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Simple Summary: In the fight against cancer, the emergence of immunotherapy has shifted the
treatment paradigm. Immune therapy utilizing gamma delta T, whereby the cells are expanded ex
vivo, then adoptively transferred, have shown the potential to induce durable responses, while being
well-tolerated, with limited adverse effects. However, as efficacy varies across tumor types, only
a subset of patients show response to treatment. To overcome these obstacles, one segment of re-
search has been to enhance the ability of these cells to infiltrate tumor sites. Hyperthermia is an
age-old form of therapy by which malignant tissue is subjected to heat, locally or systematically.
Modulated electro-hyperthermia is one clinically-approved technique, whereby cancer cells are se-
lectively targeted with energy-transmission from an electromagnetic field to induce anti-tumor ef-
fects. This method has shown proclivity to induce immunological responses. The study explores
the effects of combining these two modalities in vitro and in animal study.

Abstract: 0T have functions of innate and adaptive immunity, with the potential to induce dura-
ble responses while being well-tolerated, with limited adverse effects, making it attractive as a tool
for immunotherapy. V0T faces challenges as a frontline tool in clinical oncology, with limited re-
sponse rates due to difficulties in reaching tumor sites with consistent cytotoxic activity and
strength. Modulated Electro-hyperthermia (mEHT) is a loco-regional treatment, whereby energy-
transmission from an electromagnetic field selectively targets the plasma membrane of tumor cells,
inducing apoptosis and activating immune cells. We hypothesized that mEHT could enhance ther-
apeutic effects by drawing yOT to tumor cells, while also rendering tumor cells to be more suscep-
tible to cytotoxic effects. In this study, NOD/SCID mice harboring subcutaneous human HepG2
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tumors were treated with intravenous injections of ydT after mEHT treatment. This method in-
creased infiltration of ydT into the tumor site, significantly inhibiting tumor growth as compared to
monotherapy with either modality. These data suggest that yOT could mediate a potent anti-tumor
effect when combined with mEHT, and provide a strong rationale for combining these modalities
in clinical application for cancer treatment.

Keywords: YT, gamma delta T, tumor-infiltrating lymphocytes, TIL, cell therapy, cancer immuno-
therapy, hyperthermia, modulated electro-hyperthermia

1. Introduction

In the span of a few years, immunotherapy has become the most promising approach
to the treatment of cancer [1]. Utilized as a second-line therapy, add-on immunotherapy
is a vital tool for end-stage and refractory cancer [2]. Immunotherapy has also shown the
ability to effectively prevent tumor recurrence after surgery or radiotherapy [3]. Roughly
1-5% of T-cells in human peripheral fluids express yd receptors instead of conventional
af receptors [4]. These cells, termed as yOT, have functions of innate and adaptive im-
munity, making them an attractive option for use as an immunotherapy agent [5]. ydT
can produce inflammatory cytokines, directly lyse infected or malignant cells, and build
remembrance to attack pathogens upon repeat exposure. The potential of yoT in tumor
immunotherapy is promising and has been applied to Phosphoanigen (PAgs) or
aminbisphosphonates (N-BP) plus interleukin-2 in vitro, or after adoptive transfer in vitro
expansion culture (ex vivo) [6]. Numerous clinical trials have applied adoptive transfer
0T to various cancer types [7], including bone marrow cancer [8], advanced kidney can-
cer [9], advanced prostate cancer [10], etc. Results have been mixed, although patients
have been shown to be stable, including many cases of remission. These trials have also
shown yOT to be safe, and side effects to be rare. While promising, yOT still faces chal-
lenges as a frontline tool in the fight against cancer, facing difficulties in reaching tumor
sites as well as consistency of yOT strength and activity.

It has been reported that the percentage of yOT infiltrating the inflammation site is
particularly high, and recent studies have found y0T attracted to heat shock proteins
(HSP) of inflammation sites begin to generate immune responses [11]. In cancer patients,
there were also reports that HSP produced by tumor cells can trigger T-cell receptor (TCR)
recombination of ydT, and increase the anti-tumor effect of yOT [12]. Regional hyper-
thermia is an effective method to induce heat shock proteins production by tumors [13].
Thus far, no literature has explored the potential of combining hyperthermia and ydT
therapy.

