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Abstract

Clinical application of interleukin (IL)-2-based immunotherapy of cancer has been limited by a major side-effect known as
‘capillary leak syndrome’, resulting from nitric oxide (NO) overproduction. A galactoside-specific lectin from Viscum album L.
(VAA) has been reported to induce certain lymphokines and upregulate IL-2 receptors on lymphocytes. Present study was, there-
fore, designed to compare the effects of combination therapy with IL-2 (10* Cetus units/mouse, intraperitoneal (i.p). every 8 h,
given as 5 day rounds per week, for one or two rounds) and VAA (1 ng/kg subcutaneous (s.c.), biweekly) with those of IL-2 or
VAA therapy alone in C3H/HelJ female mice bearing s.c. transplants of a highly metastatic C3L5 mammary adenocarcinoma. I1L-2
therapy alone reduced tumour growth and metastasis, but caused significant water retention indicative of capillary leakage in the
kidneys after both rounds of therapy, whereas pleural effusion was only evident after the first round and not the second round. A
sharp rise in the systemic NO levels after the first round, followed by a decline after the second round of IL-2 therapy suggested a
causal relationship of increased NO levels to pleural effusion. A strong immunostaining for nitrotyrosine (a marker for the pro-
duction of peroxynitrite) was noted in the renal tubules at the end of both rounds of therapy suggestive of a causal association of
this toxic NO-metabolite with capillary leakage in the kidneys. Addition of VAA to IL-2 therapy had no effect on any of the above
parameters. Unexpectedly, however, VAA therapy alone stimulated tumour growth as well as lung metastases. NO induction in the
C3L5 cells by VAA was excluded as a possible reason for this stimulation. Present results suggest the need for exercising caution in
the use of VAA as an immunoadjuvant in human cancer therapy. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Alternative (complementary) medicine; Immunotherapy; Interleukin-2; Lectin; Mistletoe; Nitric oxide; Biological response modifier

1. Introduction

High dose interleukin (IL)-2 therapy has shown effi-
cacy in animal [1-4] as well as human [5-7] cancer
models. However, its application has been limited by a
life-threatening side-effect called capillary leak syn-
drome which is characterised by a rapid fluid accumu-
lation in the tissue spaces and severe hypotension [8].
Combination of chronic indomethacin therapy with IL-
2 therapy was shown to improve antitumour and anti-
metastatic effects of IL-2 therapy because of the
improved activation of lymphokine-activated killer
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(LAK) cells in situ [2,3], but have no effect on IL-2-
induced capillary leakage [9]. We subsequently dis-
covered that endothelial damage responsible for this
leakage resulted primarily from an overproduction of
nitric oxide (NO) due to iNOS induction in vivo and
that IL-2-induced capillary leakage can be ameliorated
by combined therapy with NOS inhibitors [10-12]. A
possible beneficial role of other biological response
modifiers in improving the therapeutic efficacy and
reducing the toxicity of IL-2 therapy has not been
explored.

In recent years, immunostimulating effects of certain
lectins have evoked considerable interest for application
in cancer biotherapy. The galactoside-specific lectin
from Viscum album L. (VAA or formerly ML-1) is con-
sidered to be the key immunostimulating component of

0959-8049/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0959-8049(01)00156-3



A.V. Timoshenko et al. | European Journal of Cancer 37 (2001) 1910-1920 1911

commercially available mistletoe extracts historically
employed in phytotherapy [13-14]. In vitro, VAA has
been reported to upregulate the gene expression and
secretion of proinflammatory cytokines including IL-1-
o, IL-1-B, IL-6, IL-12, tumour necrosis factor (TNF)-a,
interferon (IFN)-y, and granulocyte macrophage-colony
stimulating factor (GM-CSF) by human leucocytes [15—
18]. Furthermore, VAA was shown to stimulate natural
killer (NK) cell activity in rat splenocytes [18], as well as
NK and LAK cell cytotoxicity in cultures of human
peripheral blood lymphocytes [19]. Administration of
VAA by parenteral routes was shown to stimulate the
activity and incidence of NK cells in healthy rabbits,
rats and human breast cancer patients [18,20] and
upregulate the expression of IL-2 receptors (CD25) on
lymphoid cells of breast cancer patients [21]. The ther-
apeutic value of the administration of VAA and VAA-
containing extracts remains a highly debated area
because of reports indicating beneficial, as well as detri-
mental effects. VAA therapy was shown to reduce
experimental metastasis formation by murine sarcoma
[22] lymphoma [23] and melanoma [24] cells, reduce the
growth of a rat glioma [25], and improve the survival of
immunodeficient mice transplanted with a human ovar-
ian carcinoma cell line [26]. However, VAA therapy sti-
mulated the growth of chemically-induced rat bladder
carcinomas [27,28]. Application of mistletoe therapy to
human cancer has been confounded with the problems of
inadequate rationale and therapeutic designs and the
questionable anticancer potential of lectin-induced cyto-
kines which can stimulate as well as inhibit tumour growth
[13,29,30]. VAA-induced stimulation of the proliferation
of human tumour cells in histotypic cultures [31], and
apparent stimulation of tumour growth at the injection
site in a patient with non-Hodgkin’s lymphoma [32]
have raised additional concerns against VAA therapy.

