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Summary

The involvement of granulocytes in immune response against cancer is not
well understood. Depending on the cytokine milieu in which they act and on
their oxidative burst, granulocytes may play either an inhibitory or stimula-
tory role in tumour growth. Unsaturated fatty acids, essential components of
cellular membranes and storage lipids, are susceptible to granulocyte-derived
reactive oxygen species (ROS). ROS can induce lipid peroxidation (LPO)
resulting in the destruction of biomembranes. Thus, murine W256 tumour
progressing and tumour regressing animal models were used to study the
involvement of plasma inflammatory mediators and oxidative burst of circu-
lating granulocytes in malignant destruction and detrimental tumour growth.
The involvement of LPO-derived aldehydes (i.e. acrolein, 4-hydroxy-2-
nonenal and malondialdehyde) and myeloperoxidase (MPO) appearance in
the granulocyte anti-cancer response were further evaluated. The results
obtained revealed a significant increase in neutrophil elastase in animals with
regressing tumour. Furthermore, the presence of MPO in tumour microenvi-
ronment was accompanied by the formation of acrolein only 5 h after tumour
transplantation and its presence increased during tumour regression. Later, at
an early stage of tumour regression, the presence of other LPO-derived alde-
hydes were also observed. The results obtained suggest that elevated neutro-
phil elastase and initiation of LPO may play an important role in the tumour
development leading to tumour regression.
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Introduction

Granulocytes are the most abundant white blood cells, and
play a fundamental role in the innate immune response [1].
Despite their known function as professional phagocytes, the
role of granulocytes in tumour development has been con-
troversial, and has received little attention compared with
that of macrophages. Recently, it was reported that sponta-
neous regression/complete resistance to tumour cells is
mediated by rapid infiltration of leucocytes, mainly as a con-
sequence of innate immune response [2,3]. In addition, the
administration of granulocytes at the site of solid tumours
can lead to tumour regression or can slower tumour growth
and extend the overall survival of animals [4].

It is known that granulocyte activation is accompanied by
the intense production of reactive oxygen species (ROS) and
an extended release of destructive hydrolytic enzymes.

Granulocyte-derived ROS have been identified as effector
molecules of the oxygen-dependent killing of cancer cells
[5,6]. At low concentrations, ROS may function as physi-
ological mediators of cellular responses to various stimuli
[7]; however, over-production of ROS is cytotoxic. ROS react
with macromolecules, causing DNA damage, protein oxida-
tion and lipid peroxidation (LPO) [8]. LPO of polyunsatu-
rated fatty acids results in the destruction of biomembranes.
The final products of LPO are reactive aldehydes such as
acrolein, 4-hydroxy-2-nonenal (HNE) and malondialdehyde
(MDA) [8]. Unlike reactive free radicals, aldehydes are some-
what long-lived and can therefore diffuse from their original
site (i.e. membranes) and attack targets intra- and extracel-
lularly, which are distant from the initial radical event [8].
Moreover, activated granulocytes also employ myeloperoxi-
dase (MPO) to generate reactive aldehydes such as acrolein
that may play a role in tumour cell destruction [9].
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Cytokines are well-known modulators of the immune
response [10] controlling many cellular responses, such
as expression of the innate proinflammatory immune
response. Recently, the role of immune cells and cytokines in
both the pathogenesis of tumorigenesis and the therapeutic
response of tumours was reviewed [11]. Therefore, in the
present paper we wanted to elucidate the difference in
immune modulators [i.e. transforming growth factor beta
(TGF-b), interleukin (IL)-17, growth-related oncogene 1
(GRO1), neutrophil elastase, cytokine-induced neutrophil
chemoattractant-2 (CINC-2), vascular endothelial growth
factor (VEGF), IL-6 and tumour necrosis factor-a (TNF-a)]
present at an early stage of tumour progression or regression
as well as the importance of lipid-derived aldehydes at an
early stage of tumour regression.

Materials and methods

Animals

Experiments were performed on male 3-month-old
Sprague–Dawley rats. Water and food were given ad libitum.
All the experiments were performed in accordance with the
ILAR Guide for the Care and Use of Laboratory Animals, EU
Council Directive (86/609/EEC) and the Croatian Animal
Protection Act (Official Gazette 135/06).

