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Abstract
Purpose: CD4þCD25þFoxP3þ regulatory T-cells (Treg) are responsible for immunoevasion mechanisms induced by cancer.
Specific chemokines such as CCL22 are presumed to mediate active Treg trafficking into the tumour site. In this context,
the effects of irradiation and hyperthermia of tumour cells on Treg migration and the CCL22 concentration in the tumour
cell supernatants after treatment were studied. Moreover, the relationship between CCL22 concentration and Treg cell
migration was also examined.
Materials and methods: Treg and CD4þCD25� T-cells were isolated from human peripheral blood. Supernatants were
obtained from primary cell cultures derived from head and neck carcinoma patients. Tumour cell cultures were treated with
a dose of 2 Gy and hyperthermia (41.5�C) or with hyperthermia or irradiation alone. Cancer cell culture supernatants
were then used for a transmigration assay.
Results: Treg and CD4þCD25� T-cells showed an increased transmigration towards supernatants of hyperthermia-treated
tumour cells. After combined application of hyperthermia and irradiation, Treg migration was similar to control levels,
but CD4þCD25� migration was still enhanced. Irradiation caused a significantly decreased Treg influx, whereas the
CD4þCD25� T-cell migration was not altered after the same treatment. Changes of Treg chemotaxis could be attributed to
a treatment-associated escalation of the CCL22 in the tumour cell supernatants.
Conclusion: The combination of irradiation and hyperthermia is able to modify transmigration of tumour infiltrating
lymphocytes beneficially and individually. In this in vitro system hyperthermia alone negatively impacts the immune response
by selectively recruiting Treg, whereas hyperthermia with the addition of irradiation negates this effect.
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Introduction

CD4þCD25þFoxP3þ regulatory T-cells (Treg cells)

play an important role in maintaining immune

homeostasis; however, it has also been suggested

that they play a role in immunoevasion mechanisms

induced by cancer cells. Active Treg cell recruitment

by tumour cells suppresses the cytotoxic immune

response by generating an immunoevasive environ-

ment. Immunodepression, especially mediated by

Treg cells, is a characteristic feature of head and neck

squamous cell carcinoma (HNSCC) [1] and ovarian

carcinoma [2].

It has been shown that Treg cells are increased in

the circulation of patients suffering from head and

neck cancer with 10%� 4.7% Treg PBMC�1 cells

compared to a control group with 5.4� 2.7% Treg

PBMC�1 cells [3] and down-regulate functional

CD8þ effector T-cells, which might inhibit antitu-

mour immune response in this type of cancer. The

number of peripheral Treg cells is inversely corre-

lated with total CD8þ T-cell subset representing Tc1

and Tc2 cells, which are capable of lysing tumour

cells [4]. A significantly higher proportion of Treg

cells was also found in the peripheral blood of
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patients with gastric and oesophageal cancer depend-

ing on tumour stage. After curative resection, Treg

cell levels returned to normal. This observation

suggested that tumour-related factors induce,

expand and localize Treg cells [5].

In this context it has been demonstrated that

tumour cells and microenvironmental macrophages

produce the chemokine CCL22, which enhances

Treg cell infiltration into the tumour triggered by a

specific CCR4 receptor-ligand interaction [2]. In

addition, higher levels of intratumoural CCL22

correlate with an elevated presence of Treg cells in

gastric cancer [6]. CCL22 was also identified to play

an important role in trafficking Treg cells into head

and neck tumours [7], where they accumulate

preferentially [8]. Intratumoral accumulation of

Treg cells could be associated with inferior survival

rates of patients with ovarian cancer and served as

a negative prognostic factor [2, 9]. Similarly, it was

suggested that a high frequency of Treg cells at

the tumour site of head and neck carcinoma patients

is affiliated with a poorer prognosis, especially in

advanced stages [1].

As a consequence of these observations, several

theoretical approaches to modify cancer immu-

notherapy have been considered, e.g. a humanized

anti-CCR4 monoclonal antibody (defucosylated chi-

meric anti-CCR4 IgG1 mAb KM2760) to block

receptor-ligand mediated routing of Treg cells

into the tumour [10] or intratumoral CD4þ deple-

tion by means of anti-CD4 antibodies. In transplant-

able mouse tumour models, the administration of

antibodies to CD4 (mAb GK1.5) or CD25

(mAb PC61), which effectively antagonizes

Treg cell function, evoked impressive tumour regres-

sion and protection against subsequent tumour

challenges [11].