In view of the putative immunostimulating function
of VAA, including the ability to upregulate IL-2 recep-
tors on lymphocytes, we wanted to test whether inclu-
sion of non-toxic, but immunostimulant, doses of VAA
could improve the antitumour and antimetastatic effects
of IL-2 therapy without an adverse influence on the IL-
2, induced capillary leakage. The present study was,
therefore, designed to compare the effects of the com-
bined therapy with IL-2 and VAA with those of IL-2
and VAA therapy alone in a highly metastatic C3L5
mammary adenocarcinoma model in C3H/HeJ mice.
The following parameters were measured: tumour
growth and spontaneous metastases in the lungs, capil-
lary leakage (pleural effusion and wet/dry weight of the
lungs and the kidneys), NO production (nitrite + nitrate
levels in the serum, pleural fluids, kidney and lung
homogenates), and the level of immunostaining for
nitrotyrosine, which is a marker for the production of
peroxynitrite, a toxic NO-metabolite implicated in
capillary leakage.

2. Materials and methods
2.1. Reagents

Biotinylated anti-rabbit IgG and Vectastain ABC kit
(PK-4000) were purchased from Vector Laboratories,
Inc. (Burlingame, CA, USA). Immunoaffinity-purified
polyclonal IgG antibody to nitrotyrosine produced in
rabbits were from Upstate Biotechnology, Inc. (Lake
Placid, NY, USA). Lipopolysaccharide from Escher-
ichia coli 026:B6 (LPS) and 3-nitro-L-tyrosine (antigen
to neutralise nitrotyrosine antibody) were obtained
from Sigma (Oakville, Canada). Nitrate/Nitrite Colori-
metric Assay Kit was from Cayman Chemical (Ann
Arbor, MI, USA). IFN-y and all reagents to maintain
cell culture were from GIBCO BRL (Burlington,
Canada). Recombinant human IL-2 (Lot PA0522A)
with activity of 18x10° International Units (World
Health Organization (WHO)) or 3x10° Cetus Units/mg
protein was kindly provided by the Chiron Corporation
(Emeryville, CA, USA). Biochemically-pure and endo-
toxin-free VAA and its carbohydrate-binding B-chain
were isolated from buffer extracts of Viscum album L.
using lactose-Sepharose 4B as an affinity matrix in the
chromatography [33].

2.2. Mice

C3H/HeJ female mice (6-8 weeks old) were obtained
from Jackson Laboratories (Bar Harbor, ME, USA)
and were acclimatised in the animal quarters of the
University of Western Ontario for 3 weeks before start-
ing experiments. Mice were randomly separated into
five groups, each of 8—10 animals/plastic cage, and were
kept on 12-h light/dark cycle with free access to stan-
dard mouse chow and water ad libitum. The mean
weight of the mouse was 22 g at the onset of experi-
ments. The guidelines set by the Canadian Council of
Animal Care were strictly followed during all treatments
of mice.

2.3. Tumour cell line, murine tumour transplantation
and measurement of tumour growth

C3L5 murine mammary adenocarcinoma cell line
maintained in this laboratory is an extensively char-
acterized clonal derivative of a spontaneous C3H/Hel
mammary tumour [3]. It is strongly positive for endo-
thelial (e) NOS, and NO production by the tumour cells
has been shown to promote tumour progression by sti-
mulating tumour cell migration, invasiveness [34] and
angiogenesis [34,35]. These cells can also be induced in
the present of IFN-y and LPS to produce additional
NO which stimulates their invasive function in vitro [36].
The cells were grown in monolayer in Roswell Park
Memorial Institute (RPMI)-1640 medium supplemented
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with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin in a humidified incubator fed with 5%
CO, at 37°C. Cells were harvested by brief exposure to
0.05% trypsin-phosphate-buffered saline-ethylene dia-
mine tetra acetic acid (PBS-EDTA) and resuspended in
RPMI-1640 medium at a concentration of 10° cells/ml.
The cell viability was more than 96% according to a dye
exclusion test with trypan blue. Tumour cell transplan-
tation was done by subcutaneous (s.c.) injections of
5% 103 viable cells in 0.5 ml cell suspension in the mam-
mary line of the left axillary region of C3H/HeJ female
mice. Starting at 1 week after tumour transplantation,
the minimal and maximal diameters (a and b) of the
tumours were measured on alternate days using digital
calipers and the tumour volume was calculated accord-
ing to the equation V=0.52ab [34].

