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Abstract Virulizin® has demonstrated strong antitumor
eYcacy in a variety of human tumor xenograft models
including melanoma, pancreatic cancer, breast cancer,
ovarian cancer and prostate cancer. Our previous studies
have demonstrated that macrophages, NK cells, and cyto-
kines are important in the antitumor mechanism of Viruli-
zin®. Virulizin® treatment of tumor bearing mice results in
the expansion as well as increased activity of monocytes/
macrophages and production of cytokines IL-12 and TNF�
and activation of NK cells. In this study we show that the
inXammatory cytokine IL-17E (IL-25) is induced by Virul-
izin® treatment and is part of its antitumor mechanism. IL-
17E is a proinXammatory cytokine, which induces a TH2
type immune response, associated with eosinophil expan-
sion and inWltration into mucosal tissues. IL-17E was
increased in sera of Virulizin®-treated mice bearing human
melanoma xenografts, compared to saline-treated controls,
as shown by 2D gel electrophoresis and ELISA. Treatment
of splenocytes in vitro with Virulizin® resulted in increased
IL-17E mRNA expression, which peaked between 24 and

32 h post-stimulation. Both in vitro and in vivo experiments
demonstrated that B cells produced IL-17E in response to
Virulizin® treatment. Furthermore, Virulizin® treatment in
vivo resulted in increased blood eosinophilia and eosino-
phil inWltration into tumors. Finally, injection of recom-
binant IL-17E showed antitumor activity towards
xenografted tumors, which correlated with increased eosin-
ophilia in blood and tumors. Taken together, these results
support another antitumor mechanism mediated by Viruli-
zin®, through induction of IL-17E by B cells, leading to
recruitment of eosinophils into tumors, which may function
in parallel with macrophages and NK cells in mediating
tumor destruction.

Keywords Cancer · Eosinophils · IL-17E · 
Immunotherapy · Virulizin®

Introduction

Virulizin® is an immunomodulator with anticancer proper-
ties prepared from bovine bile [1]. Several preclinical
reports have demonstrated that administration of Viruli-
zin® suppressed the growth of a wide variety of human
tumor xenografts including melanoma, pancreatic, breast,
ovarian and prostate cancers [2–4]. Virulizin® lacks direct
cytotoxic activity [3], and studies on the anticancer mecha-
nism of action for Virulizin® have shown an essential role
for components of the innate immune system, particularly
macrophages and NK cells [5, 6]. In vitro, Virulizin® can
induce cytotoxic activity of human blood monocytes, peri-
toneal macrophages, and alveolar macrophages against
human tumor cells [1], and stimulate cytotoxicity of the
U937 macrophage cell line against tumor cells [7]. Activa-
tion of macrophages by Virulizin® signiWcantly increased
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the inWltration of NK cells and macrophages into tumor
xenografts in mice, resulting in elevated levels of tumor
cell apoptosis [5]. Antitumor activity of Virulizin® was
substantially compromised in NK-deWcient SCID/beige
mice [5] and by depletion of macrophages in tumor-bear-
ing nude mice [6]. Mice treated with Virulizin® showed
increased levels of NK cells in spleen and peripheral
blood, as well as elevated NK cell cytotoxicity in vitro [5]
that was diminished following macrophage depletion in
vivo [8].

Cytokines are also important in the antitumor activities
of Virulizin®. Activation of NK cells following Virulizin®

treatment is due in part to expression of IL-12 by activated
macrophages [8]. Virulizin® induces macrophage IL-12
production, which in turn stimulates NK cell-mediated anti-
tumor activity [8]. Virulizin®-treated mice have increased
expression of IL-12 in peritoneal macrophages, and neutral-
ization of IL-12 with anti-IL-12 antibodies in mice elimi-
nated splenic NK cell cytotoxicity [8]. More recently, it
was shown that Virulizin® activates macrophages to pro-
duce TNF� in vitro in a dose-dependent manner, and that
increased levels of TNF� mRNA were detected in tumor
xenografts in mice following Virulizin® treatment [7].
These studies indicate that Virulizin® stimulates several
components of the innate immune system that converge in
the tumor microenvironment and cooperate to bring about
signiWcant antitumor activity.