Hyperthermia (HT), in modern clinical practice for cancer treatment, is used mainly
in combination with radiotherapy or chemotherapy [14, 15]. To achieve fever-like tem-
perature (< 42°C) at the tumor site, various HT techniques have been used [16, 17]. Ra-
diofrequency (RF) is the most common method to heat deep-seated tumors, using a pair
of capacitive electrodes placed on opposite sides of the patient’s body. Modulated elec-
tro-hyperthermia (mEHT, trade name Oncothermia) is a loco-regional electromagnetic
system, utilizing capacitive-impedance coupled 13.56MHz radiofrequency current (RF) to
selectively destroy malignant cells [18-20]. mEHT has been in clinical use in Europe for
more than two decades [21-23]. The energy of the RF is selectively absorbed by tumor
tissues due to its relatively higher ionic concentration around the tumor milieu, which in
turn causes massive apoptotic cell death, even when below cytotoxic temperature range
[19, 20, 24, 25]. In previous studies, we showed that mEHT could induce heated tumors
to release more Hsp70 into the extracellular environment than other forms of hyperther-
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mia [13, 26]. The released Hsp70 serves as a danger signal that alters the tumor microen-
vironment (TME) into a more immunological-responsive milieu, including one for im-
mune cell infiltration [26].

In this study, we hypothesized that mEHT could enhance the infiltration of ydT into
tumor sites, enabling greater efficacy for killing cancer cells, while maintaining the safety
of ydT monotherapy. Such results would provide strong rationale for combining these
modalities in the treatment of cancers.

2. Materials and Methods

Cancer cell line culture

HepG2, Huh7.5.1, and A549 cells were cultured at 37°C in a humidified atmosphere
of 95% air, 5% CO2(v/v) in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher
Scientific Inc., Waltham, USA) supplemented with 10% heat-inactivated fetal bovine se-
rum, 100 units/mL penicillin, and 100pg/mL streptomycin (Thermo Fisher Scientific).
HepG2 (BCRC 60025) and A549 (BCRC 60074) were purchased from BCRC (Bioresource
Collection and Research Center, Hsinchu, Taiwan). Huh7.5.1 was a kind gift from Taipei
General Veterans Hospital, originally taken from a liver tumor of a 57-year-old Japanese
male.

Isolation of PBMC and yOT cell culture

Informed consent was obtained for the collection of peripheral blood (PB) from
healthy volunteers. Peripheral blood mononuclear cells (PBMC) were isolated from hep-
arinized peripheral blood of healthy donors by density gradient centrifugation using Fi-
coll-Paque PLUS (GE Healthcare, Piscataway, NJ). PBMC was stimulated with 5pM
zoledronate (Novartis, Basel, Switzerland) in AIM-V medium (Gibco, Grand Island, NY,
USA), supplemented with 1000 IU/mL human recombinant IL-2 (Proleukin, Novartis
Pharmaceuticals, Canada) at 37°C, in an atmosphere supplemented with 5% CO2. Fresh
medium containing IL-2 (1000 IU/mL) was added every two to three days, and the cul-
tures were transferred into new flasks or culture bags as necessitated by the degree of cell
growth. After stimulation for 12 days, ex vivo expanded ydT were harvested and
screened for the percentage of CD3+TCRVY9+T cells.

Cytotoxicity assay

Cytotoxicity assays were performed using the CytoTox 96 non-radioactive cytotoxi-
city assay (Promega Corp, Madison WI, USA), according to the manufacturer’s protocol.
Briefly, a total 5x10° target cells were seeded in a 96-well flat plate overnight. The ex vivo
expanded yOT as effector were distributed in triplicate at effector: target (E:T) cell ratios
0f10:1, 5:1 and 2.5:1.  After a 16h incubation at 37°C in an atmosphere supplemented with
5% CQO2, the supernatant in each well was harvested and transferred to a new plate. The
fluorescence emitted by the samples was measured using a microplate reader (Multiskan
FC, Thermo). The absorbances were measured at A =490nm. The percentage cytotoxi-
city for each E/T was calculated as (Experimental culture medium background) - (Effector
cell spontaneous release - culture medium background) - (Target spontaneous release -
culture medium background) / (Target maximum release - volume correction control -
Target spontaneous release - culture medium background) x 100.