Treatment of animals

To study the role of immune modulators during tumour
progression or regression 18 animals were injected intra-
muscularly in the right hindlimb with 250 ml of RPMI-1640
medium containing 107 W256 tumour cells harvested from
Wistar W256-bearing donors. Nine animals were injected
additionally with Sephadex (Sephadex G-150; Pharmacia
Fine Chemicals, Sweden), which abolishes spontaneous
W256 tumour regression in Sprague–Dawley rats, into the
right hindlimb [3,4]. The Sephadex was prepared and used
as described elsewhere [6].

Nine tumour-bearing rats were used in order to determine
the involvement of LPO during tumour regression. Rats
were anaesthetized using intraperitoneal injection of chlo-
ralhydrate (150 mg/ml) and killed by bleeding from the
heart [12] under ether anaesthesia 5 h, 2 and 6 days after
tumour injection. Blood was collected in ethylenediamine
tetraacetic acid (EDTA)-coated tubes and further used for
MDA analyses. Upon death, tumour mass was removed sur-
gically, fixed in 10% buffered formalin and embedded in
paraffin.

Blood samples and functional activity of
circulating granulocytes

On days 4 and 7 after W256 injection, blood was taken from
the tail vein in EDTA-containing tubes for the differential

counting of leucocytes and for plasma preparation [4]. Three
healthy rats served as controls in all analyses. Then, 10 ml of
blood was used to measure oxidative burst of granulocytes by
chemiluminescence assay that was carried out at 37°C using a
Berthold FB12 Luminometer, as described previously [13].

Determination of TGF-b, IL-17, GRO1 and elastase

The dot-blot immunostaining method [14] was used to
analyse the presence of TGF-b1, IL-17, GRO1 and neutrophil
elastase in plasma samples. One hundred microlitres of 5%
plasma samples diluted in phosphate-buffered saline (PBS)
were spotted onto nitrocellulose membranes (Amersham,
UK). The membranes were incubated in blocking solution
(1% non-fat milk powder in PBS) at room temperature for
60 min and subsequently incubated overnight with rabbit
polyclonal antibodies directed against neutrophil elastase
(Santa Cruz, Inc., Santa Cruz, CA, USA) and goat polyclonal
antibodies directed against TGF-b (Santa Cruz, Inc.), IL-17
(Santa Cruz, Inc.) and GRO1 (Santa Cruz, Inc.). The labelled
streptavidin–biotin (LSAB; Dako, Glostrup, Denmark)
method was used for elastase immunoblotting, while the
immunoperoxidase technique was used for immunoblotting
of TGF-b1, IL-17 and GRO1. Immunocomplexes were
visualized using 3,3′-diaminobenzidine tetrahydrochloride
(DAB; Dako) staining and scanned for quantization of
signals. Negative controls were included in all experiments in
which the test antibody was omitted and replaced by control
irrelevant diluents. Signals obtained by dot-blot were quan-
tified with a Wersa Doc Imaging system (Biorad, Hercules,
CA, USA). The signals were quantified with Quantity Soft-
ware and expressed as percentage of control.

Determination of CINC-2, VGEF, IL-6 and TNF-a

A commercial rat 4-plex luminex kit (R&D Systems, Minne-
apolis, MN, USA) was used for determination of CINC-2,
VEGF, IL-6 and TNF-a. The assay was performed as
described previously [4], and plasma samples were diluted
threefold according to the manufacturer’s instructions. The
assay was performed on a luminex-200™ instrument using
AtheNA Analyzer LX200 (full) 2·3 software.

MDA determination by high-performance liquid
chromatography (HPLC)

MDA concentration in EDTA plasma samples was analysed
by an HPLC system (Shimadzu, Kyoto, Japan) with ultravio-
let (UV) detection (533 nm), Midas Spark Holland auto
sampler and Waters Spherisorb ODS2, 5 mm, 4·6 ¥ 150 mm
column, as described previously [15]. Concentration of
MDA was expressed as nmol/ml in EDTA plasma samples.

