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Abstract. Current therapeutic methods for melanoma have
numerous limitations, and thus the improvement of such
treatment methods are essential. One possible option is the
vaccination of autologous inactivated tumor cells. The primary
indispensable principles of a cell-based melanoma vaccine
include: i) Entire inactivation of melanoma cells; ii) retaining
the immunogenicity of melanoma cells; and iii) adherence to
laws and ethical guidelines. However, traditional methods for
the production of the vaccine, such as ultrasonic, chemothera-
peutics and freeze-thawing, have some juridical or therapeutic
constraints. Therefore, the present study used high hydrostatic
pressure (HHP) to inactivate malignant cells, and treated
B16-F10 tumor cells with different pressures (=50 MPa) and
different durations (=1 min). It was identified that tumor
cells in vitro lost their proliferative ability, but retained
their immunogenicity following treatment. Furthermore, the
vaccination of the melanoma cells significantly suppressed
their oncogenesis. Collectively, the present results suggest that
HHP treatment may be an economically viable and effective
measure to develop a melanoma vaccine, when pressure was
=200 MPa and the treatment duration was =30 min.

Introduction

Traditional treatment methods of human cancer types
primarily include resection, chemotherapy or radiotherapy (1).
Single or combination therapy can control local tumors and
prolong the lifespan of the patient (2). However, these therapies
have limitations, such as causing greater trauma and toxic side
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effects on patients, which impact their long-lasting anti-cancer
effects (3). Moreover, the recrudescence and metastasis of
tumors cannot be fully controlled by traditional treatments (4).

Previous studies have reported that tumor occurrence is
associated with the immune system in the human body (5,6).
Furthermore, immunotherapy of tumors has been promising,
and multiple methods have been tested over the past few
decades (7,8). Previous studies on tumor immunotherapy have
revealed the characteristics of immune system response related
to cancer occurrence (9,10), and some of these studies have
involved the use of dendritic cells (DCs) (11). DCs connect
the innate and adaptive immune systems by functioning as
antigen-presenting cells, and have been used as tumor vaccines
in several clinical experiments (12,13). Furthermore, immuno-
therapy based on DCs has been reported to be safe and capable
of inducing anti-tumor immunity (14).

The application of cancer vaccines has become an important
procedure, and immunotherapy has been used for the standard
treatment and continuous control of tumors (15). However, the
immunoreactions triggered by these vaccines are inefficient
due to a lacking number of lymphocytes (16). Therefore, it is
important to develop novel types of vaccines that can activate
the immune system to generate long-lasting immunity. It has
been suggested that vaccines may induce a strong immune
response and elicit immunological memory (15).

As for the preparation of vaccine, it has been proved that
the immune response is induced by autologous cancer cells
in the host, leading to a large number of tumor antigens
produced by the immune system (17). Regardless of the final
result, this type of vaccine includes the main principles of
cell-based vaccines: i) Complete inactivation of tumor cells;
ii) maintaining the immunogenicity of cells; and iii) adher-
ence to the laws and ethical guidelines. Physical methods, such
as freeze-thawing or ultrasonication, and chemotherapeutics
for the inactivation of the tumor cells have certain restrictions,
such as inadequate inactivation of cells and the addition of
toxic impurities (18). Moreover, certain laws have forbidden
the use of X-ray irradiation and lethal factors of toxic drugs in
humans (19).

Treatment with high hydrostatic pressure (HHP) has helped
overcome the aforementioned limitations (20,21). Previous
studies have reported the use of HHP as a disinfectant in the
pharmaceutical and foodstuff industries (22-24), and thus
microorganisms are killed without the use of radiation, heat
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or chemicals (21,25). With regards to the applications of HHP
in medicine, it has been utilized to disinfected the bone, while
maintaining biomechanical stability (26), and has also been
researched in Alzheimer's disease (27). Previous studies have
investigated the application of HHP for the development of
the bacterial vaccines (28) and its effect on lipoprotein parti-
cles (29). The effect of HHP on biological particles has been
previously examined (21). It has been revealed that proteins
cannot maintain their primary structures, and the tertiary and
quaternary structures of proteins could be transformed by
HHP (19). Moreover, biological enzymes may lose their abili-
ties after HHP treatment (30). Furthermore, the conformation
of DNA and lipid bilayers may undergo significant changes
during HHP (31).