2.4. Experimental protocol for treatment of mice with
IL-2 and VAA

Two series of experiments were conducted utilising a
total of 90 mice. In the first series, five experimental
groups of mice (n=10 animals/group) were employed,
namely (1) healthy mice, (2) control tumour-bearing
mice, (3) IL-2- treated tumour-bearing mice, (4) VAA-
treated tumour-bearing mice, (5) combined IL-
2+ VAA-treated tumour-bearing mice. The treatment
of mice with both drugs was started on day 7 after
tumour transplantation. The groups (3) and (5) received
two rounds of therapy with IL-2 as intraperitoneal (i.p.)
injections at a dose of 10* Cetus Units (i.e. 6x10* IU)/
mouse every 8 h during 5 days, followed by a 4-day
recess and then a similar 5-day round with IL-2. IL-2
was dissolved in RPMI-1640 medium at a concentration
of 10° Cetus Units/ml, so that each injection was 100 pl
of the solution. The treatment of mice with VAA was in
accordance with the dosage and schedule established for
immunomodulation, namely a non-toxic dose 1 ng/kg
body weight biweekly [13,20,37]. This protocol is also in
line with clinical recommendations by commercial dis-
tributors of standardised mistletoe extracts in Germany.
The drug preparation was deliberately designed to
match earlier animal studies [27,28]. In brief, lyophilised
VAA was freshly dissolved in PBS solution containing
50 pg/ml of mouse albumin (MA) to prevent lectin
adsorption on the tube surface, diluted up to a con-
centration of 0.22 ng/ml in the same vehicle and injec-
ted s.c. with 100 pl of the solution on days 7, 10, 13,
16, and 19 after tumour transplantation. Mice in con-
trol groups (1) and (2) received blank injections of
RPMI-1640 and PBS-MA. On day 21 after tumour
transplantation, and 2 h after the last injection of IL-2,
mice were killed by i.p. injection of 100 ul of euthanol
solution (135 mg/ml) and samples of blood were col-
lected and the lungs and kidneys were removed for fur-
ther analyses.

In a second series of experiments, five similar groups
of animals were used as above except for the fact that §
animals were used per group and the animals were killed
at the end of one round of therapy (on day 5 after the
initiation of therapy, that is, 12 days after tumour
transplantation).

2.5. Measurements of lung metastases

Right lungs were inflated with Bouin’s fixative and the
visible metastatic colonies which stand out on the lung
surface were counted under a dissecting microscope.
Metastasis count was only possible in the first experi-
mental series representing animals at 21 days following
tumour transplantation, i.e. those receiving two rounds
of therapy. No visible lung metastasis appeared in any
of the animals in the second series, in which case ani-
mals were killed at 12 days after tumour transplanta-
tion.

2.6. Measurements of capillary leakage

Fluid accumulation in the pleural cavity is a major
sign of the capillary leak syndrome. The volume of
pleural effusion, if any, was measured by removal from
the pleural cavities as reported earlier [12] before
removing the lungs. Increased water retention in the
organs is a good measure of capillary leakage. Left
lungs and kidneys were weighed (wet weight) immedi-
ately after removing and placed into a freezer at —20°C.
Shortly thereafter, the collected samples were freeze-
dried for 48 h to a constant weight. The weight of the
dried samples was measured (dry weight) and the wet/
dry weight ratios of organs were calculated as an indi-
cator of the water content in these organs to assess
capillary leakage [10,11].

2.7. Measurements of NO in blood serum and tissue
homogenates

The coagulated blood was centrifuged for 10 min at
15000 rpm using the Biofuge 17 R (Baxter Scientific
Products), the serum was collected into Eppendorf tubes
and kept at —20°C. To analyse nitrite and nitrate levels
in the tissues, the freeze-dried left lungs and kidneys
were used. Each tissue sample was homogenised in 15 or
30 volumes of PBS, pH 7.35, depending on the initial
wet weight of the lung or kidney, respectively, using
Polytron PT-MR2100 from Kinematica AG, CH. The
homogenates were centrifuged at 4°C for 30 min at
15000 rpm and the supernatants were collected into
Eppendorf tubes, which were kept on ice. Both blood
serum and tissue homogenates were ultrafiltered through
10 kDa molecular weight cut-off Ultrafree filters from
regenerated cellulose membrane (Sigma) to get protein-
free samples prior to NO analyses. Nitrate/Nitrite
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Colorimetric Assay Kit from Cayman Chemical (Ann
Arbor, MI, USA) was applied to measure total nitra-
te + nitrite ([NO3 +NO3]) concentration in deprotein-
ised serum and supernatants of the tissue homogenates.
This assay is based on the conversion of nitrate to nitrite
by nitrate reductase followed by application of the
Griess reagent. In the case of lung and kidney homo-
genates, the water content of these organs and the dilu-
tion factor in making homogenates were applied in
computing the [NO3 + NO3T] levels.

2.8. Study of lectin effects on NO synthesis by C3L5
cells in vitro

To measure NO synthesis by C3L5 cells, the RPMI-
1640 media was replaced by the Dulbecco’s modified
Eagle medium, which contains a negligible level of
nitrate (2.5x10~7 M ferric nitrate). Aliquots (800 pl) of
a cell suspension (2x 10> cells/ml) were grown in 24-well
plates in triplicate in standard conditions with or with-
out the presence of VAA or its non-toxic carbohydrate-
binding B-chain (1, 5, 10, 50, 100, 1000 ng/ml) as well as
LPS (10 pg/ml)+IFN-y (500 U/ml). The culture media
were collected at 48 h and processed with the Cayman
kit to measure the [NO5 + NO3] concentration.