In the present study we show that the recently described
cytokine IL-17E is involved in the anticancer mechanism
of Virulizin®. IL-17E (also referred to as IL-25) belongs to
a novel family of proinXammatory cytokines that possess
signiWcant homology to IL-17 [9, 10]. Although IL-17E is
structurally related to IL-17 (IL-17A), its biological eVects
diVer from those described for other IL-17 family mem-
bers. One striking diVerence is that IL-17A and IL-17F
induce activation and tissue recruitment of neutrophils,
while IL-17E is involved in the induction of T helper 2
(TH2) cytokines and eosinophil recruitment [11]. The
expression of IL-17E in mice results in the expansion of
eosinophils through the production of IL-5 from an uniden-
tiWed non-T-cell population [10, 12, 13], and induces ele-
vated gene expression of IL-4 and IL-13 in multiple
tissues, resulting in a TH2-type immune response that man-
ifests as increased serum immunoglobulin E (IgE) levels
and pathological changes in the lungs and digestive tract
with eosinophilic inWltrates, increased mucus production,
and epithelial cell hyperplasia [10, 12, 13]. We show that
Virulizin® treatment of tumor bearing mice induces IL-17E
expression from B cells, leading to increased blood eosino-
philia and inWltration of activated eosinophils into tumors.
We also show for the Wrst time that IL-17E has anticancer
activity, in addition to its previously described proinXam-
matory activities.

Materials and methods

Drugs

Virulizin® contains a mixture of both inorganic and
organic compounds in a sterile aqueous solution. The
active moieties of Virulizin® (Lorus Therapeutics Inc.,
Toronto, ON) are obtained from bovine bile by a stan-
dardized process including ethanol precipitation, column
puriWcation, heat reduction, ether extraction, and tyndalli-
zation. The drug contains 5% (w/v) solid material and is
comprised of inorganic (95–99% of the dry weight) and
organic compounds of molecular weights of <3,000 Da
(1–5% of the dry weight). Virulizin® is formulated as a
sterile injectable solution and is supplied as a 3 ml solu-
tion in glass vials with non-latex rubber closures and
aluminum tear oV caps.

Antibodies and reagents

Antibodies Xuorescein isothiocyanate (FITC)-anti-mouse
IgM (eB121-15F9; IgG2a), phycoerythrin (PE) anti-mouse
CD86 (GL1; IgG2a) and PE anti-mouse CD80 (16-10A1;
hamster IgG) were purchased from eBioscience (San
Diego, CA). Anti-mouse IL-17E (207710; IgG2b) and PE-
anti-mouse CCR3 (83101; IgG2a) antibodies were from
R&D Systems (Birmingham, AL). Anti-beta-actin was pur-
chased from Cell Signaling Technology (Danvers, MA).
Recombinant mouse IL-17E was purchased from R&D
Biosystems.

Cells and animals

Human melanoma cell line C8161 was a gift from Dr. D.
R. Welch (Pennsylvania State University, Hershey, PA).
Cells were grown in RPMI 1640 medium (Wisent Inc., St
Bruno, QC) with 10% fetal bovine serum, penicillin
(100 �/ml), streptomycin (100 mg/ml) (Wisent Inc.) at
37°C under 95% air and 5% CO2, and maintained with
routine media changes. Adherent C8161 cells were pas-
saged by trypsinization with 0.025% trypsin. Single cell
suspensions of spleen cells were obtained by meshing and
passing through a cell strainer (70 �m; Becton Dickinson,
Franklin Lakes, NJ, USA) to separate Wbrous tissue.
Erythrocytes were lysed with ACK solution (0.155 M
ammonium chloride, 0.1 mM disodium EDTA, 0.01 M
potassium bicarbonate, pH 7.3) for 5 min on ice. CD-1
athymic nude mice and C57BL/6 mice (6–8 weeks old,
20–25 g, female) were purchased from Charles River
(Montreal, QC). The mice were maintained in the animal
facility at Lorus Therapeutics Inc. Animal protocols were
in compliance with the Guide for the Care and Use of
Laboratory Animals in Canada.
123