HNE, acrolein and MPO imunohistochemistry

Sections made from paraffin blocks were stained with hae-
matoxylin and eosin (H&E). Additional staining was carried
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out for MPO, HNE–protein adducts and acrolein–protein
adducts. The sections were examined by a pathologist
extremely experienced in tumour histopathology but
without previous knowledge of the experimental groups.

For the immunohistochemical detection of acrolein–Lys
and HNE–His conjugates, the LSAB method was used. Our
genuine antibodies directed against acrolein–Lys and HNE–
His conjugates were applied as described previously [16,17].
For the immunohistochemical detection of MPO, a rabbit
polyclonal antibody directed against MPO (Dako) was per-
formed using the immunoperoxidase technique. DAB was
used as chromogen. The sections were counterstained with
haematoxylin. Negative control slides, in which the test anti-
body was omitted and replaced by control irrelevant dilu-
ents, were included in all experiments.

Statistics

Descriptive statistics are shown as the mean � standard
error (s.e.). Significant differences between groups were
assessed using Student’s t-test and the c2 test. When more
than two groups were compared, we used one-sided analysis
of variance (anova) with appropriate post-hoc testing.
MedCalc software and spss version 11·01 for Mircosoft
Windows were used. Differences with P less than 0·05 were
considered statistically significant.

Results

Tumour growth dynamics of W256 tumour-bearing rats is
summarized in Fig. 1. As observed, on day 4 there were no
significant differences in the tumour volume while later
tumours that had progressed were growing rapidly, and
tumour volume differed significantly from regressing
tumours (P < 0·05). In Fig. 2 histological differences are
clearly visible in progressing tumour compared to tumour in
regression. The number of peripheral blood granulocytes
and their functional activity during tumour progression
or regression are also shown in Fig. 2. The number and

functional activity of peripheral blood granulocytes were
increased significantly in tumour-bearing animals on day 4
after W256 transplantation (Fig. 2, P < 0·05). Tumour pro-
gression was associated with excessive oxidative burst and
granulocyte numbers (Fig. 2, P < 0·05), whereas the number
and activity of blood granulocytes was significantly lower
during tumour regression when compared to tumour
progression (Fig. 2, P < 0·05).

Differences in plasma inflammatory mediators during
tumour regression or progression are presented in Figs 3 and
4. The data obtained showed elevated plasma levels of
TGF-b, IL-17 and GRO1 on day 4 of tumour progression
(Fig. 3, P < 0·05), while neutrophil elastase level did not
differ from controls (Fig. 3, P > 0·05). On day 7 levels of
TGF-b and IL-17 remained increased when compared sig-
nificantly to control plasma samples (Fig. 3, P < 0·05), while
GRO1 and neutrophil elastase did not differ significantly
when compared to the control (Fig. 3, P > 0·05). Interest-
ingly, during tumour regression plasma levels of TGF-b were
also elevated (Fig. 3, P < 0·05, both days 4 and 7). Although
TGF-b level was increased on day 7 of tumour regression
it was significantly lower compared to tumour progres-
sion samples (P < 0·05). Furthermore, the results revealed
increased elastase levels on days 4 and 7 (Fig. 3, P < 0·05).
Although IL-17 was unchanged on day 4, it was increased on
day 7 (Fig. 3, P < 0·05). IL-17 and elastase plasma levels on
day 4 of tumour regression were significantly different from
those during tumour progression on the same (fourth) day
(Fig. 3, P < 0·05), indicating their possible role at an early
stage of tumour development.

Analysis of IL-6 plasma levels revealed that it was below
control values on day 4 of tumour progression (Fig. 4,
P < 0·05), while afterwards and also during tumour regres-
sion it did not differ significantly from the control (Fig. 4,
P > 0·05). Furthermore, we also observed elevated CINC-2
and VEGF values on day 7 of tumour progression (Fig. 4,
P < 0·05) and only a slight increase in TNF-a plasma level on
day 4 of tumour progression (Fig. 4, P > 0·05). Conversely,
the results revealed decreased VEGF and TNF-a levels on
day 4 of tumour regression (Fig. 4, P < 0·05), while CINC-2
did not differ significantly from the control.