To study the effective pressure treatment durations (1, 5,
10, 30, 60 and 120 min) and the effective pressures (50, 100,
200, 300 and 500 MPa) of HHP to inactivate melanoma
cells, B16 melanoma cells were subjected to different treat-
ment conditions. In addition, cell death was examined over a
culture period of 48 h. A clonogenic assay was also performed
to assess the proliferative abilities of the cells. Furthermore,
HHP-treated cells were used in the mouse models to determine
immunogenicity.

Materials and methods

Cell line and culture. The cell line used was luciferase-labeled
B16 melanoma cells (B16-F10; Xenogen Corporation), and
mycoplasma testing was performed for this cell line. Cells
were cultivated with DMEM (HyClone; GE Healthcare Life
Sciences), 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
1% penicillin-streptomycin (Beijing Transgen Biotech Co.,
Ltd.) and 1% L-glutamine (AMRESCO, LLC). Melanoma cells
were cultivated under conditions of 100% relative humidity
and 37°C in a 5% CO, atmosphere.

HHP treatment of cells. Cells were separated from the petri
dish with 0.25% trypsin (HyClone; GE Healthcare Life
Sciences). Then, cells were centrifuged (1,500 x g at 4°C
for 5 min), rinsed (sterile PBS) and re-suspended in vitro.
Soft-seal vacuum sterile plastic bags (Alibaba Group) were
used to avert the leakage of cells during the treating processes
(Fig. 1). The plastic bag was filled with a cell suspension of
3.2x107 melanoma cells and securely closed. Then, the plastic
bag was placed into another soft plastic bag and a vacuum
seal was created to avoid the air bubbles reducing the pressure
during the HHP treatment. The plastic bags were placed in the
pressure-autoclave of the equipment [cat. no. DH600-0.8X2
(9242); Dalong Goepe. (http://www.dalongyeya.com/)]. The
pressure chamber was locked using the screwing flanges
and the pressure was elevated with an electric pump. In
the present study, the pressure of HHP used was =50 MPa
(1 MPa=10 bar=9.86923 atm=145.0377 psi). When the digital
pressure sensor displayed the desired numerical value (50,
100, 200, 300 and 500 MPa) the pump was suspended. The
equipment held the pressure for the different required dura-
tions (1, 5, 10, 30, 60 and 120 min). The pressure was detected
continually using a digital pressure sensor. Then, the valve was
opened slowly, and the pressure was gradually decompressed
to atmospheric pressure.
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Clonogenic assay. Following HHP treatment, 1x10*cells were
cultured in the cell culture dishes for 14 days. Then, 0.25%
methylene blue solution was used to stain the colonies in the
dishes (25°C for 10 min) and colonies were counted manually.
The colony-forming units (CFU) results were compared with
the numbers of colonies related to the untreated cells.

Immunization of mouse models. A total of 105 mice (C57BL/6
mice; female; age, 4-6 weeks; weight, 15.00+0.33 g; Beijing
Vital River) were raised in well-ventilated cages in these
studies. Three mice were raised per cage. The mice were given
a sterile special diet (white noodle 37%, corn noodle 22%, bran
17%, soybean meal 13%, fish meal 4%, egg 1%, yeast powder
1%, bone meal 3%, salt 1% and cod liver oil 1%) and water. The
animals could access to food and water ad libitum. The cages
were kept under normal conditions for temperature (23+3°C),
humidity (55+15%) and light (12/12 h light-dark cycles). All
animal experiments were conducted according to the National
Standard of the Care and Use of Laboratory Animals (32),
and the study was approved by the Animal Ethics Committee
of The First Hospital of Jilin University (Changchun, China;
Approval no. 2019-0456).