2.9. Immunostaining for nitrotyrosine

Nitrotyrosine is produced as a result of nitration of
tyrosine residues of cellular proteins (including tyrosine
kinases) by peroxynitrite which is a reaction product of
NO with superoxide. Thus immunostaining for nitro-
tyrosine is considered to be a reliable marker for perox-
ynitrite production in vivo [38]. We have strong evidence
to suggest that NO-mediated capillary leakage induced
by IL-2 therapy is due to the formation of peroxynitrite
and that nitrotyrosine immunostaining of the kidneys
provides a good reflection of IL-2 therapy-induced per-
oxynitrite formation (Lala, data not shown). The right
kidneys were removed from mice and fixed in 10% buf-
fered neutral formalin (VWR Scientific Products, West
Chester, PA, USA). The paraffin-embedded samples
were cut to get 4 um-thick sections, which were then
routinely processed for immunohistochemical staining.
Briefly, the deparaffinised sections were incubated for 10
min at room temperature with 3% H,O, in methanol to
inhibit endogenous peroxidases, blocked for 1 h with
10% normal goat serum in 1% bovine serum albumin
(BSA)-PBS solution, treated overnight with the primary
rabbit polyclonal anti-tyrosine antibody (1:500 dilution)
at 4°C, and then for 45 min at room temperature with
the secondary antibody (biotinylated anti-rabbit IgG,
1:500 dilution). The ABC-kit from Vector was then
applied for 45 min at room temperature. Specificity
controls were obtained by combined application of the
primary antibody with 0.01 M 3-nitro-L-tyrosine which

neutralises the antibody. The visualisation of nitrotyr-
osine sites in the kidney sections was done using 3,3'-
diaminobenzidine as a peroxidase substrate. The immu-
nostained sections were finally counterstained lightly
with Mayer’s haematoxylin, dehydrated and mounted
with Permount (Fisher Scientific, Fair Cawn, NJ, USA).
They were analysed under an axiophot (Zeiss) micro-
scope and pictures were recorded at 630x magnification
with a digital image recorder.

2.10. Statistics

Each group of mice at the time of final data analysis
contained 7-10 animals because of death of an occa-
sional animal in the IL-2-treated groups prior to data
collection. The mean values, standard deviations, P
values from the Student’s test, and Pearson correlation
coefficients were calculated using Microsoft® Excel
tools. For analysing data on pulmonary metastases, the
Mann—Whitney rank sum test was applied, because of
non-parametric distribution of the data. P values of less
than 0.05 were considered significant.

3. Results

3.1. Effects of therapies on subcutaneous tumour growth
and pulmonary metastasis

Growth curves for C3L5 tumours in the various trea-
ted groups are presented in Fig. 1. Administration of
IL-2 (10* Cetus Units/mouse, every 8 h) during two
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Fig. 1. Effects of intraperitoneal (i.p.) injection of interleukin-2 (IL-2)
and subcutaneous (s.c.) injections of VAA, as well as their combina-
tion on tumour growth after s.c. inoculation of 5x10° C3L5 cells in
C3H/HeJ female mice. Data indicate mean+standard error (S.E.).
First 3 data points (days 7, 9 and 11) are derived from both experi-
mental series (n=18), whereas subsequent data points are derived
from experimental series I (n=9-10), following the sacrifice of those in
experimental series II on day 12. Significant (P <0.05) reduction of
tumour growth was noted in both IL-2 and IL-2+ VAA-treated mice
from day 13 onwards, whereas a stimulation (P<0.05) is noted in
VAA-treated mice on day 19 or 21.
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rounds of injections (days 7-11 and 16-21) significantly
suppressed the tumour growth corroborating the pre-
vious data from this laboratory using different IL-2
treatment regimens and treatment periods [3,11]. How-
ever, the tumour growth was stimulated in the group of
mice receiving biweekly s.c. injections of VAA alone at
a dose of 1 ng/kg (Fig. 1) starting at day 7 after
tumour cell transplantation. When VAA was combined
with 1L-2 therapy, the tumour growth was suppressed
to the same extent as noted with the IL-2 therapy
alone.

The rates of primary tumour growth were positively
correlated with the number of lung metastases visible at
3 weeks after tumour transplantation in the various
treated groups, as presented in Table 1. The incidence of
lung metastasis was significantly increased by VAA
therapy and reduced equally in both animal groups
treated with IL-2 alone or combined IL-2+ VAA. Fur-
thermore, the size of visible lung nodules was con-
sistently much larger in the VAA-treated animals,
compared with the other groups (data not shown). His-
tological examination of the lungs (data not shown)
revealed more frequent and larger foci of intra-
pulmonary metastases in the VAA-treated group than
in other groups confirming the macroscopic data.