Real-time digital bio-imaging cytotoxic assay

The target cells (2x10* per well) were incubated in each well of a 96-well flat plate
overnight. The ex vivo expanded yOT (4x10* per well) were seeded in the well. The plate
was spun before being placed in the cell imaging multi-mode plate read-er Cytation™ 3
(Biotek, Winooski, VT). The assay was performed at 37°C, in an atmosphere supple-
mented with 5% CO2. Images of each well was collected every 5 min over 16h. Cell
images were processed using Gen5TM software (BioTek).
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Transwell migration assay

For analysis of ydoT migration, 1.5 x105 HepG2 cells were seeded into the lower cham-
ber of transwell plates (Costar, Cambridge, MA) overnight. Next day, 1.5x105 ex vivo ex-
panded yOT were transferred into the upper chamber of 5um pore size transwell plates
and allowed to migrate for 4h at 37°C. Each condition was set up in duplicate transwells.
Migrated yOT was then collected from the bottom wells and the cell numbers were quan-
tified by CD3+TCRVY9+ cell population using a flow cytometer (AccuriC6, BD Biosci-
ences).

Modulated electro-hyperthermia treatment (mEHT)

Electromagnetic heating was conducted using capacitive-coupling with an ampli-
tude-modulated 13.56-MHz radio-frequency (LabEHY, Oncotherm, Germany). The
mEHT technical details of the method is readily available [29]. An in vitro heating model
was established in an electrode chamber (LabEHY in vitro applicator), which was heated
to 42°C for 30 min, at a mean power of 8~9 W. The cells were placed in a chamber with
culture medium at 42°C for 30 min. Tumor implants in the right femoral area of
NOD/SCID mice were placed in the parallel electric condenser of the heating circuit, as
described elsewhere [28]. The treatment groups were given a single shot of mEHT for 30
min, at a mean power of 1.5W, under 100mg/kg Ketamine and 10mg/kg Xylazine anes-
thesia. Intratumoral temperature was maintained at ~42°C on the treated side of each
mouse, as measured using optical sensors (Luxtron FOT Lab Kit, LumaSense Technolo-
gies, Inc., California, USA). The subcutaneous temperature underneath the electrode
was maintained at 38°C or 42°C.

Animal study

Six to eight weeks old NOD/SCID mice were purchased from BioLASCO (BioLASCO
Taiwan Co.) and 4 x 10> HepG2 cells were injected subcutaneously (s.c.) in the right fem-
oral areas. When the tumors reached 200mm? mice were separated to each group for
treatment as day 0. The mice of combined treatment group received twice treatment on
day 1 and day 2, with local mEHT treatment (as described above), and intravenous (i.v.)
injection of 5x10¢ ydT in 50uL on the following day. The mice of mEHT and yOT alone
group were also received twice treatment on day 1 and day 2. Each group comprised of
four to six mice. Tumor volume (mm?) of each group was recorded with length (L) and
width (W) every other day for three weeks and calculated by following the equation:
Length X (Width)?/2.

3. Results

3.1. Characterization yOT cell that culture from human peripheral blood

The purity and culture efficiency of ydT was confirmed by surface markers. T-cell
surface marker CD3 and T-cell receptor Vg9 were used to identified the ydT by flow cy-
tometry. After 12 days of in vitro culture in medium containing IL-2 and Zoledronic acid,
CD3 and V9 double positive cells increased significantly, from 2.1+1.65% to 85.1+6.33%
(Figure 1a and b).
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Figure 1. The phenotype of zoledronate-expanded ydT were investigated by flow cytometric anal-
ysis. Fresh peripheral blood mononuclear cells were cultured for 12 days and were stained with
anti-CD3 and TCRVY9 mAb. (a) Represented plots. (b) The number of CD3+ and TCRVy9+ double
positive cells. The data are the mean +/- SD for three independent experiments. *** indicates
p<0.0005.