Cancer Immunol Immunother (2008) 57:1757–1769 1759
Evaluation of anti-tumor activity in a murine model 
of human tumor xenograft

Human tumor xenografts were established in mice as
described [2]. BrieXy, human tumor cells were harvested at
approximately 80% conXuence in cell culture medium and
resuspended in sterile PBS. Ten million tumor cells in
100 �l were subcutaneously implanted into the right Xank
of CD-1 athymic nude mice. When tumors reached a vol-
ume of 50–100 mm3, mice were randomly separated into
two groups of ten animals. Mice were treated with intra-
peritoneal injections of either Virulizin® or PBS (0.2 ml per
mouse) daily for 4 weeks. Anti-tumor activity was evalu-
ated as previously described [4]. Tumor volume was esti-
mated by caliper measurements, using the formula:
Length £ Width £ Height/2. Tumor weight was deter-
mined from tumor tissue surgically excised from the animal
on the last day of the experiment. The percentage of inhibi-
tion (%) = (mean tumor weight of control animals-mean
tumor weight of drug-treated group)/mean tumor weight of
controls £ 100. A P value of ·0.05 was considered to be
statistically signiWcant.

Two-dimensional gel electrophoresis

Mouse serum was prepared with Aurum Serum Protein
Mini Kit (Bio-Rad) to remove albumin and immunoglob-
ulin according to the manufacturer’s instructions. The
resultant sample was diluted in ReadyPrep Rehydration/
Sample BuVer (Bio-Rad) and was subject to 2D gel elec-
trophoresis. First-dimension isoelectric focusing (IEF)
was carried out on a Protean IEF cell system as described
by the manufacturer (Bio-Rad Laboratories, Hercules,
CA). Samples containing up to 20 �g of protein for ana-
lytical gels were diluted up to 125 �l with dehydration
solution [8 M urea, 2% CHAPS, 50 mM dithiothreitol,
0.2% (w/v) Bio-Lyte 4/7 ampholytes (Bio-Rad) and Bro-
mophenol blue (trace)]. Pre-cast immobilized pH gradi-
ent (IPG) strip (7 cm, pH 4–7, linear gradient) (Bio-Rad)
was used for the Wrst-dimension separation. Strips were
applied by overnight rehydration at 50 V. Then a gradi-
ent was applied from 250 to 4,000 V overnight. All IEF
steps were carried out at 20°C. After the Wrst-dimension
IEF, IPG gel strips were placed in an equilibration solu-
tion (6 M urea, 2% SDS, 20% glycerol, 0.375 M Tris–
HCl, pH 8.8) containing 2% (w/v) dithiothreitol and
shaken for 10 min. The gels were then transferred to the
equilibration solution containing 2.5% (w/v) iodoaceta-
mide to alkylate thiols and shaken for a further 10 min
before being placed on a 10% polyacrylamide gel slab.
Separation in the second dimension was carried out using
Tris–glycine buVer containing 10% SDS, at a current of
200 V for 40 min.

For silver staining, gels were immersed in methanol:
acetic acid: water (50:5:45) for 20 min followed by wash-
ing once in 50% methanol and once with deionized water
for 10 min per wash. Gels were pretreated for 1 min in a
solution of 2% Na2S2O3 and followed by 3 £ 1 min washes
in deionized water. Proteins were stained with 0.1% silver
nitrite for 20 min at 4°C, followed by two washes with
deionized water for 1 min per wash. Gels were developed
by incubation in 0.04% formalin (35% formaldehyde in
water) in 2% sodium carbonate. When the desired intensity
was attained, the developer was discarded and reaction
stopped by 5% acetic acid. Protein patterns in the gel after
silver staining were recorded as digitalized images using a
high-resolution scanner. Gel image matching was done
with Quantity One software (Bio-Rad).