Then, emulsification was performed using two 5 ml glass
syringes and a medical tee joint to mix the treated cell suspen-
sion with 1.5 ml complete Freund's adjuvant (Sigma-Aldrich;
Merck KGaA) for 30 min. Subsequently, 100 1 emulsified
liquid was injected under the skin of the posterior neck of the
mice. The injection was carried out at the same location three
times, every 2 weeks. During the second and third injections,
the same dosage Freund's incomplete adjuvant (Sigma-Aldrich;
Merck KGaA) was used. The control group was injected with
the same dose of emulsion of saline and the Freund's adju-
vant (the first injection) or the Freund's incomplete adjuvant
(the second and third injections). The health and behavior of
the mice were monitored every day after the injection.

Detection of the immune effect. Thirty treatment groups and
one control group (n=3 mice for each group) were prepared for
this experiment. There were five treatment groups (50, 100,
200, 300 and 500 MPa) at six treatment durations (1, 5, 10, 30,
60 and 120 min). All experiments were performed in tripli-
cate. Seven days following the final injection, the delayed-type
hypersensitivity (DTH) test was performed by subcutaneously
injecting 5x10° melanoma cells, which were suspended in
70 pl sterile PBS, into the palm of the hind paw of the mice.
The same volume of PBS was injected into the other palm of
the hind paw (the control group only received injections of
saline). The swelling degree of the paws was measured after
24 h using a digital caliper (Iron Bridge Tools, Inc.).

The B16-F10 cell suspension was subcutaneously injected
into the flank of the mice; the concentration of the suspension
was 1x10° cells/ml and the volume was 0.1 ml. An electric
razor was used to remove the hair of the flank to observe
the apophysis of tumors. After the injection, the flank was
observed every day to identify the tumors. After the tumors
appeared, a digital caliper (Iron Bridge Tools, Inc.) was used
to measure the length (L) and the width (W) of these subcuta-
neous tumors, which were measured every 2 days until day 14
following the subcutaneous injection. The maximum diameter
exhibited by a single subcutaneous tumor was 9 mm. The
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Figure 1. Schematic representation of the equipment required to induce high hydrostatic pressure. The equipment consists of the following assembly parts:
1, Valve; 2, flanged closure; 3, pressure autoclave; 4, pipeline filled with pressure transmitting media, the compound of the kerosene and the transformer oil;

5, digital pressure sensor; 6, the pump; and 7, the reservoir.

volume of the tumor (V) was calculated using a previously
described formula (1): V=0.5 x 2L x W2,

Then, 0.4 ml the concentration of 1x10° cells/ml cell
suspension was injected into the caudal vein. Five treatment
groups and one control group (n=2 mice for each group)
were prepared for this experiment. The number of mice used
in repeated experiments were the same. After 7 days of the
injection, ketamine was used for anesthesia via intraperitoneal
injection, at a concentration of 100 mg/kg (33). When the anes-
thetic took effect (the heart rate and breath of the mice were
even, the muscles were relaxed, the limbs were not active),
15 mg/ml D-luciferin potassium salt (Shanghai Sciencelight
Biology Science & Technology Co., Ltd.) was injected via
intraperitoneal injection, at a concentration of 10 mg/kg. Then,
mice were placed in the biofluorescence imager (IVIS Lumina
XR; EMD Millipore) for fluorescence imaging, following
the manufacturer's instructions, with the time of exposure
at 1 min.

