumvent these challenges. Studies have demonstrated
that extracellular heat shock proteins (HSPs) activate antitumor immunity during tumor cell
necrosis. Such induced immunity was further shown to assist in regressing tumor and reducing
recurrence and metastasis. However, only a narrow range of thermal dose is reported to be able
to acquire the optimal antitumor immune outcome. Consequently, it is crucial to understand
how extracellular HSPs are generated.

Materials and methods: In this work, a predictive model integrating HSP synthesis mecha-
nism and cell death model is proposed to elucidate the HSP involvement in hyperthermia cancer
immune therapy and its relation with dead tumor cells. This new model aims to provide insights
into the thermally released extracellular HSPs by dead tumor cells for a more extensive set of
conditions, including various temperatures and heating duration time.

Results: Our model is capable of predicting the optimal thermal parameters to generate
maximum HSPs for stimulating antitumor immunity, promoting tumor regression, and reduc-
ing metastasis. The obtained nonlinear relation between extracellular HSP concentration and
increased dead cell number, along with rising temperature, shows that only a narrow range of
thermal dose is able to generate the optimal antitumor immune result.

Conclusion: Our predictive model is capable of predicting the optimal temperature and exposure
time to generate HSPs involved in the antitumor immune activation, with a goal to promote
tumor regression and reduce metastasis.

Keywords: nano-therapeutic, nanomedicine, hyperthermia, heat shock protein, cancer
immunotherapy

Introduction

The combination of nanomedicine and hyperthermia for cancer treatment is receiv-
ing increased attention. For example, it was shown that, by utilizing gold nanorods
and laser irradiation as an external heating source, hyperthermia in combination with
chemotherapy led to more than 90% of cell inviability.! Alternating magnetic field
hyperthermia for cancer treatment has also been shown to play an effective therapeutic
role due to its ability to selectively target the cells of interest and induce local heating
while minimizing secondary effects in surrounding healthy tissues.? Drug delivery
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systems incorporated with magnetic nanoparticles can also
take advantage of induced heating under alternating magnetic
fields to perform desired drug release.> A much improved
tumor ablation after alternating magnetic field hyperthermia
was achieved when intravenous injection of magnetic nano-
particles was administrated.* Also, methotrexate-coupled
magnetic nanoparticle using combined treatment with hyper-
thermia was employed, aiming to bypass severe side effects
in nontarget organs resulting from the heterogeneous tumor
cell responses.* These hyperthermia studies mainly focused
on directly killing tumor cells. Operating accurate tumor abla-
tion to achieve complete tumor elimination and thus avoid
metastasis, however, is still problematic. Consequently, to
circumvent these challenges, attaining an alternative tumor-
killing mechanism, such us hyperthermia therapy-activated
immunomodulation, is critical in cancer treatment.’

There is a rapidly growing interest in the combination
of immunotherapy with hyperthermia for cancer treat-
ment. Primary tumors treated with hyperthermia have led
to spontaneous regression of untreated, distant metastases
due to the heat-induced antitumor immune response.’® It was
demonstrated that local hyperthermia treatment applied to
identified tumors in inducing antitumor immune responses
activated by extracellular heat shock proteins (HSPs) poten-
tially reduces the risk of recurrence and metastasis.® Also,
the level of HSPs in the sera of patients has been shown to
be significantly increased after alternating magnetic field
hyperthermia, where the increased serum levels of HSPs
resulted in a better survival rate.’

HSPs are a family of proteins that are produced by cells in
response to exposure to stressful conditions, including expo-
sure to heat, cold, and UV light. HSPs are named according to
their molecular weight. For example, the 70 kilodalton HSPs
(HSP70s) are a family of conserved ubiquitously expressed
HSPs, existing in virtually all living organisms. The HSP70s
are an important part of the cell’s machinery for protein fold-
ing and help to protect cells from stress. In this study, we will
focus on HSP70 due to its immunogenic properties in the
extracellular environment® as well as for the comparison of
our proposed model with the reported experimental data.” As a
result, we will denote HSP70 simply by HSP from now on.
Studies have shown that hyperthermia-induced necrotic cell
death correlated with HSP release.'® HSPs secreted into the
extracellular space during cell necrosis act as danger signals
and trigger adaptive antitumor immune mechanism. Tumor
undergoing heat stress by hyperthermia was followed by
the release of tumor antigens, which would be chaperoned
by extracellular HSPs released from necrotic tumor cells.