3.2. The cytotoxicity of yOT cells on mEHT treated tumor cells

We hypothesized that cancer cells treated with mEHT would be more sensitive to
immune cells, enabling yOT to play a more proficient role in cytotoxicity to cancer cells.
In order to observe the ability of mEHT to weaken cancer cells and stimulate ydT cytotox-
icity under different temperatures, we divided the treatment of mEHT and water bath
control into 38°C and 42°C. The results showed that the cytotoxicity of YT against cancer
cells after mEHT treatment was significantly increased (Figure 2). This phenomenon was
observed at both of 38°C and 42°C. The lung cancer cell line, A549, was more sensitive to
the difference in temperature, and the virulence of 38°C is lower (Fig. 2a), while the lethal-
ity of 42°C is higher (Fig. 2b). However, in hepatoma cell lines, Huh7 and HepG2, both
38°C and 42°C displayed increased cytotoxicity of y0T to cancer cells after mEHT treat-
ment (Fig. 2c-f) versus water bath control at 38°C or 42°C.
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Figure 2. In vitro cytotoxicity assay in various human cancer cell lines after mEHT treatment. The
experimental process was displayed in the left column. The percentages of specific lysis by ydT cells
against A549 (a-b), Huh7 (c—d) and HepG2 (e-f) pre-treated with mEHT (OTM) or water bath (WB)
at 38°C (a-c) or 42°C (d-f) and untreated (Ctrl) were evaluated in a 16 hr CytoTox 96 nonradioactive
cytotoxicity assay. Data are shown as mean for three experiments.

3.3. mEHT enhanced ydT cell recognition and cytotoxicity to tumor cells observed by imaging
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This phenomenon of mEHT enhancing ydT recognition and cytotoxicity to tumor
cells was further confirmed by living cell microscopic imaging. Owing to the lower cy-
totoxicity of A549 cells in 38°C of mEHT treatment, A549 was used in this assay to verify
the killing effect. Video of ydT co-cultured with mEHT-treated A549 over time is avail-
able as Video S1. The enhanced cytotoxicity of yOT to A549 by 38°C of mEHT was di-
rectly observed by living cell microscopic imaging system after 10 hours co-culture (Fig.
3m-o0). Untreated co-culture of A549 and ydT (37°C control, Fig. 3a-e) and conventional
water bath control at 38°C (Fig. 3fj) did not show any sign of lysis.

0 hr

37°C
Control

38°C
Waterbath

38°C mEHT

Figure 3. The cytotoxicity of yOT cells on mEHT treated tumor cells observed by living cell micro-
scopic imaging. The CellTracker dye-labeled A549 cells were imaged by living cell microscopic im-
aging system after pre-treatment with 37°C control (a-e), water bath at 38°C (f-j), or mEHT (k-o),
then co-cultured with purified human primary ydT treated at the indicated time point. The fluores-
cent area of A549 were recorded and further analyzed using Gen5™ software.

3.4. The migration ability of yOT cells induced by mEHT treated tumor cells

Next, we used transwell method to analyze whether YT could be attracted by mEHT
treated tumor cells. In this experiment, variously treated tumor cells were seeded in the
bottom layer, while ydT was placed in the upper chamber. After four hours of co-culture,
the number of CD3+Vy9+y0dT cells was analyzed by flow cytometry (Fig. 4a). In the
mEHT groups, both at 38°C and 42°C, the migration of y0T was elevated as compared
with 37°C control group or water bath treatment groups of same temperature (Fig. 4b and
). Interestingly, the 42°C water bath treatment group also showed elevated migration
versus control (Fig. 4e).
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Figure 4. Quantitative and qualitative analysis of yOT cells migration assessed by in vitro
transwell assay. (a) Experimental design scheme of transwell migration assay. yOT cells
were seeded on the upper side of the transwell membrane. In the lower compartment,
various treatments HepG2 cells was added as a chemoattractant. (b-f) Flow cytometry
images of CD3+Vy9+ staining and cell number counting were analyzed at 4h after.