The involvement of LPO during tumour regression is
shown in Fig. 5. Rapid granulocyte response to the W256
transplantation was revealed by H&E staining (Fig. 5a). Just
5 h after tumour transplantation, granulocytes had infil-
trated the injection site. On day 2 after tumour injection,
granulocytes were present inside the developing tumour
tissue and the limb muscles. The inflammation associated
with the healing of the affected limb tissues was present on
day 6, but there were no tumour cells. An increased MPO
level was observed at all stages during tumour regression
(Fig. 5a). However, the presence of reactive aldehydes
changed during tumour regression. Tumour cell membranes
had already stained positive for acrolein protein conjugates
5 h after tumour transplantation and its presence increased
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during tumour regression (Fig. 5a). Furthermore, at an early
stage of tumour development (days 0 and 2) HNE protein
conjugates were not observed, while the presence of HNE
was observed later (day 6, Fig. 5a). Another reactive alde-
hyde, MDA, was monitored by the HPLC method in plasma
samples. The results obtained showed increased MDA levels
(Fig. 5b, P < 0·05) and blood granulocyte number (Fig. 5c,
P < 0·05) on days 2 and 6.

Discussion

The role of granulocytes in tumour development is
controversial. The presence of granulocytes may sometimes
be detrimental by degrading the extracellular matrix and
enhancing angiogenesis, thus favouring malignant growth
and progression [18]. Conversely, granulocytes can act as
direct effector cells in the host defence against tumour
[3,4,19]. Di Carlo and colleagues suggested that these con-
troversial effects are the result of the interplay between the
type and amount of tumour-derived cytokines and the

degree of recruitment and activation of the intermingled
granulocytes [18]. The involvement of IL-17 in tumour
development was reviewed recently by Murugaiyan and Saha
[20]. IL-17 may promote an anti-tumour response via T cells
leading to tumour regression, but can also have a pro-
tumour effect by facilitating angiogenesis and egress of
tumour cells from the primary focus. Our results support an
IL-17 tumour-promoting role; IL-17 was increased signifi-
cantly at an early stage of tumour progression, while it was
unchanged in tumour regressing animals. Furthermore,
IL-17 was found to promote angiogenesis [21]. These effects
were suggested to be achieved both by direct action of IL-17
and by its co-operation with TNF-a [20]. Our results
support this hypothesis, revealing that elevated IL-17 and
TNF-a at an early stage of tumour development are associ-
ated with elevated VEGF levels and tumour progression.
Conversely, we have found that IL-17, TNF-a and VEGF
were in the range of control values or even below at an early
stage of tumour regression. Moreover, the IL-17–VEGF loop
that modulates angiogenesis also includes TGF-b, another

Fig. 2. The involvement of granulocytes in

tumour growth. Distribution of peripheral

blood granulocytes [mean � standard error

(s.e.) per group], granulocyte oxidative

burst (1O2 production measured by

chemiluminescence assay) during tumour

progression or regression (mean � s.e. per

group) and representative histological image

of tumour transplantation site taken on day

4 in tumour progression or regression tissue

samples (both ¥400, haematoxylin and eosin)

are shown. (a) Significance P < 0·05 in

comparison to healthy controls, (b) significance

P < 0·05 in comparison to samples obtained

from tumour progressing animals.
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angiogenic factor. IL-17-induced VEGF further induces
TGF-b, that may then lead to enhanced endothelial cell
VEGF receptivity [22]. We have observed a strong increase in
the TGF-b level during tumour progression, supporting its
important role in tumour development.

Furthermore, during tumour regression we did not
observe elevated levels of standard proinflammatory cytok-
ines IL-6 and TNF-a, indicating that tumour regression is
not mediated by the ‘standard’ immune response. There is
now convincing evidence that IL-6 and TNF-a play a role in
carcinogenesis by promoting the survival and proliferation
of malignant cells [23,24]. The observed elevated levels of
elastase in tumour regression could induce the release of
inflammatory mediators and influence granulocyte chemo-
taxis and cell adhesion [25], thus facilitating tumour
regression.