In addition to these hypothetical molecular biolo-

gic methods, the influence of established therapeutic

options like hyperthermia on the intratumoural

immunological microenvironment was investigated.

Experimental studies and clinical trials focused on

the effects of hyperthermia on T-cell activation,

differentiation and transmigration towards the

tumour site. A redistribution of T-cell subpopula-

tions as well as a change in the cytokine profile

of patients suffering from solid tumours could be

detected following hyperthermia [12]. Moreover,

local hyperthermia led to a modified CD4þ/CD8þ

ratio and an activation of NK cells [13–15]. Several

studies demonstrated that the presence of large

numbers of tumour-infiltrating CD8þ T-cells or

NK cells and a higher CD8þ/Treg cell ratio were

associated with a favourable prognosis in colorectal

[16–18], ovarian [19, 20], pancreatic [21] and

oesophageal carcinoma [22, 23].

Particularly the combination of hyperthermia and

irradiation is able to potentiate antitumoural effects

in vivo. A significantly better tumour control is

obtained in carcinoma of the head and neck region

by application of local hyperthermia combined with

radiotherapy compared to radiotherapy alone [24].

Furthermore, brachytherapy, hyperthermia and che-

motherapy not only improve local tumour con-

trol when used in combination, but also reduce

side effects such as osteoradionecrosis or oral

mucositis [25].

The aim of this study was to evaluate the ability of

ionizing radiation, hyperthermia and the combination

of both to modify the chemotactic capability of cancer

cells. The chemotaxis of CD4þCD25þFoxP3þ regu-

latory T-cells and CD4þCD25� T-cells on super-

natants from patient-derived primary tumour cells

were studied. The association of the chemotactic

activity with the CCL22 concentration in the super-

natant was examined.

Materials and methods

Treg cell isolation

Peripheral blood mononuclear cells (PBMC) from

healthy donors were isolated from heparinized

venous blood by Biocoll (Biochrom, Berlin,

Germany) density-gradient centrifugation. Treg and

CD4þCD25� T-cells were then isolated from the

PBMC pool using magnetically labelled antibodies

(MACS� Micro Beads, Miltenyi Biotec, Bergisch-

Gladbach, Germany).

Tumour cell cultures

Tumour biopsies were obtained from 20 patients with

head and neck squamous cell carcinoma (Department

of Oral and Maxillofacial Surgery, Friedrich-

Alexander-University Erlangen-Nuremberg). The

cohort included 16 male and 4 female subjects aged

from 38 to 91 years. All patients had histologically

proven HNSCC, with one cancer originating in

the larynx, two in the oropharynx, three in the

nasopharynx, four in the hypopharynx and ten in the

oral cavity. Twelve out of 20 patients had T3 or T4

disease and nodal metastases (Table I).

Tumour cell separation was accomplished using a

collagenase-based enzymatic digestion (ProteoExtract�

Tissue Dissociation Buffer Kit, Calbiochem, Merck

Chemicals, Darmstadt, Germany). Tumour cells,

including stromal cells of the tumour, were then

resuspended in Dulbecco’s modified Eagle’s medium

(DMEM) (Biochrom, Berlin, Germany) supplemen-

ted with 10% foetal calf serum, 1% L-glutamine,

100 units cm�3 penicillin, 10mg cm�3 streptomycin

and cultured under standard conditions (37�C,
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5% CO2). Cells were used to generate supernatants

up to the fifth passage.

Tumour cell treatment and generation of supernatants

Tumour cells were transferred into 12-well plates at

a density of 1� 106 cells cm�3 and after 24 h treated

sequentially with a dose of 2 Gy X-rays (120 kV,

Isovolt Titan, General Electrics, Ahrensburg,

Germany) and hyperthermia (41.5�C) for 2 h, or

hyperthermia and irradiation alone, respectively. The

dose of 2 Gy was chosen because of its clinical

relevance in conventionally fractionated radiotherapy

of head and neck squamous cell cancer. Additionally,

the 2 Gy leads to a loss of clonogenicity in only

a limited number of cells (range 20–30%) and

therefore could actively secret cytokines.