Mice were euthanized after the fluorescence imaging test
via cervical dislocation under the same anesthesia proce-
dure as aforementioned. The heart rate and respiration of
mice stopped completely, and the nerve reflex disappeared.
The following criteria for humane endpoints in oncological
laboratory animals were implemented: The weight of the
subcutaneous tumor was <10% of the original weight of the
animal; the average diameter of the tumor was <20 mm in
the adult mice; no ulcer, necrosis or infection emerged on the
skin at the site of a tumor; no abdominal cavities of the mice
were abnormally dilated and the mice did not have difficulty
breathing or exhibit neuropsychiatric symptoms (34). No mice
had any of these symptoms. The purpose of selecting and
determining the humane endpoint was to accurately predict
the end point of the experiment before the animals experienced
unnecessary pain due to the experiment, to shorten the experi-
ment time to the greatest extent and to avoid or reduce the pain
and suffering caused to the animals in the later period of the
experiment (34). A small number of the experimental animals
in the present study exhibited slight abdominal distention.

Statistical analysis. All experiments were performed =3 times.
Data are presented as the mean + SD. Data were analyzed
for statistical significance using SPSS version 21.0 software
(IBM Corp.). The clonogenic assay, the DTH test and tumor
growth curves were analyzed via one-way ANOVA, followed
by Bonferroni's correction. P<0.05 was considered to indicate
a statistically significant difference.

Results

Clonogenic assay of HHP-treated cells. A clonogenic assay
was performed to detect the CFU of the treated cells in vitro.
Regardless of the treatment duration, the pressure of 50 MPa
did not significantly affect the proliferation of malignant
cells. However, after treatment with 100 MPa for 1 min, the
ability of colony-forming slightly declined. As the duration
increased, the CFU began to decrease, and when the duration
was >30 min, the percentage of CFU was notably decreased.
Moreover, the CFU (%) of cancer cells that were treated for
120 min under the pressure of 100 MPa approached zero. In
addition, it was demonstrated that all tumor cells treated with
=200 MPa for =30 min significantly lost their in vitro ability
to form colonies (P<0.001) (Fig. 2A).

Immunogenicity of HHP-treated cells. The results of the DTH
test indicated that groups with 300 and 500 MPa had signifi-
cant immune effects when the duration was =5 min (Fig. 2B).
Furthermore, group with 200 MPa achieved the same signifi-
cant result when the duration was =30 min. It was revealed
that almost all HHP-inactivated cells held the immunogenicity
response, except the groups with 50 and 100 MPa for <60 min.

Mouse models were also used to test the immunogenicity
of HHP-treated cells. After the sixth day of the subcutaneous
injection in the flank, subcutaneous tumors were observed in
the majority of mice.

When the treatment duration was 1 min, the group treated
with 500 MPa had a significantly different V compared with
other groups at day 14 (Fig. 3A; P<0.05). When the duration
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Figure 2. Clonogenic assay and detection of immune effect. (A) Colony-forming ability of tumor cells after HHP treatment. Data are presented as the
percentage of the CFU, which was compared with the control group. (B) Results of the delayed-type hypersensitivity test. Each set of data was acquired
from three independent tests and presented as the mean + SD. n=3. "P<0.05, “P<0.01, ““P<0.001. HHP, high hydrostatic pressure; CON, control; CFU, colony

forming units.

of HHP was 5 min, the groups treated with 200, 300 and
500 MPa had a significantly decreased V compared with other
groups (Fig. 3B; P<0.01). Furthermore, when the treatment
duration was 10 min, the groups treated with 200, 300 and
500 MPa also had a significantly decreased V compared with
other groups at day 14 (Fig. 3C; P<0.01). When the treatment
duration was =30 min, 200, 300 and 500 MPa groups had a
significantly decreased immune effect compared with the
other groups (Fig. 3D-F; P<0.001); however, there were no
significant differences between these three groups (P>0.05).

After 2 weeks of the injection, bioluminescence was inves-
tigated (Fig. 4). The immunofluorescence results suggested
that a pressure of 2200 MPa could be used to develop a vaccine
to suppress tumor growth, when the duration of pressure was
=30 min.