Of particular importance for the host defence against
cancer is a strong oxidative burst of granulocytes observed in

tumour-bearing animals [3,6,13]. We have shown previously
that spontaneous W256 tumour regression in Sprague–
Dawley rats can be abolished by distraction of functional
granulocytes from the blood [3,4]. The restoration of the
functional granulocytes obtained by granulocyte adminis-
tration at the site of tumour [4] can lead to either tumour
regression or slower tumour growth, extending the overall
survival. ROS are thought to have both a tumour-promoting
and -suppressing role. The manner in which they will act
depends upon the cell and tissue type, the location of pro-
duction and the concentration of individual ROS. Our
results suggest that elevated functional activity of circulating
granulocytes may facilitate tumour regression, while an
additional increment in granulocyte oxidative burst could be
tumour promoting; excessive granulocyte-derived ROS can
induce LPO, which acts as a double-edged sword in carcino-
genesis exhibiting an either pro- or anti-tumour effect. For
this reason, lipid-derived reactive aldehydes also acting as

Fig. 3. Plasma levels of transforming growth

factor (TGF)-b, interleukin (IL)-17, growth-

regulated oncogene 1 (GRO1) and elastase

assessed by the dot-blot immunostaining

method. The results obtained from plasma

samples of animals during tumour progression

or regression are presented as mean � standard

error per group. (a) Significance P < 0·05 in

comparison to healthy controls, (b) significance

P < 0·05 in comparison to samples obtained

from tumour progressing animals.
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‘second messengers of free radicals’ are of high importance.
Among these aldehydes are HNE, MDA and acrolein which,
until now, have not been studied in this light.

In the current study we also analysed the appearance
of MPO which, in the presence of adequate stimulus
granulocytes, beside various cytokines, also secrete MPO
[26], which is required for neutrophil extracellular trap
(NET) formation to trap and kill pathogen targets, as are
cancer cells extracellularly [27]. Thus, granulocytes employ
the MPO-hydrogen peroxide–chloride system to convert
hydroxy-amino acids into acrolein [9]. In the present work
we have observed rapid infiltration of granulocytes at the site
of tumour transplantation [3] and a pronounced MPO
presence. The presence of MPO was accompanied by
acrolein formation at an early stage of tumour regression.
Acrolein can induce ROS formation, which has been sug-
gested to be responsible for the induction of LPO [28], and
may thus lead subsequently to HNE formation. Our results
support this hypothesis, revealing the presence of HNE

several days after acrolein formation. Due to our results we
could assume that acrolein may serve as a positive feedback
signalling molecule acting in regulation of the MPO activity.
Namely, acrolein may lead to elevated MPO exerting its
function either directly or endogenously by inducing ROS
formation. Tumour regression described in this study could,
at least in part, be a result of elevated acrolein observed at the
site of tumour transplantation.

MDA does not appear to have an important role during
tumour regression.

Finally, we can conclude that in the presence of tumour
cells intense oxidative burst of granulocytes occurs, during
which granulocytes employ MPO and release excessive ROS.
ROS induce LPO of tumour cell membranes and thus lead to
the formation of reactive aldehydes (e.g. HNE and acrolein).
Furthermore, changes in cytokine levels during tumour pro-
gression and regression could be the result of the mutually
dependent interplay of cytokines and granulocyte-induced
LPO that may determine the tumour : host relationship in

Fig. 4. Plasma levels of cytokine-induced

neutrophil chemoattractant 2 (CINC-2),

vascular endothelial growth factor (VEGF),

interleukin (IL)-6 and tumour necrosis factor

(TNF)-a determined by xMAP technology.

The results obtained from plasma samples

of animals during tumour progression or

regression are presented as mean � standard

error per group. (a) Significance P < 0·05 in

comparison to healthy controls, (b) significance

P < 0·05 in comparison to samples obtained

from tumour progressing animals.
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the case of cancer regression and should therefore be studied
further in other cancer models and in clinical settings.
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