3.5. mEHT induced anti-tumor effect of yOT cell therapy in vivo

mEHT was administered to mice before y0T injection. Tumors were treated to de-
termine the direct therapeutic effect of mEHT-y0T therapy with v0T injected into the tu-
mor site 24h after mEHT treatment. The mice were measured for tumor size every 2 to 3
days until death (tumor size > 3000 mm?). mEHT-ydT therapy delayed local tumor
growth significantly (Figure 5). mEHT treatment alone also resulted in significant
growth delay compared to control or yoT alone (P < 0.05).

4000
3500 -
= mEHT
3000
—a—y5T
=@=mEHT+y5T
— 2500
£
E
£ 2000
wy
—
(=]
£
3
F 1500
1000
500

Days

Figure 5. Tumor growth inhibition. Mice were injected with 5 x 105 HepG2 tumor cells s.c.
in the right femoral area and treated with mEHT in mEHT alone and mEHT+ ydT group,
after 24h followed by ydT cells i.v. injection in ydT alone and mEHT+ ydT groups. The
treatments were repeated for two times with five days interval.

3.6. mEHT-y0T therapy increases tumor infiltrating leukocytes

In order to confirm the ydT migration generated following treatment with mEHT,
tumors from treated and control mice were extracted and processed for immunohisto-
chemical analysis 2 days after treatment. Tumor infiltrating human CD3+ leukocytes
were identified (Fig. 6a-c). The presence of tumor infiltrating CD3+ leukocytes signifi-
cantly increased in mice treated with mEHT-ydT, compared to those treated with mEHT
alone, 0T treatment alone, or control (Fig. 6g). The results indicated that mEHT could
recruit yOT into the tumor tissue and induce anti-tumor response.
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Figure 6. Inmune cell infiltration of tumor sites after mEHT and yOT treatment. (a-c) Rep-
resentative pictures of immunohistochemical analysis showed that human CD3 increased
in tumors treated with ydT and mEHT either alone or in combination. (d-f) H&E staining.
(g) Counting of infiltrated CD3+ cells in various treatments. The positive cells were calcu-
lated from one field and randomly selected from 10 fields. Error bars represent standard
errors. (***) P <0.001 (t-test) compared with the control.

4. Discussion

While ydT infusion ex vivo is generally considered safe, clinical experience has shown
the benefits to be limited. This study explored whether treatment with mEHT could in-
crease the therapeutic efficacy of ydT treatment. The principle is (1) mEHT can weaken
cancer cells and increase the cytotoxic ability of yOT towards cancer cells. (2) y0T is at-
tracted to heat shock proteins, and mEHT treatment leads to large amounts of heat shock
proteins in the tumor microenvironment, thereby increasing the number of tumor-infil-
trating yOT.

Recent studies on the clinical application of y0T have focused on allogeneic ydT
transfer, bispecific yOT engagers (bsTCEs), and chimeric antigen receptor (CAR) yoT [ 27] .
However, the pathway explored in these studies require further clinical trials for efficacy
and safety, meaning at the very least, numerous years from practical clinical application.
Alternatively, both un-adulterated yoT and mEHT therapies have been approved for clin-
ically use, with proven track records for safety.

In this study, we tested the difference in the cytotoxicity of y0T combined with mEHT
treatment. Analyzing the therapeutic effects of 38°C and 42°C heating treatment is an
unique way to analyze mEHT [19]. Studies have shown mEHT can play a therapeutic
effect at 38°C, without the need to reach 42°C [28]. The mild fever range of 38°C is less
likely to cause systemic discomfort to the patient, which makes it easier for the patient to
complete the treatment course. This study specifically added a comparison between
38°C and 42°C, hoping to confirm that mEHT at 38°C would also increase the therapeutic
effect of Y0T. The results of this study seem to corroborate this rationale that the cyto-
toxicity of yOT is enhanced with 38°C mEHT, and can be applied to clinical applications.