Continuous monitoring of the temperature directly

within the wells during the application time verified

that the incubator conditions produced a stable

hyperthermic environment of 41.5�C� 0.07�

(Figure 1). After an incubation time of 96 h and

treatment under standard conditions, supernatants

were used for a chemotaxis assay. Supernatants of

untreated tumour cells served as control.

Chemotaxis assay

Chemotaxis 96-well assay plates (MultiScreen�-

MIC Plate, Millipore, Schwalbach, Germany) with

an inserted 3 mm pore size membrane were used for

the T-cell transmigration towards tumour cell super-

natants. Lymphocytes were added to the upper

compartment (50mL at a density of 1� 106 cells

cm�3) and tumour cell supernatants (200 mL) to

the lower one. After a transmigration time of 2 h,

cells were fixed on the membrane (Figure 2) for

15 min in 4% paraformaldehyde, permeabilized

for 10 min in 0.1% Triton X-100 and DAPI stained

(Figure 2C). The number of infiltrating T-cells was

counted using fluorescence microscopy and a semi-

automatic image analysis software (COUNT,

Biomas, Erlangen, Germany) (Figure 2A, B, C).

Enzyme-linked immunosorbent assay (ELISA)

The amount of CCL22 in the tumour cell culture

supernatants was estimated with an ELISA kit

(Human MDC/CCL22 Quantikine�, R&D

Systems, Wiesbaden-Nordenstadt, Germany) per-

formed according to the manufacturer’s instructions.

Statistical methods

A t-test was used to specify statistical significance for

the mean values of chemotaxis assay and ELISA

data. Pearson correlation coefficient was applied to

describe interdependence of CCL22 concentration

and Treg cell migration. Mean differences were

considered significant at the confidence level

of p� 0.05.

Results

Treg cell migration

The migration of Treg cells after treatment with

supernatants from tumour cells was studied first.

The supernatant is the medium derived from primary

tumour, which was treated with radiation or

Table I. Clinicopathological features of patients with
HNSCC included in the study.

n

Age (years) mean (range) 59 (38–91)

Sex

Male 16

Female 4

Total 20

Tumour site

Larynx 1

Oropharynx 2

Nasopharynx 3

Hypopharynx 4

Oral cavity 10

Tumour stage

T1 3

T2 5

T3 5

T4 7

Nodal status

N0 8

N1 2

N2 10

HNSCC, head and neck squamous cell carcinoma.

Figure 1. Temperature profile on the heating plate and in
the cell medium: T1 is the temperature of the heating plate
and T2 is the temperature in the medium containing the
tumour cell suspensions. Temperature is regularly mon-
itored during the application of hyperthermia over the
period of 2 h.
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hyperthermia, or the combination of both, and then

cultured. After 96 h the medium was removed from

the cells, centrifuged to remove cells and debris, and

used in the chemotaxis assay. T-cells with an average

diameter of 5–10 mm had to transmigrate a mem-

brane with 3mm diameter pores attracted by the

chemokines of the supernatant (Figure 2D). Due to

the relatively wide inter-individual variation of the

absolute values, the data were normalized to the

controls. Irradiation alone reduced Treg cell migra-

tion by 60% compared to the untreated control

(p¼ 0.03). Combined application of hyperthermia

and ionizing radiation did not intensify Treg cell

migration significantly (p¼ 0.55). In contrast, the

supernatants of hyperthermia-treated tumour cells

induced an increased Treg cell transmigration by an

average of 81% (p¼ 0.001) (Figure 3A).

CD4þ T-cell migration

Additionally, the migration of CD4þCD25� T-cells

under the same conditions as the Treg cell migration

Figure 2. T-cells migrating through the membrane in the chemotaxis assay (A): After a transmigration time of 2 h, migrated
T-cells were fixed on the membrane with 3 mm pores and stained with DAPI. Membranes showing high (B) and low (C)
T-cell transmigration at a magnification of 200�. (D) T-cells (bold arrow) transmigrate through 3 mm pores (small arrow)
in the membrane (630�).
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was studied. Ionizing radiation did not alter the

chemotaxis of CD4þ cells. However, the combined

treatment of radiation and hyperthermia increased

transmigration of this T-cell subpopulation by 43%,

independently of the sequence of application

(p¼ 0.001; p¼ 0.006). Similarly to the effects

shown for Treg cell infiltration, hyperthermia

increased CD4þCD25� T-cell migration by 107%

(p¼ 0.001) (Figure 3B).