3.2. IL-2-induced capillary leakage

The salient clinical feature of IL-2 therapy (but not
VAA therapy)-induced capillary leakage in tumour-
bearing mice was the development of pleural effusion
during the first round of immunotherapy. The mean
volumes of pleural effusions detected in mice after 5
days of IL-2 injections in the present protocol were
1.2£0.2 ml (n=8) and 1.1+0.2 ml (n=38) for IL-2 and
IL-2+VAA treated mice, respectively. These values
were not significantly different from each other. Pleural
effusion was the main cause of morbidity (six out of 36

Table 1
Effects of therapy with I1L-2, VAA, and their combination on the
number of visible metastatic colonies on the lung surface in mice
sacrificed at 21 days after tumour transplantation in the experimental
series [

Experimental group (number of mice) Number of lung

surface metastases

Range Mean=+S.D.

1. Control (n=10) 1-21 7.5+£7.1
2. IL-2 treatment (n="7) 1-6 2.34+1.9*
3. VAA treatment (n=10) 5-61 27.6+£22.3*%
4. Combined IL-2+ VAA treatment (n=9) 0-9 2.34+2.8*

VAA, a galactoside-specific lectin from Viscum album L.; 1L-2, inter-
leukin-2; S.D., standard deviation.

*P<0.028 compared with the control group. Mice were killed on
day 21 after subcutaneous (s.c.) transplantation of C3L5 cells (5x 103
cells/mouse) into C3H/HeJ mice.

mice in the two experimental series combined, receiving
IL-2 or IL-2+ VAA, i.e. 17%) observed up to the end of
the first round of immunotherapy. The volume of
pleural fluid was more than 1.3 ml in these cases. No
morbidity was noted in the other groups. Remarkably,
mice surviving the first round of IL-2 therapy tolerated
well the second round of IL-2 and no pleural effusion
was observed in these animals at sacrifice. This finding
confirms our earlier observations with a different 1L-2
regimen [12].

An increase in the water content of organs (wet/dry
weight ratio) is a good indicator of capillary leakage
induced by IL-2 therapy [10,11]. Table 2 documents the
data for the lungs and the kidneys after one and two
rounds of therapy. Significant capillary leakage was
identified in the lungs only in the IL-2+ VAA-treated
group after one round of therapy, when water contents
were compared with those in the control tumour-bear-
ing mice. However, significant leakage was observed in
the kidneys after both rounds of therapy in the IL-2- as
well as IL-2 + VAA-treated groups. No difference in the
water contents of the kidneys was observed between
these two groups. Thus, in summary, the addition of
VAA to IL-2 therapy neither reduced nor increased the
extent of pleural effusion and fluid leakage in the kid-
neys.

3.3. NO levels in the serum, pleural fluid and different
tissues of I1L-2- and VA A-treated mice

The level of [NO5 +NO3] in the serum, pleural fluid,
kidneys and lungs of control and experimental mice was
measured at two time points corresponding to the end
of the first round of immunotherapy (day 12 after
tumour transplantation) and the second round (day 21
after tumour transplantation). A significantly elevated
level of [NO5; +NO3] (P<0.03) was detected in the
blood serum, kidneys and lungs after the administration
of IL-2 during the first round (Table 3). Additionally, a
high level of [NOz + NO3] was also observed in the
pleural fluids of IL-2- and IL-2+ VAA-treated tumour-
bearing mice, namely 152.2+59.5 yM (n=8) and
108.94+67.5 uM (n=38), respectively, very similar to the
respective levels in the serum of the same animals. The
correlation coefficients (Pearson) were 0.9824 and
0.9832 for the IL-2- and IL-2+ VAA-treated groups,
respectively. Similarly, increased levels of [NO5 + NO3]
were also observed in kidneys and lungs of IL-2- as well
as IL-2+VAA-treated mice (Table 3). In essence,
[NO3 + NOg3] levels in the various tissues appeared to
reflect the common NO-status of the individual animal
group, as defined by the activity of different NOS
enzymes including those induced by IL-2. Furthermore,
administration of VAA alone had no significant effect
on the levels of [NO5 + NO37] in control or IL-2-treated
mice (Table 3).
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NO Ilevels in the different groups after the second
round of therapies are presented in Table 4. Unexpect-
edly, the levels of [NOz + NO3] in all tested tissues were
significantly reduced (P <0.03) in IL-2 (£ VAA)-treated
animal groups when compared with control tumour-
bearing or healthy mice. The reduced levels of
[NO37 + NOj3] correlated with the absence of any pleural
exudations in these mice.