Peptide mass Wngerprinting

Excised gel bands were digested with Trypsin (Promega,
Madison, WI) on a ProGest Digestion Robot (Genomic
Solutions, Ann Arbor, MI) according to the protocol
described [16]. After lyophilization, tryptic peptides were
analyzed by liquid chromatography–mass spectrometry
(LC–MS) using an Ultimate HPLC system with FAMOS
Autosampler (LC Packings-Dionex, Sunnyvale, CA) and
LCQ-DECA Ion Trap Mass Spectrometer (Thermo Finni-
gan, San Jose, CA). Peptides were separated on 75 �m
i.d. £ 25 cm PicoTip columns packed with 3 �m C-18
beads. The column eZuent was sprayed directly into the
interface of the Mass Spectrometer. The gradient used for
separation was 3–60% of acetonitrile over 25 min. Raw
mass spectrometric data were screened against NCBI Data
Base using the Mascot Search Engine (Matrix Science,
London, UK).

ELISA

ELISAs were performed by coating immunoassay plates
(Greiner Bio-One, Longwood, FL) with goat anti-mouse
IL-17E Ab (R&D systems) overnight at 4°C. Plates were
washed twice with 30£ wash buVer (Endogen MiniKits,
Pierce Biotechnology, Rockford, IL) and blocked for 1 h at
room temp with enzyme diluent (eBioscience) followed by
an additional three washes with wash buVer. Serially
diluted mouse serum samples were added to the plates and
incubated for 2 h at room temp. Plates were washed Wve
times with wash buVer and a 1:200 dilution of rat anti-
mouse IL-17E (R&D systems) was added for 1 h at room
temp. Plates were washed again Wve times with wash buVer
followed by the addition of a 1:500 dilution of goat anti-rat
IgG conjugated to horseradish peroxidase (Amersham Bio-
science) for 1 h at room temp. Following an additional
eight washes in wash buVer, plates were incubated with
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100 �l of 1£ TMB substrate (eBioscience) for approxi-
mately 15 min in the dark. Finally, 50 �l of Stop solution
consisting of 2 N sulfuric acid was added to wells, and
absorbance was read at 450/570 nm.

Western blot analysis

Serum samples were prepared as described above. Protein
concentration in the lysates was quantiWed with a Bio-Rad
protein assay kit using bovine serum albumin as the stan-
dard. Western blotting was performed as described [14].
BrieXy, total protein lysates (40 �g/lane) were resolved on
10% SDS-polyacrylamide gels and protein transferred to
polyvinylidene diXuoride membranes. Blots were treated
with blocking agent, 5% nonfat milk in Tris-buVered saline,
for 1 h at room temperature. Protein expression was subse-
quently detected with primary antibodies (described above)
at dilutions described in the text. After washing with Tris-
buVered saline/Tween 20 three times a secondary antibody
conjugated to horseradish peroxidase (Santa Cruz Biotech-
nology and Amersham Biosciences Inc., Piscataway, NJ) at
a dilution of 1:10,000 was added and incubated at room
temperature for 1 h. The blots were washed and the
immune complexes detected using an enhanced chemilumi-
nescence detection reagent kit (Amersham Biosciences
Inc.) and exposed to Kodak X-OMAT AR Wlm for autoradi-
ography.

In vitro stimulation

Spleen cells were isolated from C57BL/6 mice as described
above (see “Cells and animals”). Approximately 2 £ 107

cells/well were plated in triplicate in six well tissue culture
plates after red blood cell lysis. The cells were treated with
or without 5% Virulizin® for various time points as indi-
cated. At each time point, adherent and nonadherent cells
were harvested and pooled for further analysis.

Reverse transcription-polymerase chain reaction (RT-PCR)

For RT-PCR, RNA was isolated using TRIZOL (Invitro-
gen, Burlington, ON). Total RNA (2–4 �g) was treated
with DNase I to remove any contaminating genomic DNA,
and then reverse transcribed into cDNA using 200 units of
Superscript II reverse transcriptase (Invitrogen) in the pres-
ence of oligonucleotides (dT)12–18 according to manufac-
turer’s instructions. AmpliWcation of each target cDNA was
performed with JumpStart™ Taq PCR kits (Sigma-Aldrich,
St. Louis, MO) in the ABI PRISM 7900HT sequence detec-
tion system according to the protocols provided by the
manufacturer (Applied Biosystems, Foster City, CA). PCR
products were quantiWed Xuorometrically using SYBR
Green (BioRad, Mississauga, ON). Two diVerent primer

sets were designed and synthesized using Primer Express
version 2.0 (Applied Biosystems) for each of the following
mouse genes: Interleukin 17E (IL-17E); major basic protein
(MBP); eosinophil peroxidase (EPO); interleukin 5 (IL-5);
eotaxin-1; �-actin (used as an endogenous control to nor-
malize expression levels among samples). A standard curve
of each primer set was generated using mouse genomic
DNA. One primer set was chosen for each gene to perform
all the subsequent PCR to ensure better PCR eYciency and
standard curve lineage.