The HSP tumor-antigen complexes facilitate the presentation
of tumor antigens, induce the antitumor immunity, and acti-
vate immune cells.!" Many of HSP-antigen complexes bind
to and activate antigen-presenting cells (APCs).'? Once APCs
phagocytose HSP-antigen complex, APCs can present the
antigens to cytotoxic T cells and initiate adaptive immune
responses.'? The interaction of HSP with APCs has driven the
development of HSP-containing vaccines. Vaccines designed
to deliver antigens directly to dendritic cells have been shown
to generate impressive immune responses and protection
from tumor challenge.'* HSP-containing nanovaccines
based on superparamagnetic iron oxide nanoparticles have
demonstrated superior improvement in tumor targeting due
to overexpression of HSP receptors on glioma and boost-up
of antitumor responses.'*!® As a result, HSP can aid in tumor
targeting and antitumor immune activation.

It is crucial to understand how temperature influences
the immune system. Heat-induced cell necrosis is often
mediated by externally applied thermal stress, which also
elicits an upregulation of HSPs to protect cancer cells that
undergo heat stress.!”!* Moderate hyperthermia with tem-
perature =43°C was reported to promote thermotolerance,
the ability possessed by intracellular HSPs to tolerate future
hyperthermia treatments, by inducing HSP expression in
cells.” As a result, the applicability of the hyperthermia
treatment may be initially limited due to thermotolerance
resulted from the upregulation of intracellular HSP,?° which
also assists in inhibiting apoptosis by protecting against
cell injury.’ Study showed that HSP release starts at 41°C,
reaches a maximum at 43°C, and is completely diminished
at 45°C.° Hyperthermia at a temperature above 43°C triggers
protein denaturation, which leads to cellular death.?! Also, it
was observed that when primary tumors were heated at 45°C
instead of 43°C, the resistance against secondary tumors was
not established.!? On account of these results, we expect to see
an increase in HSP synthesis when an elevated temperature of
around 41°C is applied. Such increase is mainly contributed
by the intracellular HSP induction. The production of HSP
reaches the maximum at around 43°C due to the release of
extracellular HSPs and then decrease when the temperature
is further raised. Regarding heating exposure time, studies
showed that irreversible cell damage only occurs after pro-
longed heat exposure when cell lines or tissues are exposed
to temperatures of around 40°C—50°C.> Heating cells or
tissues to temperatures =42°C for 1 or more hours could
result in significant cell killing.?* This result can serve as
a predicted approximate exposure time associated with
the optimal temperature to achieve maximum extracellular

submit your manuscript

3530

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Nano-therapeutic cancer immunotherapy

HSP generation. Moreover, HSPs are thought to secrete into
the extracellular space during cell necrosis, whereas it was
observed that the secretion still takes place in the absence
of cell death.?® For this reason, the existence of a secretory
pathway was proposed.?

This study investigated the secretion and synthesis of extra-
cellular HSPs that are involved in antitumor immunological
processes and their relation with necrotic cells. Because only
extracellular HSPs participate in immune activation, the study
will focus on the extracellular HSPs released from the necrotic
cells after the cytotoxic temperature is achieved. Along these
lines, we propose a new model that is capable of consider-
ing the amount of extracellular HSPs by incorporating HSP
synthesis with cell death. Moreover, it has been reported that
there seems to be a narrow range of optimal temperature for
the heated tumor to induce adaptive immune responses.'* Such
temperature dependence indicates that different temperatures
provide a different level of impacts on the induced immune
responses and highlights the need to understand temperature
effects across a relatively narrow range of thermal dose. Thus,
the proposed model will give a closer analysis on thermal
parameters to address the issue of temperature sensitivity in
stimulating antitumor immunity. The model parameters will
be analyzed to find the heating temperature and the exposure
time that optimize the release of extracellular HSPs, which
are correlated with cell death under thermal stress and bring
out the greatest antitumor immune outcome.