3.4. Nitrotyrosine expression in the kidneys

NO is a free radical which can rapidly combine with
available oxygen free radicals. Peroxynitrite is such a
reactive intermediate which may mediate the endothelial
damage responsible for capillary leakage. This molecule
is toxic, unstable and reacts with tyrosine residues in
proteins to form stable 3-nitrotyrosine [38], which
appears to be a reliable footprint of peroxynitrite for-
mation. We had earlier established that normal lungs
exhibit  significant  nitrotyrosine immunostaining
because of high endogenous levels of NO in this organ
(Lala, data not shown). However, kidneys were found
to serve as a better indicator for IL-2-induced nitrotyr-
osine formation. The right kidneys of all the mice were
processed for nitrotyrosine immunostaining. Kidney
tissues from healthy and control tumour-bearing mice,
as well as from VAA-treated mice demonstrated the
absence of immunostaining or sparse, patchy, very light

Table 2

to light, immunostaining in both the cortex and medulla
(Fig. 2a—d). However, IL-2 treatment of the tumour-
bearing mice, alone or in combination with VAA, led to
marked enhancement of immunostaining of the renal
tubules in both the cortex and the medulla (Fig. 2, ¢ and
f). In addition, macrophages within the stroma (renal
capsule) were strongly positive in these mice (data not
shown).

The negative control samples (antibodies pretreated
with 3-nitro-L-tyrosine) in all groups were devoid of
immunostaining, indicating the specificity of the stain-
ing (Fig. 2g and h). Furthermore, no nitrotyrosine
staining was seen in the glomerul, adipose tissue (peri-
renal fat) and adrenal glands in treated as well as con-
trol groups, serving as intrinsic negative controls in
these tissue sections. Remarkably, the strong expression
of nitrotyrosine in the renal tubules was observed both
after the first and the second rounds of IL-2 therapy.
This was in contrast to the reduced Ilevel of
[NO7 + NOg3] in the different tissues including the kid-
ney after the second round of IL-2 therapy, indicating
that enhanced expression of nitrotyrosine persists in this
organ probably resulting from the high NO levels dur-
ing the first round of IL-2 therapy. These results rein-
force the notion that the persistent peroxynitrite-
mediated injury to the kidneys may be responsible for
the capillary leakage, even in the absence of a high local
NO level after the second round of IL-2 therapy.

Water content in the left lung and kidney of treated mice, expressed as the wet/dry weight ratio of the organs (experimental series I and II)

Mice group

Wet/dry weight ratio, mean=+S.D.

Lung

Kidney

1 round

2 rounds

1 round

2 rounds

1. Healthy mice

2. Control tumour-bearing mice

3. Treatment with IL-2

4. Treatment with VAA

5. Combined treatment with IL-2 and VAA

5.63+£0.42 (8)
5.45+0.52 (8)
5.91+£0.81 (8)
5.63£0.58 (8)
5.9740.32 (8)*

4.9740.67 (10)
5.31£0.51 (10)
5.02+0.42 (7)
4.9440.44 (10)
5.050.60 (9)

3.67+£0.20 (8)
3.53£0.40 (8)
4.16+0.48 (8)**
3.63£0.21 (8)
4.234+0.35 (8)**

3.660.20 (10)
3.6840.19 (10)
4.07£0.15 (7)***
3.8640.29 (10)
4.11£0.17 (9)***

IL-2, interleukin-2; VAA, a galactoside-specific lectin from Viscum album L.; S.D., standard deviation.

*P<0.02, **P<0.01, ***P <0.001 compared with control tumour-bearing mice. Number in parentheses indicates the number of animals.

Table 3

The level of nitrate + nitrite (uM) in mice after one round of therapy (experimental series 1T)

Animal group Blood serum

Pleural effusion

Left kidney

Left lung

1. Healthy mice

2. Control tumour-bearing mice

3. IL-2 treatment

4. VAA treatment

5. Combined IL-2 and VAA treatment

422459 (8)
36.0+£11.8 (8)
145.6+51.9 (6)*
413489 (8)
101.4472.6 (7)**

152.24+£59.5 (8)

108.9+67.5 (8)

33.3+8.5(8)
31.3+11.0 (8)
94.34+34.9 (8)*++
232+10.7 (8)
69.8£35.9 (8)*#**

49.2422.6 (8)
4144253 (8)
160.24£59.1 (8y*x##*
79.8+60.6 (8)
101.3:£35.4 (Q)*xwk*

IL-2, interleukin-2; VAA, a galactoside-specific lectin from Viscum album L.

*P=0.0016, **P=0.0274, ***P=0.000541, **** P=(.009622, ***** P =().00023, ****** P=(.000971 in comparison with control tumour-bearing
mice. The levels in the kidneys and lungs were recalculated on the basis of water content in these organs. Numbers in parentheses indicate the

number of animals.
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3.5. Effect of VAA on NO synthesis in culture of C3L5
cells

Endogenous production of NO by C3L5 cells because
of eNOS expression was shown to stimulate tumour cell
migration, invasiveness and angiogenesis [34,35]. To
evaluate whether tumour growth and the metastasis-
promoting activity of VAA resulted from additional
NO induction by VAA in the C3L5 cells, we tested the
effects of the lectin on [NO5 +NOj3] accumulation in
C3L5 cell cultures.