Discussion

A previous study reported the importance of the immune
system for treating melanoma (35). Moreover, as a promising
therapeutic method, an autologous malignant cell vaccine has
been used to treat correlative tumors (36). A previous study
suggested that inactivated cancer cells may be used as vaccines
for malignant diseases (37). However, for their potential use as
an anti-tumor treatment, it is important to inactivate the cancer
cells (38). Moreover, cell inactivation should be in line with the

three basic principles: i) Complete inactivation of tumor cells;
ii) maintaining the immunogenicity of cells; and iii) adherence
to the laws and ethical guidelines, and the immunogenicity of
the inactivation cells and method of inactivation are directly
associated with the treatment effect. Retaining immunoge-
nicity is the most important process and the most significant
challenge facing the development of autologous whole tumor
cell-based vaccines (36). Furthermore, these vaccines possess
qualities that targeted antigens do not, which can be identified
prospectively, and they can deliver numerous tumor-associated
antigens, which are highly expressed self-antigens. In contrast
to neo-antigens, autologous whole tumor cell-based vaccines
should only be able to activate the remaining low-affinity
T cells and would have to break self-tolerance (36). Moreover,
several additional methods have been developed to overcome
these limitations, such as the addition of adjuvants, repeated
vaccinations or co-stimulators (39). It has been reported that
whether the inactivated cells are immunogenic or not depends
on the inactivation methods of the cells, as well as the cell
death-initiating stimulus (40). Furthermore, certain cell death
inducers result in the exposure of immunogenic factors on the
surface or the release of immunogenic signals into the extra-
cellular fluid (41). In addition, the same anticancer agent can
cause the release of signals from certain tumor types, which
is due to the fact that this release requires the intervention of
specific signal transduction pathways (40).
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Figure 3. Volumes of subcutaneous tumors. (A) Treatment duration is 1 min. (B) Treatment duration is 5 min. (C) Treatment duration is 10 min. (D) Treatment
duration is 30 min. (E) Treatment duration is 60 min. (F) Treatment duration is 120 min. The different colors of the graphs exhibited volumetric change of every
group. Each set of data, which were acquired from three independent tests, were presented as the mean + SD. n=3, "P<0.05, “P<0.01, ““P<0.001. CON, control.

Although HHP is known to denature proteins, it does
not affect the covalent bonds, meaning the primary and
secondary structures of the proteins are maintained, while
their tertiary and quaternary structures are changed (42). A
previous study showed that HHP-treated tumor cells affect
the antigenic pool and DCs and HHP-killed tumor cells
may induce CD8* T cell-mediated responses (43). Moreover,
HHP-treatment induces immunogenic tumor cell death, and
the interaction between tumor cells killed with HHP and
DC results in the phagocytosis of cancer cells and activation
of DC (44). Thus, previous studies have suggested that the
treatment of HHP fulfils the main requirements for a clinical
vaccine, in that it inactivates tumor cells effectively, retains
the immunogenicity of the cancer cells, had no intrinsic
toxicity and complied with the requirements of the Good
Manufacturing Practice (19). Furthermore, HHP-treatment
is a simple and reproducible method (45). Therefore, this
vaccination has advantages over other preparation methods
such as radiation, freeze-thaw or heat treatment. Moreover,
the primary aim of the present study was to investigate
whether different durations and pressures affect the results
of the vaccination.

When tumor cells were treated with different pressures for
the different durations, the effects on tumor cell death and the
structures of cellular elements were different (19). Necrotic
cells induce inflammatory processes; however, apoptotic cells

primarily cause anti-inflammatory reactions (46). In the present
study, it was demonstrated that the treatment durations did not
affect the viability of the tumor cells when the pressure was
50 or 100 MPa; the immune reactions induced by these cells
were too low to affect the development of tumors. However,
when the pressure was =200 MPa, it elicited a strong effect on
cell viability. Moreover, when the pressure of HHP treatment
was 100-300 MPa, the degeneration of protein was reversible;
however, when the pressure was =300 MPa, the denaturation
of protein was irreversible (47). It was also indicated that HHP
treatment with =200 MPa resulted in the death of tumor cells
in the first 24 h of the culture, and none of these treated tumor
cells could form new colonies.