Materials and methods

Induction and generation of HSPs

It is essential to consider the effect on the cellular responses,
such as the upregulation of HSPs that occurs under heat stress
due to thermotolerance effect, with a dynamic analysis. To
account for such HSP-induced thermotolerance, which is
triggered by the heat-shock response (HSR), a mathematical
model of HSP-based HSR mechanism is introduced.!3%*%
It can be seen from the mathematical model that HSP is the
main component of this hyperthermia-involved mechanism.
The model depicts the induced dynamical HSP synthesis by
an external temperature stimulus and its interactions with
key intracellular components in the HSR mechanism. In this
work, the model used to calculate HSP synthesis induced at
elevated temperatures is constituted by 12 reactions, where
one of the rate constants shows the temperature depen-
dence of the whole model.?** The temperature-dependent
rate constant descr;bes the fraction of protein denaturation
(native proteins _L denatured proteins) as a function of
temperature and is written as

0.4

7-37

kT ~m, x (1 - jx1.4”7 min~! Te [37, 45]°C (1),

e

where m | is a time-scale dependent multiplier — a variable
used to fit the experimental data in the right unit. k" was
approximated from the experimental data of differential
scanning calorimetry?**” and is proportional to the function
that describes the response of substrate (ie, the denatured
protein) to the temperature.

HSP synthesis and cell death model

integration

It was suggested that HSP induction and the initiation of
thermotolerance are due to the HSP’s protective tendency
when they are exposed to stressors® as well as the significant
injury or dysfunction of some targeted tissues.?** Also, the
improved thermotolerance of the feeblest organ and cell sys-
tems further gives rise to the thermotolerance development.*
Studies showed that heat stress that is involved with wide-
spread cellular injury is relevant to the cell necrosis, while
cell surface HSPs or those that are released from necrotic
cells into extracellular environment participate in cellular
antitumor immune activation.!'*° Therefore, to take the num-
ber of free extracellular HSPs as the index of the antitumor
immune activation, the previously discussed HSR mechanism
model is proposed to be integrated with a cell death model.
This integration is based on an assumption that the number
of antigen is in excess such that all extracellular HSPs can
form complex with tumor antigens. In this work, we only
look at the immunomodulatory activities exerted by the free
HSP at extracellular localization that are released from the
heat-induced dead cells without considering the activation of
immune cells due to the membrane HSP expression.’!

In this study, a three-state cell death model proposed
by O’Neill et al*? was used to approximately determine the
number of dead tumor cells in terms of heating temperature
and exposure time. This model was chosen over Arrhenius-
based models because it deals with continuous dynamic
temperatures instead of a discrete, single temperature heating
that would create a marked discontinuity at temperatures
around 43°C. The model contains three compartments: fully
alive (A), fully dead (D), and vulnerable (V) compartments.
These three compartments relate to each other by the fol-
lowing equation:

A:V—>D (2)
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The transition from fully alive (A) to vulnerable (V), ie,
an injured state, is represented by a forward rate constant,
k/, while a backward rate constant, k,, represents a self-
healing process from vulnerable (V) to fully alive (A) state.
The simplification made in the three-state cell death model,
where the transition from vulnerable (V) to fully dead (D)
possesses the same forward rate constant, kf, is based on an
assumption that there is just a single damage process that
accounts for all physiological damages, and thus, both tran-
sitions lead to the same result. The forward rate constant in

this cell death model is defined as,??
__ T
kfzkf e’ (I—A), 3)

where E is a scaling constant and 7, (°C) was set to let
the rate of the exponential increase with temperature. The
exponential curve accounts for the insignificant thermal
damage at body temperature, and the fact that the already-
damaged tissue is more prone to further damage.**> Also, the
inclusion of (1-4) considers the nonlinear influence from the
damaged state of surrounding cells on the reaction dynamics.
Therefore, the three-state cell death model allows the fitting
of data over a wider thermotherapeutic temperature range,
including the beginning phase when cells are first exposed
to the heat shock.