The basal level of [NO5 + NO3T] in the cell media after
48 h of cultivation was 3.8+1.0 uM (n=3). The level
significantly increased to 59.94+0.8 uM (n=3) in the
presence of 10 pg/ml LPS and 500 U/ml IFN-y, indi-
cating an induction of iNOS in these cells, as previously
reported by us [36]. The cells incubated for 48 h with
VAA at concentrations of 1, 5, 10, 50, 100 or 1000 ng/
ml generated [NO5 + NOj3 ] ranging between 0.9 and 1.7
UM, which represent unchanged or reduced (P <0.05)
levels. To test whether the minor reduction could be due
to the toxicity of VAA, its carbohydrate-binding non-
toxic B-subunit was added at the same concentrations
to the C3LS5 cells. This treatment also led to unchanged
or decreased (P <0.05) levels ranging between 0.4-7.1
pM. Thus, additions of VAA and its B-subunit at
immunomodulatory and higher concentrations failed to
activate iNOS in the C3L5 cells.

4. Discussion

The principal objective of the present study was to
test whether a biochemically purified plant lectin VAA
given to mice at non-toxic immunomodulatory dosage
provided additional therapeutic benefits in combination
with IL-2 therapy. We utilised a well-characterised,
eNOS expressing C3L5 murine mammary carcinoma
model in C3H/HeJ mice to measure the effects of VAA

Table 4
The level of nitrate + nitrite (LM) in mice after two rounds of therapy
(experimental series I)

Animal group Blood serum Left kidney

1. Healthy mice 66.8+19.3 (10) 61.5+16.4 (10)
2. Control tumour-bearing  47.24+12.6 (10)*  52.9430.1 (10)
mice

3. IL-2 treatment

4. VAA treatment

5. Combined IL-2 and
VAA treatment

21.445.5 (7)**
47.0£6.6 (10)
17.04£6.1 (9)***

29.7412.2 (Tyrsex
41.6£13.4 (10)
28.8£ 11.0 (9)*#sx+

IL-2, interleukin-2; VAA, a galactoside-specific lectin from Viscum
album L.

*P=0.008308, **P=0.0000342, **% P =(.00000641,
**xxP=(.023962, ¥*****P=0.018511. The levels in the kidneys was re-
calculated on the basis of water content in this organ. Numbers in
parentheses indicate number of animals.

and IL-2 therapy alone or in combination, on primary
tumour growth, spontaneous lung metastasis, capillary
leakage, NO production in vivo, and additionally the
formation of the toxic NO-metabolite peroxynitrite, as
indicated by the presence of immunoreactive nitrotyr-
osine in the kidney. Results of the VAA therapy alone
were intriguing. They revealed that VAA given as
biweekly injections for two weeks promoted the growth
of primary tumours and stimulated the development as
well as growth of spontaneous lung metastases. This
occurred in spite of the inability of VAA to induce
additional NO production by C3L5 cells in vitro. IL-2
therapy alone suppressed tumour growth and metas-
tasis, but caused capillary leakage as evidenced by
pleural effusion after the first round of therapy and fluid
retention in the kidneys following both rounds of ther-
apy. This was associated with sharp rises in NO levels in
the serum (and pleural fluid) and organs (kidneys and
lungs) after the first round, but a decline in the levels
after the second round of therapy. Formation of perox-
ynitrite was evidenced by strong staining for nitrotyr-
osine in the renal tubules after both rounds of IL-2
therapy. Addition of VAA to IL-2 therapy provided no
additional benefit nor detriment to IL-2 therapy as
indicated by an absence of change in any of the above
parameters in this tumour model.