The vaccination of whole cancer cells supplies a number
of antigens to the immune system, and this could result in
long-lasting anti-tumor immunity (19). A previous study has
reported that serum antibodies could be released by vaccines
of the treated cells (48). In the present study, the number of the
specific IgG antibodies treated by the HHP treatment (pressure
>200 MPa, duration =30 min) was not decreased. Moreover,
the repellent T-lymphocyte reaction, which was measured by
the DTH response, was significantly increased. Thus, these
results suggested that as the pressure increased and the dura-
tion prolonged, the immune effect of the melanoma cells could
not increase significantly, when the pressure =200 MPa and
the duration >30 min.
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Figure 4. Immunofluorescence in vivo. Images from the group that received 30 min treatment duration. The immune effect of the 50 MPa group and 100 MPa
group were not notably different. The groups of 200, 300 and 500 MPa, which were compared with the former groups, had significant differences with regards

to tumor inhibition.

It has been reported that HHP-treated cancer cells main-
tain their morphology, even for a number of weeks, and
have increased viscosity of the cytoplasm; this feature may
be important for an effective vaccine. Furthermore, it was
speculated that increased viscosity of the cytoplasm results
in a sustained released of relevant cell-derived antigens (49),
and these characteristics are important for the immunological
effect of malignant cells. Thus, these previous studies support
the utility of HHP treatment in the preparation of tumor cells
vaccines.

The present results suggest that different pressures and
treatment durations may change the final immune efficacy of
the vaccine. During HHP treatment, the pressure was distrib-
uted throughout the media and the pressure was distributed
evenly throughout the experimental samples; it has been
reported that the intensity of pressure propagates through all
flexible packing materials (50). As every compressed mate-
rial was given the same pressure quantity, any gradients were
mitigated, and thus the effects of HHP could not be attained
under the lower pressure (<200 MPa) and the shorter time
(<30 min). A previous study demonstrated that vaccina-
tion with HHP-killed cancer cells combined with local RTx
significantly inhibits tumor growth and improves survival in

tumor-bearing mice (51), using a compression time of 300 sec.
To the best of our knowledge, the present study was the first
to test the HHP-treated tumor vaccine efficacy at different
compression durations (1, 5, 10, 30, 60 and 120 min).

In the present study, a sensitive camera with a sufficient
exposure time was used to assess the emission of fluorescence
from fluorophores in the whole-body living animals, which is
known as fluorescence imaging in vivo (52). However, the thick
tissue of the mice can absorb and shelter autofluorescence,
and thus the equipment may not always receive and collect
the fluorescent signals (52); therefore, sufficient exposure time
and luciferase are required to complete the test. In the present
study fluorescence intensity results suggested that a pressure
of =200 MPa could be used to prepare a vaccine to suppress
tumor growth, when the treatment duration was =30 min.

It was speculated that the technique of HHP may represent
an alternative to efficiently develop whole-cell tumor vaccines,
when the pressure is 2200 MPa and the treatment duration
is =30 min. The present study not only assessed the effect of
different pressures on vaccine efficacy, but also the effect of
different pressure durations. Moreover, future work will focus
on the immunity mechanism of the vaccination, as well as the
optimum pressure and treatment duration in order to optimize
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immune stimulation. However, if the pressure is too high or
the duration is too long, this may decrease the immunogenicity
of the cancer cells; however, this requires further investiga-
tion. Moreover, vaccines are injected multiple times to break
the self-tolerance along with the appropriate adjuvants (53). A
limitation to the present study was the lack of other assays
to assess cell death, the cell cycle and the immunophenotype
of the tumor. In addition, there are numerous difficulties that
have to be overcome to develop beneficial tumor vaccines. The
development of tumor vaccines also has to follow the same
standard as radiotherapy and chemotherapy. Collectively,
the present study demonstrated a potential production method
for tumor-cell vaccines generated via HHP, and this provides
a basis for further investigation into the optimization of tumor
vaccines.
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