Heating duration time, 7, and the temperature, 7, are the
two experimental parameters that are often applied in the
basic experimental practices. The free extracellular HSP
concentration generation rate, S(z, T'), is the product of the
HSP concentration and the number of dead cells per unit
of time:

dD(r, T)

T 4)

S(t, T)=[HSP](t, T)x

Here, [HSP](7, 7) is the HSP produced from HSR mecha-
nism, and D(7, T) is the fraction of cells in dead state from
three-state cell death model. Both [HSP](z, 7) and D(z, T)
depend on heating temperature and duration time in a non-
linear manner. The total free extracellular HSP concentration
([HSP],) can be calculated by taking the integral of S(z, T)
over the heating period respective to each temperature from
37°C—45°C. This equation is expected to help examine the
relation between thermally induced HSP expression and cell
death and qualitatively predict [HSP]  at each temperature
and with different exposure times. The incorporation of cell
death model with HSR mechanism provides a macro-aspect

of how heat-generated dead tumor cells are related to HSPs
produced from HSR mechanism; such mechanism provides
amicro-description of how the amount of HSP increases due
to the presence of denatured/misfolded proteins.

Results and discussion

Analysis of rate constants

In the proposed mathematical model, besides the tempera-
ture setting, rate constants are also adjustable for the model
analysis. Changing rate constants exhibits an increase or a
decrease in the fraction of cells in a compartment and alters
the HSP synthesis under different degrees of heat stress. Due
to the integration of HSR mechanism and three-state death
cell model, as shown by Eq. (4), the forward rate constant, k/,
which corresponds to the dead cell fraction shown in Eq. (2),
should relate to the denatured/misfolded protein, which is
governed by the rate constant, &, in the HRS mechanism to
some extent. Consequently, the total HSP synthesis, which
is hypothetically correlated with the dead cell number,
should vary When_ different kf values are used. As shown in
Figure 1A, four kf values, 0.10, 0.16, 0.20, and 0.30 min™
were chosen to demonstrate how changing kj.value influences
the total HSP production. Although a larger kfvalue ought to
correlate with larger dead cell fraction compared with when a
smaller kf value is ufd, dramatic increase of HSP slnthesis
was observed when k .= 0.16 min~! was used, while k ;= 0.20
or 0.30 min~! showed nearly unchanged [HSP] under a more
enhanced heat stress, indicating that severe cell death at
higher temperature does not necessarily give the most HSP
synthesis. This phenomenon might result from the fact that
the increase of HSPs in response to heat stress takes time
to develop, and cells do not have sufficient time to express
developed HSP under rapid necrosis.*

The backward rate constant, k,, in the three-state cell
death model*? was determined from the experimental results,
where each experiment was conducted with a fixed heating
time and temperature and was assumed to be invariant with
temperature. However, k, describes the biological healing
process, as shown in Eq. (2), and therefore is relevant with
the thermotolerance effect of HSP. For this reason, k, must
have a coupling relation with the HSR mechanism, which
includes a temperature-dependent k7

11°

Such coupling relation can be achieved by employing Eq. (4),

as shown in Eq. (1).

and upon the integration, £, will no longer be temperature
independent. Figure 1B shows the results of HSP synthesis
at different temperatures with increasing k, values of 0.12,
0.23,0.47,and 0.61 min'. Although a larger &, value results
in a decrease in the dead cell fraction, k, = 0.47 min™' leads
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Figure | Total HSPs generated at each temperature, in a.s.M. (A) When k?values are adjusted to 0.10, 0.16, 0.20, and 0.30 min™'. (B) When k, values are adjusted to 0.12,
0.23, 0.47, and 0.61 min~'. A higher heating temperature, a larger k or a smaller k, do not necessarily give the maximum HSP synthesis, indicating both heating temperature,
T, and heating duration time, 7, are crucial parameters to achieve optimal immune activation.