B cell and T cell isolation

The isolation of splenic B and T cells was performed using
EasySep CD19 positive selection protocol for B cells, and
EasySep CD90.2 positive selection protocol for T cells
(StemCell Technologies, BC) according to manufacturer’s
instructions. The procedures yielded ¸96% purity.

Flow cytometric analysis

For cell surface marker staining, 1 £ 106 cells/sample were
incubated with antigen speciWc antibodies in 100 �l of
staining solution (PBS containing 2% fetal calf serum) on
ice for 30 min. The cells were subsequently washed twice
with staining solution and Wxed with 0.5% paraformalde-
hyde in PBS. Intracellular cytokine staining was performed
according to manufacturer’s instructions (eBioscience).
BrieXy, following the Wnal wash cells were Wxed by adding
100 �l of Fixation solution for 20 min in the dark at room
temperature. Cells were washed once in permeabilization
buVer and subsequently resuspended in permeabilization
buVer for 5 min prior to addition of anti-cytokine antibody.
Anti-IL-17E antibodies were conjugated to biotin, and
added to cells at a concentration of 1/20. After a 20 min
incubation in the dark at room temperature, cells were
washed once and resuspended again in permeabilization
buVer, followed by incubation with the secondary reagent,
phycoerythrin-Cy5.5-conjugated streptavidin (eBioscience)
for 20 min as previously described. Cells were washed once
more in permeabilization buVer, resuspended in 0.5 ml of
staining solution and stored at 4°C for analysis. Samples
were analyzed by Xow cytometry using CellQuest software
(FACSCalibur, Becton Dickinson, San Jose, CA).

Histochemical detection of eosinophils 
and computer-assisted image analysis

The excised tumors were Wxed in PLP Wxative (2% parafor-
maldehyde containing 0.075 M lysine and 0.01 M sodium
periodate solution) overnight at 4°C. The samples were
then dehydrated in graded alcohols, embedded in low melt-
ing point paraYn and 5 �m sections were cut on a rotary
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microtome. ParaYn sections were stained for eosinophils
using Sirius red as described previously [15]. BrieXy, the
sections were deparaYnized, stained with hematoxylin for
2 s, diVerentiated in distilled water and treated with 70%
ethanol for 2 s, then stained with 0.5% Sirius red (Sigma-
Aldrich) solution at room temperature for 1 h. After dehy-
dration with increasing concentration of ethanol, the sec-
tions were mounted with permount (Fisher ScientiWc,
Pittsburgh, PA).

In vivo injection of recombinant IL-17E

Human tumor xenografts were established as described in
CD1-nude mice. Five days posttumor implantation, mice
were injected intraperitoneally (ip) with either PBS or
Virulizin® daily for 4 weeks, or recombinant mouse IL-17E
(1 �g/mouse) (R&D systems) daily for the Wrst 10 days, or
recombinant mouse IL-17E (1 �g/mouse) together with
Virulizin® daily for the Wrst 10 days, followed by Viruli-
zin® alone for the remainder of the experiment. Mice were
sacriWced at four weeks following the start of treatments,
and tumors were evaluated as described previously. Periph-

eral blood was also evaluated for eosinophils by Xow
cytometry.