CCL22 concentration

CCL22 concentration varied widely between patients

due to interindividual variation, but tended to be

more uniform after treatment (Figure 3C). Ionizing

radiation did not lead to an increased level of CCL22

in the tumour microenvironment compared to the

control (p¼ 0.27). Radiation followed by hyperther-

mia caused a mean increase of 26% (p¼ 0.01), and

19% (p¼ 0.02) for the sequential application

in reversed order. Hyperthermia induced a promi-

nent level of CCL22 into the supernatant, demon-

strating an increase of 76% relative to the control

(p¼ 0.001) (Figure 3D).

Correlation of Treg cell chemotaxis with CCL22

concentration

It became evident that there is a positive correlation

between the altered CCL22 concentration in the

supernatants of tumour cells after treatment and the

corresponding changes of Treg cell migration

towards the tumour cells (r¼ 0.74; p¼ 0.02). The

enrichment of CCL22 in supernatants produced by

hyperthermia-treated tumour cells was associated

with a significantly stronger Treg cell infiltration

(Figure 4A, B). The combination therapy including

irradiation reduced CCL22 concentration as well as

Treg cell migration. Interestingly, sole application

of irradiation decreased CCL22 concentration and

Treg cell migration below control level.

Discussion

Hyperthermia combined with radio- and/or chemo-

therapy is a method to increase tumour control with

minimal increase in toxicity. Therefore, hyperther-

mia is used in radical treatment schedules for many

tumours, including head and neck squamous cell

Figure 3. Relative changes of Treg (A) and CD4þCD25� cell (B) migration towards tumour cell supernatants. Changes of
absolute CCL22 concentration in tumour cell culture supernatants exemplified for five patient cell lines (C) and relative
changes of CCL22 concentration (D). The untreated control was compared to tumour cell treatment with ionizing radiation
(IR), sequential application of irradiation and hyperthermia (IRþHyp) or in reversed order (Hypþ IR) and hyperthermia
alone (Hyp). Each point represents the average� standard deviation of 3 independent experiments (n¼ 20). Values marked
with an asterisk are significantly different (p� 0.05) from the untreated control.
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cancer [26]. Due to the combined therapy, improved

local tumour control can be achieved without toxic

doses. Furthermore, improved outcome is probably

supported by a modified immune response against

the tumour [12, 13].

The importance of tumour-infiltrating lympho-

cytes (TIL) was underlined by recent studies on anal

squamous cell carcinoma following chemoradiation.

Tumour-infiltrating lymphocytes were also identified

as a negative prognostic indicator in this type

of cancer with granzyme Bþ cytotoxic cells indicating

a significant association with poorer outcome

(p¼ 0.008). This was explained by the selection

of therapy-resistant tumour cell clones. Moreover,

high numbers of CD3þ and CD4þ T-cells correlated

with an inferior 3-year survival in this study [27],

however, no prognostic influence of Treg cells was

found. Lymphocyte homeostasis was possibly

affected by the chemoradiation protocol in this case.

Head and neck squamous cell carcinoma patients

with active disease had significantly lower CD3þ,

CD4þ and CD8þ T-cell counts in the peripheral

blood than healthy donors [28]. This observation

affirms that patients with HNSCC have an

altered lymphocyte homeostasis. Knowledge of

local immune responses is important for the

development of immunotherapeutic strategies.

Using hyperthermia and radiation, especially in

combined treatment schedules, T-cell infiltration

and interaction seems to be modified beneficially.

In this in vitro study, we showed that

hyperthermia-treated head and neck tumour cells

induced an increase in Treg cell migration by 84%,

while radiation alone reduced Treg cell chemotaxis

by 60% compared to the untreated control. After

combined treatment of hyperthermia and irradiation,

Treg cell migration was in the range of control levels.

It is likely that altered chemotaxis is mainly

associated with a concomitant escalation of CCL22

concentration in the tumour cell culture. Our results

demonstrate that 2 h hyperthermia increased the

CCL22 concentration in head and neck squamous

cells of HNSCC patients by 76% compared to

the untreated control. In contrast, irradiation alone

did not change the level of CCL22 significantly.