Present findings of antitumour and antimetastatic
effects of IL-2 therapy alone are a confirmation of our
earlier studies with this tumour model utilising a differ-
ent IL-2 regimen [3,11]. We have also confirmed the
phenomenon of IL-2-induced capillary leakage in this
tumour model, including the observation that mice sur-
viving the pleural effusion after the first round do not
develop pleural effusion after the second round of the
IL-2 therapy [10—-12]. In the present study, we noted that
NO Ilevels in the IL-2-treated mice rise sharply after the
first round, but decline after the second round. We
propose that pleural vessels can repair NO-mediated
injury after withdrawal of high local NO levels. Thus a
decline in the systemic and organ NO levels after the
second round of IL-2 may explain the absence of pleural
effusion. This decline is due likely to a negative feedback
loop by which a sharp rise in NO levels can down-
regulate NOS expression, as well as NOS activity, as a
protective mechanism against NO-mediated injury. This
view is supported by a number of studies showing that
high NO levels could inhibit both constitutive and
inducible NOS activity. Feedback NOS inactivation
appeared to be due to competition with oxygen (O»)
binding of NO to the haem iron prosthetic group [39] in
association with a conserved tryptophan 409 residue
[40]. Inhibitory action of NO on iNOS activity were
demonstrated in macrophage cell lines J774 [41] and
RAW 264.7 [42] using a set of NO donors, ¢.g. sodium
nitroprusside and S-nitro-acetyl-penicillamine. Simi-
larly, NO donors downregulated NO synthesis by the
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Fig. 2. Immunoperoxidase staining for nitrotyrosine in formalin-fixed paraffin-embedded kidney sections (x630) from C3L5 mammary adeno-
carcinoma-bearing C3H/HeJ female mice after two rounds of immunotherapy: (a, b) control tumour-bearing mice; (¢, d) VAA-treated mice; (e, f)
IL-2-treated mice; (g, h) negative control of IL-2-treated-mice (immunostaining with primary antibody was performed in the presence of 3-nitro-L-
tyrosine). Left side (a, c, e, g) illustrates the cortical and the right side (b, d, f, h) the medullary regions of the kidneys. Kidney sections from
VAA +IL-2-treated mice are not shown since their staining patterns were identical to those from IL-2-treated mice. Five sections from the right
kidney of each animal (n=_8-10 mice/group) in the various groups were processed, and the pictures are representative for each group.
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rat gastric myenteric plexus [43]. In other studies, NO
has been shown to inhibit reversibly the activity of pur-
ified eNOS [44], as well as eNOS gene expression, in
cultures of human coronary artery endothelial cells via a
cyclic guanosine monophosphate (cGMP)-mediated
mechanism [45]. In line with these observations, our
data demonstrate for the first time the feedback regula-
tion of NO production in vivo in the tumour-bearing
mice treated with IL-2. Our results reveal that in spite of
a decline in systematic NO levels after the second round
of IL-2 therapy, kidneys exhibit significant capillary
leakage, as opposed to the absence of pleural effusion.
Thus pleural and renal capillaries may behave differ-
ently. It is possible that the latter is more sensitive to the
injury resulting from peroxynitrite formation. Indeed,
we have shown that in spite of a drop in renal NO
levels, nitrotyrosine, a marker for peroxynitrite, was
abundantly present in the kidneys after both rounds of
IL-2 therapy.

In view of an increasing appreciation of the role of
glycan chains of cellular glycoconjugates in cell signal-
ling via interaction with endogenous lectins, research on
plant lectins as diagnostic and therapeutic tools has
attracted considerable interest [46,47]. Unfortunately,
however, in recent times, popular alternative (com-
plementary) modalities of human cancer therapy have
frequently ascribed antitumour functions to mistletoe
extracts, in spite of the lack of any clinical validation of
such claims and documented opposing actions of lectin-
induced cytokines in vivo [29,30]. The recent introduc-
tion of lectin-standardised extracts instead of prepara-
tions with variable lectin contents in the market is an
attempted improvement to mimic the immunomodula-
tory capacity of the lectin. So far, case reports with
extract application in the human remain discouraging,
including some cases of stimulation of tumour growth
[32,48]. As reviewed ecarlier, data derived from models
of animal cancer remains conflicting, indicating bene-
ficial [22-26] as well as detrimental [27,28] effects.

Our data demonstrate that the purified VAA pro-
motes tumour growth and lung metastases in mice in
the C3L5 mammary adenocarcinoma model. An
important feature of this cell line is the constitutive
expression of eNOS and induction of iNOS after sti-
mulation with LPS and IFN-y [36]. We had earlier
shown that endogenous NO promoted tumour progres-
sion and metastasis in this tumour model by multiple
mechanisms including stimulation of tumour cell
migration, invasiveness and NO-mediated angiogenesis
[34,35]. We have further shown that additional induc-
tion of iNOS in the presence of LPS and IFN-y pro-
motes invasiveness of these cells by an upregulation of
matrix metalloprotease (MMP)-2 [36]. However, VAA
and its carbohydrate-binding B-chain failed to activate
iNOS in the C3L5 tumour cells in contrast to the action
of LPS+IFN-y. Thus VAA-induced progression of

tumour growth and metastasis in this cancer model
cannot be attributed to iNOS induction with VAA. In
contrast to the present finding with VAA, certain lectins
from Canavalia ensiformis (Con A), Canavalia brasi-
liensis, Pisum arvense, Dioclea grandiflora were found to
induce a significant accumulation of nitrite in the cul-
ture of unfractionated peritoneal cells from female
BALB/c mice [49]. Furthermore, i.p. administration of
two lectins from Tricholoma mongolicum to normal and
sarcoma-bearing C57BL/6 mice primed peritoneal mac-
rophages to produce nitrite and inhibited tumour
growth most likely due to NO-mediated tumour cell
cytotoxicity [50]. However, in many human tumours, in
particular, cancers of the breast, oropharynx, lungs and
the pancreas, increased NOS activity and expression in
tumours is positively associated with tumour progres-
sion [51] indicating the risks of using NO-inducing
agents in the clinic. In the present case, VAA stimula-
tion of C3L5 tumour growth may be due to a direct
stimulation of cell proliferation [31] or indirect stimula-
tion by VAA-induced cytokines in vivo [30]. These pos-
sibilities remain to be investigated. While animal studies
may not always predict the clinical outcome in the
human, our results suggest that the use of VAA for
cancer therapy in the clinic should be considered with
caution. They also demonstrate that there is no advan-
tage in using VAA as an immuno-adjuvant for IL-2-
based immunotherapy.
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