It has been reported that the expression of Hsp70 on the plasma membrane can in-
duce immunogenic cell death pathway and initiate innate and adaptive immune reac-
tions. Our previous studies have shown mEHT to induce tumors to release Hsp70 into
the extracellular environment [13, 26] . The released Hsp70 serves as a danger signal,
which alters the tumor microenvironment to a more immunological-responsive milieu,
inducing dendritic cell differentiation for antigen presentation. This could trigger cyto-
toxic T-cell response. In another study, we found a combination of mEHT and intra-tu-
moral injection of DC not only elicited anti-tumor responses locally, but also induced a
systemic immune response, including tumor-specific T-cells [ 26] . The ability of mEHT
to compel a high percentage of tumor cell apoptosis, and increase the release of Hsp70,
were key factors to induce tumor-specificimmune response.  Both Andocs et al. and our
lab have compared mEHT heating at 38°C and 42°C to other heating methods at 42°C.
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These studies revealed the existence of thermal and nonthermal effects occurring simul-
taneously during treatment by mEHT [13, 29, 30] . In the presence of high non-thermal
doses, powerful apoptotic forces overcome the protective facilities of HSPs and disrupt
cellular integrity [ 31]. The HSPs could translocate to the plasma membrane, to become
mHSPs [32]. The membrane expression of the major HSPs included Hsp25, Hsp60,
Hsp70 and Hsp90 [33]. The function of these HSPs were seen as double-edged, either
protecting the cell from apoptosis [34] or acting as a danger signal thereby stimulating
immune response [ 35] . This duality has led to uncertainties about the prognostic value
of HSPs on malignant cells [36]. When HSP is viewed as a stimulant of immune re-
sponse, cancer cell-released Hsp70 can induce activation of nature killer cells (NK) [37] .
mHsp70, mainly present in cholesterol-rich microdomains of cell membranes [38], is
shown to be induced by mEHT, attracting NK migration to the heated tumor site [39].
These observations consist with our results for yoT, which we believe to be comparably
more sensitive to HSPs, and should offer clinical benefit in combination with mEHT treat-
ment.

The mechanism by which ydT identify tumor cells and trigger cytotoxicity is not
clear. It may be related to the ability of ydT to recognize autophosphorylated antigens
(PAgs), such as isopentenyl pyrophosphate (IPP), accumulated in tumor cells and F1-
ATPase expressed on the surface of tumor cells. 0T can recognize some inducing mol-
ecules, such as MICA, MICB, ULBP and RAET1, Apoliportein A1, and Toll-like receptor
that are abnormally expressed in tumors [40]. +vOT recognizes tumor cells through
NKG2D receptors in an independent manner of MHC, akin to NK, meaning even when
tumor cells do not express MHC molecules, they can still be recognized and killed by yoT.
Current studies suggest that yOT infiltrates the tumor site through Chemokine receptors
such as CCR1, CXCR3, and CCRS5, while indicating this migration ability is specific [ 41] .
Previous studies have also shown that mMTOR manifestations, mitochondrial metabolism,
and increased Mevalonate metabolic pathways have resulted in the release of a large
amount of Phospho-antigen (pAg) from within the cell, directly activating ydT [42] . Our
current research also found that mEHT can promote the metabolism of the mitochondria,
which in turn increases the metabolic pathway of Mevalonate (unpublished data).

5. Conclusions

In conclusion, using mEHT to enhance the effect of yOT in treating cancer has major
advantages: 1) mEHT can selectively heat the tumor area; 2) mEHT can selectively gener-
ate heat spots on the cell membrane; 3) thermal activation caused by cell membranes can
induce apoptosis in tumor cells, while accelerating the movement of lymph and other cells
that are not tightly adhered to one another; 4) in various immune cells, YT are relatively
more sensitive to HSP; 5) mEHT may increase the mevalonate metabolic pathway by pro-
moting mitochondrial metabolism, thereby releasing more phospho-antigen (pAg) from
within the cell to directly activate y0T. Immune cell infiltration and tumor micro-envi-
ronment are currently hot topics in oncology. Numerous studies have shown electro-
hyperthermia to promote immune cell infiltration into the tumor-site. Our study demon-
strates that cell therapy combined with electro-hyperthermia is a viable multi-modality
option for the treatment of cancer.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Video S1: Video of ydT co-cultured with mEHT-treated A549 cells.
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