Abbreviations: HSPs, heat shock proteins; a.s.M, arbitrary scale molarity.

to a significantly higher production of HSP compared with
the other chosen values, which, whether is larger or smaller
than &, = 0.47 min™', shows a slow decrease in [HSP], when
heating temperature is increased from 37°C to 45°C, as can
been seen in Figure 1B. Owing to the coupled reactions in
the HSR mechanism model, constants &k, k

7
related with each other, making all parameters in the proposed

and k[ are all

[HSP]-cell death model temperature dependent.

Cell undergoes harsh thermal variations, which might
have inverse effect on the activation of adaptive immune
responses. It is possible that HSP expression increases
when tumor cells struggle to survive under milder heating

conditions.** Although production of HSP can be increased
by heat to generate antitumor immune responses that retard
tumor growth, it requires some time to develop the immune
response.** Rate constants analysis in Figure 1 shows that
with a specific chosen & or k, value, synthesis of HSP
responds to a gradual increase in temperature, achieving
a maximum at a specific temperature, and decreases when
temperature is further raised. Such observation indicates
that heating exposure time, 7, plays an important role in
generating HSP and implies that there is an optimal heating
temperature, T, corresponding to the exposure time, 7, to
give an optimal HSP synthesis.
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Analysis of optimal HSP synthesis

To achieve the release of extracellular HSP for immune
activation, a critical temperature needs to be exceeded,
where it was reported that cytotoxic temperatures for tumor
cells are those over 42.5°C.** Studies of HSP in the mouse
melanoma cell line’ showed that the onset of HSP release
was at 41°C, achieved maximum at 43°C, and the release
was completely diminished at 45°C. Also, it was shown that
heating primary tumors at 43°C activated antitumor immunity
and induced resistance against rechallenge."® With respect to
these in vitro results, the proposed [HSP] cell death model
was analyzed to see if the simulated results agree with the
experimental data. Figure 2 shows that, by adjusting either
E t0 0.15 min™ or &, to 0.62 min™', maximum HSP synthesis
can be achieved at 43°C. The initiation of HSP synthesis was
under milder thermal stress (<43°C), which is resulted from
the thermotolerance effect present in the weakest cell systems
due to intracellular HSPs. These intracellular HSPs do not
contribute to the activated antitumor immunity because the
temperature for tumor cell cytotoxicity is not yet reached.
HSPs heated at a temperature above 42.5°C will be released
from the dead tumor cells, travel to and enter the extracellular
milieu, recognize the antigens released from the cytotoxic
tumor cells, and activate the antitumor immunity. It can be
seen in Figure 2 that a maximum HSP synthesis is achieved
at the cytotoxic temperature of 43°C, followed by a gradual
decrease when the temperature continuously increases. This
result again suggests that extracellular HSP synthesis does
not respond linearly to the increase of temperature. It agrees

with our previous argument that a milder cytotoxic heating
temperature could be more stimulatory than a higher one.
A milder temperature that is sufficient to cause tumor cell
necrosis can help prevent overheating the surrounding
tissues if an accurate prediction of the tissue response can-
not be achieved. It has to be noted that, in combination with
a more focusing and localized hyperthermia treatment, an
even more milder temperature (=42.5°C) could potentially
achieve the same efficiency of antitumor immunity.** In our
particular interest of developing the model for immune
activation at cytotoxic temperatures but not the immuno-
modulatory activities under fever-like hyperthermia exposure
such as lymphocyte function,* it is more feasible to use this
model for localized hyperthermia treatment than a whole-
body hyperthermia.

Effect of heating duration time
on HSP synthesis

The results in Figures 1 and 2 point out the importance of
heating duration time, 7, in synthesizing HSP. Duration of
heating might induce clustering in the plasma membrane and
changes in membrane fluidity, which could affect the induced
immunity.*’ Studies have shown that heating tumors at 43°C
for 30 min expressed the largest amount of HSP, activated
antitumor immunity, and led to a reduction in metastases.”"?
Consequently, to achieve the optimal antitumor immune
activation, heating duration time is a crucial parameter to
analyze. Table 1 shows the optimized parameter values,
while in Figure 3A the optimized results are shown in terms

Concentration (a.s.M)

O * | | |

37 38 39 40

41 42 43 44 45

Temperature (°C)

Figure 2 Total HSPs generated at each temperature. Comparison between the chosen k and k, values. After each rate constant adjustment, a maximum HSP synthesis at
43°C can be achieved and HSP amount decreases, if the temperature is further raised. kr‘: 0.15 and kb =0.62 min~'.