Results

IdentiWcation of IL-17E in serum of Virulizin®-treated mice

Previous studies demonstrated that Virulizin® has strong
antitumor eYcacy in a variety of human tumor xenograft
models [2–4], and that innate immunity including macro-
phages and NK cells plays a critical role in the antitumor
activity [5, 6, 8]. To further understand the antitumor mech-
anism of Virulizin®, we used proteomics approaches to
investigate the changes of protein expression in serum.
Mice with human melanoma C8161 xenografts were
treated intraperitoneally with Virulizin® or PBS for
4 weeks. Consistent with previous results [2], Virulizin®

signiWcantly inhibited tumor growth as compared to the
PBS group (data not shown). The sera were collected from
the mice and analyzed by 2D gel electrophoresis. Figure 1a
and b show the silver-stained 2D electrophoresis maps of

Fig. 1 IdentiWcation of IL-17E in mouse serum following treatment
with Virulizin®. Human melanoma C8161 cells were subcutaneously
injected into the right Xank of CD-1 nude mice. The mice were then in-
jected intraperitoneally with 0.2 ml of PBS or Virulizin® daily for
4 weeks. Serum was then collected and analyzed by 2D gel electropho-
resis and silver staining. Stained 2D gels are shown from mice treated
with (a) PBS and (b) Virulizin®. One spot (circle in b) that had higher

expression in Virulizin®-treated versus PBS-treated mice was excised
and sequenced. c SDS-PAGE and Western blot analysis of serum from
treated mice. The serum samples were run onto SDS-PAGE gels and
proteins were immunoblotted with antibodies against IL-17E (c).
Western blots of sera from three mice selected at random from each
group (Virulizin® or PBS) are shown. Blots were probed with antibod-
ies to �-actin to standardize levels of serum protein among wells
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sera from PBS- or Virulizin®-treated mice. The intensity of
one particular spot (circled in Fig. 1b) was distinctly
increased in the serum of Virulizin®-treated mice as com-
pared to PBS-treated mice. This spot was subsequently
excised from the gel and analyzed by LC/MS/MS after in-
gel digestion. The protein was identiWed as mouse IL-17E.

Increased level of IL-17E in serum of mice treated 
with Virulizin®

Serum samples from treated mice were probed in Western
blots with anti-mouse IL-17E antibody. As shown in
Fig. 1c, a substantial increase in a band with a molecular
weight of approximately 23 kDa, corresponding to mono-
meric IL-17E, was identiWed in sera of mice treated with
Virulizin® as compared to sera of mice treated with PBS.
The level of beta-actin on each lane was comparable, indi-
cating equivalent amounts of sera were loaded on the gels.
Notably, the size of IL-17E on the Western blot is very sim-
ilar to the spot detected on silver-stained 2D gel.

To conWrm the increased expression of IL-17E in mice
following Virulizin® treatment, the sera were collected
from mice in antitumor eYcacy studies of Virulizin® and
analyzed for IL-17E protein by ELISA. As shown in Fig. 2,
IL-17E was signiWcantly increased in the sera of Viruli-
zin®-treated mice as compared to those in the PBS controls
(P < 0.001). The level of IL-17E was elevated from
3.07 pg/�l in PBS-treated mice to 7.73 pg/�l in Virulizin®-
treated mice. The results indicate that Virulizin® has a
capability of increasing IL-17E expression in mice bearing
tumor xenografts.

Virulizin® induces IL-17E from spleen cells in vitro

To examine whether Virulizin® was capable of directly
inducing IL-17E in vitro, splenocytes from naïve C57BL/6
mice were treated with Virulizin® for various time periods
and expression of IL-17E mRNA was examined by real-
time PCR. As shown in Fig. 3, Virulizin® indeed induced
IL-17E mRNA expression from splenocytes, which peaked
between 24 and 32 h post-stimulation, with 1.74- and 1.72-
fold increase as compare to PBS-treated group, respec-
tively. There was a signiWcant diVerence in the production
of IL-17E from splenocytes derived from Virulizin®-treated
mice versus PBS-treated mice, with p values of 0.02 and
0.01 at 24 and 32 h post-stimulation, respectively. A delay
in the induction of IL-17E mRNA expression was observed
(Fig. 3), suggesting an indirect eVect of Virulizin® in the
induction of IL-17E. In vitro dose-response studies with
increasing concentrations of Virulizin® (1, 5, 10, and 25%)
showed that IL-17E was induced in splenocytes at each
concentration of Virulizin® tested, with highest levels of
IL-17E induced at 25% Virulizin®. However, a clear dose-
response relationship was not seen at these concentrations
(data not shown).