It has to be taken into consideration that Treg

cell migration is not only an effect of the CCL22

production of cancer cells. CCL17 and CCL22 were

both identified to specifically recruit Treg cells into

the cerebrospinal fluid in lymphomatous and carci-

nomatous meningitis [29]. Additionally, CCL17 and

CCL22 levels within the tumour microenvironment

are related to accumulation of Treg cells in gastric

cancer [6]. Analysis of the CCL22 and CCL2

concentrations in glioblastoma multiforme super-

natants indicated that CCL2 may be the principal

chemokine for Treg cell migration in this type

of tumour [30]. The increase of the CCL22 concen-

tration in the tumour microenvironment of the head

and neck tumour cells in our in vitro studies was

sufficient to recruit Treg cells. These results suggest

that CCL22 in head and neck tumour cell micro-

environment may be the main cause of Treg cell

attraction in HNSCC patients. Validation of these

results in clinical in vivo studies is now necessary.

The clinical significance of CD4þCD25� T-cells

inside tumours is controversial. A higher number

of tumour infiltrating CD4þ T-cells was found to

be a favourable prognostic factor in pancreatic

adenocarcinomas and oesophageal squamous cell

carcinomas [31, 32]. This observation is explained

by an improved interaction between CD4þ and

CD8þ T-cells and a consecutive activation

of antitumoural cytotoxic mechanisms as well as an

overcoming of a so-called CD8þ lethargy in the

presence of CD4þ [33]. On the other hand, it was

reported that an increased level of tumour-infiltrating

CD4þ T-cells leads to inferior outcome in renal

Figure 4. Correlation between CCL22 concentration and
Treg cell transmigration after tumour cell treatment (A)
and the mean values of each group (B) after treatment with
ionizing radiation n¼ 14 (IR), sequential application of
irradiation and hyperthermia n¼ 14 (IRþHyp) or in
reversed order n¼ 12 (Hyp + IR) and hyperthermia alone
n¼ 12 (Hyp). Each point represents the value derived from
the supernatant or cells of a single patient. For each point
the average and standard deviation of three independent
experiments are indicated as error bars.
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cell carcinoma [34, 35]. This controversial issue

probably results from the fact that these two studies

do not differentiate between CD4þCD25� and

CD4þCD25þ regulatory T-cells, which means that

prognostically unfavourable Treg cells are incorpo-

rated into the CD4 pool.

Our in vitro studies demonstrate that in contrast to

the Treg cells migration behaviour, CD4þCD25�

T-cell influx was not only increased after 2 h thermal

exposure of tumour cells, but also remained heigh-

tened after exposure to combined treatment.

Ionizing radiation alone did not reduce the migra-

tion of CD4þCD25� T-cells compared to the

untreated control.

The CD4þCD25�/Treg cell migration ratio was

introduced in order to compare the opposed effects

of treatment protocols on the chemotactic profiles

of these two different T-cell subtypes. For hyperther-

mia alone, migration ratio is 1.1, which indicates

that thermal exposure of tumour cells similarly

enhances CD4þCD25� and Treg cell migration.

A migration ratio of 1.5 and 1.7, results from

combined application of hyperthermia and irradia-

tion, respectively, reflecting that Treg cell infiltration

lags behind an increased CD4þCD25� attraction.

Supernatants of irradiated tumour cells caused

a migration ratio of 2.8, which means that elevated

CD4þCD25� transmigration exceeds the effect

of Treg cell invasion.

Conclusion

Our results indicate that the migration behaviour

of tumour infiltrating lymphocytes can be influenced

by the use of individual or combined treatment

schedules of hyperthermia and irradiation. We

showed that the target orientated application is able

to selectively affect prognostically important immune

cells. Moreover, it became evident that the cytokine

profile of head and neck tumour cells is altered after

thermal exposure and irradiation. The modification

of specific chemokine levels are directly associated

with varied lymphocyte attraction. We conclude from

this study that the antitumoural immune response,

represented by the lymphocyte transmigration and its

interdependency with neoplastic cytokine expression

can be changed in a beneficial way by employing the

wide array of current therapeutical approaches like

hyperthermia and irradiation. We point out that

unfavourable Treg cell infiltration is increased by

employing hyperthermia alone, but reset to control

levels when combined with irradiation. This finding

supports the current concept that local or regional

hyperthermia must not be used alone, but rather,

in combination with established antineoplastic

treatments like radiotherapy, chemoradiation, and

chemotherapy in the clinical setting of cancer

therapy.
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