Abbreviations: HSPs, heat shock proteins; a.s.M, arbitrary scale molarity.
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Table | List of [HSP]-cell death model parameters and values for
optimized results

Parameter Optimized value
ke 0.15 min™!

k, 0.62 min~'

m, 0.015

T, 40.5°C

Abbreviation: HSP, heat shock protein.

of HSP generation rate and accumulated HSP against heat-
ing duration time. Using either the optimized g or k,
value, a maximum HSP synthesis at 43°C was achieved.
Nevertheless, despite using the optimized E value, dead
cell fraction still increases when temperature is raised from

>

38°C to 45°C (Figure 4), indicating that the production of
HSP is not linearly related with dead cell number. This
observation also implies that it might not be necessary to
completely diminish the tumor cells to activate HSP-induced
antitumor immunity. Although HSPs were synthesized at a
slightly faster rate when a higher temperature (44°C or 45°C)
was applied, as shown in Figure 3A, a higher [HSP] was
generated after heating at 43°C for approximately 100 min.
Comparably, assuming under the same condition, HSPs were
generated at a much slower rate (and also less amount were
obtained) when using heating temperatures that are close to
body temperature. Figure 3B shows the optimized £, resultin
terms of accumulated HSP against heating time. Agreeably,
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Figure 3 Maximum HSP synthesis is achieved at 43°C by using either the optimized k; or k,. Results for cytotoxic temperatures (=43°C) are significantly different from those
that are around the body temperature. (A) HSP generation rate, S(, T), for different heating temperatures using the optimized k, value. a.s.M/min. (B) Heating duration time

and the accumulated HSP at different temperatures using the optimized k; value.
Abbreviations: HSPs, heat shock proteins; a.s.M, arbitrary scale molarity.

International Journal of Nanomedicine 2018:13

submit your manuscript

3535

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Lin et al

Dove

0.05 ~ i 1

T T 7

— 37 — 38 — 39 — 40 Y| 42

43 — 44 — 45

0.04 -

0.03 -

0.02

Dead cell fraction
rate (min)

0.01 -

200

300 400 500 600

Time (minutes)

Figure 4 Dead cell fraction rate, M, generated by cell death model using the optimized k; value. Even though maximum HSP was obtained at 43°C, when heating

dr

temperature was raised, cells died at a faster rate and the final dead cell fraction increased along with the applied temperatures.

Abbreviation: HSP, heat shock protein.

HSP accumulation at temperatures 44°C and 45°C, although
accumulated faster when the initial heating is applied, leveled
out before HSP synthesis at temperatures 43°C achieved its
maximum (slightly >100 min), with a lower final [HSP].
Similar result was obtained when using the optimized
kf value (Figure 5). The heating duration is defined as the
time required for each specific temperature to reach its final
accumulated [HSP]. It can be seen that even though the differ-
ence of heating duration between the cytotoxic temperatures,
43°C, 44°C, and 45°C, is small, the final HSP accumulation at
43°C is significantly higher than the other two temperatures.

It shows that a relatively milder cytotoxic temperature can
achieve a much desired HSP production. By comparing with
the HSP synthesis performed at 43°C, a lower temperature
(38°C) only produces approximately 4-fold less amount of
[HSP], with a much longer heating duration (about 6-fold
longer), as can be seen in Figure 3B.

Figure 6 shows the optimal HSP synthesis with respect
to duration time, 7, and heating temperature, 7, ranged from
37°Cto45°C. It can be seen that to achieve a maximum HSP
synthesis at 43°C, ~100 min of duration time is required. Such
an increase in HSP synthesis is not visible for other heating

1.4
~ 12 -
=
4
s 1 i
c
2 08
=)
©
=
c 06} Z|
[}
2
o 041 =
(&) .-

02+ / |

’
4
O I | ——
0 100 200 300 400 500

600

Time (minutes)

— 38 — 39 — 40

41 — 42

43 — 44 — 45

Figure 5 Heating duration time, 7, and the accumulated HSP at different temperatures, T, using the optimized k_fvalue. A maximum final accumulated HSP was achieved at
43°C despite an enhanced HSP generation at higher temperatures when heat was applied initially. The dashed line is for the result obtained at body temperature 37°C, as

a reference.
Abbreviations: HSP, heat shock protein; a.s.M, arbitrary scale molarity.
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Figure 6 Maximum HSP synthesis with respect to heating temperature, T, and duration time, 7, using the optimized k_fvalue. Duration time is approximately 100 min to achieve
maximum HSP synthesis at 43°C. Maximum amount of HSP generated at the other temperatures is smaller than the amount achieved at 43°C, even a longer heating time is applied.

Abbreviations: HSP, heat shock protein; a.s.M, arbitrary scale molarity.

temperatures, even if a longer duration time is applied. The
calculated optimal heating duration time (100 min) is longer
compared to that in the previous in vitro studies.”"* It is cru-
cial to include the biological factors that might modify the
response because in vitro studies may not accurately reflect
the cellular response in a physiologically relevant in vivo
environment.? In vitro experiments are not able to include
all the real-time regulation of HSP synthesis, whereas the
HSR mechanism model used in this study consists of a sys-
tem of 12 nonlinear ordinary differential equations (ODEs)
describing the evolution of the key variables in the HSP
synthesis regulation with respect to temperature. Sensitivity
to hyperthermia varies among different kinds of cancer cells,*
and the heating efficiency also depends on how temperature
is administered to the cells.?” Moreover, HSPs might secrete
into extracellular space through a possible pathway.” As a
result, it is necessary to put factors such as parameter depen-
dency upon different cell lines, cell incubation times, and
heat administrating methods into consideration to achieve
an optimal extracellular HSP synthesis.

Conclusion

Traditional cancer treatments normally focus on reducing
tumor burden, while stimulation of systemic self-defense
against metastatic tumors has not been taken into much con-
sideration.® Due to intracellular HSP’s role of cell-protective
chaperons, they tend to protect cancer cells that undergo
heat stress. As a result, previous studies often focus on
minimizing HSP expression in the targeted tumor region.'
In our previous work, we developed magnetic resonance
nanotheranostic hyperthermia using nontoxic, biocompatible

magnetic nanoparticles to target and accumulate at the lesions
to generate enhanced contrast for early lesion detection and
generate heat to kill lesion cells directly through hyperthermia
or indirectly through thermal activation and control releasing
of drugs.*®** In this study, instead of focusing on producing
a direct cell-killing effect, hyperthermia treatment serves
to induce the antitumor immune system activated by the
extracellular HSPs released from the heat-treated necrotic
tumor cells. Such immunity is expected to detect and attack
all metastases. We incorporate cell death model with extra-
cellular HSP expression to investigate HSP synthesis under
various temperatures and exposure times.

The model produced a maximum extracellular HSP syn-
thesis at 43°C with an approximate exposure time of 100 min,
which is in agreement with the significant cell death obtained
when cells or tissues are heated up to temperatures of =42°C
for 1 or more hours. Discordant results of exposure time
required to achieve a maximum extracellular HSP synthesis
at43°C between the proposed model and in vitro data may be
due to the possible effects of different cell lines**? or a pos-
sible secretory pathway into extracellular space for HSPs.?
The maximum amount achieved at 43°C was then followed
by a decrease in HSP synthesis when the temperature was
further raised, suggesting that extracellular HSP synthesis
does not respond linearly to the increase in temperature. Such
outcome confirms that a milder cytotoxic heating temperature
could be more stimulatory than a higher one. In conclusion,
our model is capable of predicting the optimal temperature
and exposure time to generate HSPs involved in the antitumor
immune activation, with a goal to promote tumor regression
and reduce metastasis.
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