B cells produce IL-17E predominantly in response 
to Virulizin®

Splenocytes isolated from C57BL/6 mice are composed of
various immune cell populations including B cells, T cells,
macrophages and NK cells. In order to determine which cell
type was predominantly producing IL-17E in splenocytes

Fig. 2 Increased serum IL-17E in mice treated with Virulizin®. Nude
mice bearing human melanoma C8161 xenografts were injected with
0.2 ml of PBS (n = 8) or Virulizin® (n = 9) daily for 4 weeks. At the
end of the experiment serum was collected from mice. IL-17E levels in
the sera were determined using ELISA as described in the text. The
data represent 3 independent experiments. The detection limit for
mouse IL-17E in this assay was <2 pg/�l. *P < 0.05 compared to PBS
control

Fig. 3 Quantitation of IL-17E mRNA in splenocytes following treat-
ment with Virulizin® in vitro. Splenocytes were isolated from C57BL/
6 mice, and plated in triplicate in 6 well tissue culture plates after red
blood cell lysis. The cells were treated with or without 5% Virulizin®

for various time points. At each time point, adherent and nonadherent
cells were harvested and pooled, RNA was extracted by Trizol method,
followed by cDNA preparation. Real time PCR was subsequently per-
formed from the cDNA. Values were normalized to �-actin controls,
and then compared to unstimulated samples. Results represent 5–6
experiments per time point. *P < 0.05 compared to PBS control
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upon Virulizin® stimulation, diVerent cell populations were
stained with speciWc antibodies to surface markers. Flow
cytometric analysis of IL-17E expression by intracellular cell
staining demonstrated that the responding cell population
was IgM+, which established that they were B cells. After
treatment with Virulizin® for 72 h in vitro, splenic B cells
expressed more IL-17E as compared to unstimulated con-
trols (8.6 vs 2.9%) (Fig. 4a, b). The increase in IL-17E
expression by B cells following treatment with Virulizin® in
vitro was statistically signiWcant (P < 0.05) (Fig. 4c). An
increase in IL-17E expression was also observed in the non-
IgM + fraction of Virulizin®-treated cells (Fig. 4b) compared
to cells treated with PBS (Fig. 4a), indicating that Virulizin®

induced IL-17E in other splenic cell populations. This IL-
17E+/IgM-negative cell fraction may include T cells, as we
found that expression of IL-17E was also slightly induced
from splenic T cells after 48 h in vitro treatment with Viruli-
zin® (data not shown). Other cell types, such as macrophages
and NK cells in the spleen were sorted by Xow cytometric
analysis, but IL-17E was not induced from these populations
upon exposure to Virulizin® (data not shown).

Virulizin®-induced IL-17E expression in B cells was
further conWrmed in vivo in CD-1 nude mice, which are

congenitally athymic and deWcient in T cells [31]. Nude
mice bearing C8161 xenograft tumors were treated with
Virulizin® for 4 weeks, after which splenocytes were iso-
lated and stained with anti-IgM antibodies followed by
intracellular staining for IL-17E. As expected, increased
expression of IL-17E was also observed in splenic B cells
from CD-1 nude mice (Fig. 5). Flow cytometric analysis
showed that the percentage of splenic B cells that expressed
IL-17E was signiWcantly higher in Virulizin®-treated mice
compared to PBS-treated mice (mean values 13.96 vs
9.20%, P = 0.04) (Fig. 5c).

Increased activated splenic B cells in Virulizin®-treated 
mice

Since IL-17E production was increased in Virulizin®-
treated mice and B cells were capable of producing IL-17E,
we examined whether Virulizin® aVected splenic B cell
numbers and activation. Mice with human melanoma xeno-
grafts were treated for 4 weeks with either Virulizin® or
PBS. The percentage of B cells in splenocytes prepared
from treated mice was then determined by Xow cytometry
using anti-IgM antibodies. We found that B cells were sig-

Fig. 4 Virulizin® induces IL-
17E expression in splenic B cells 
in vitro. Splenocytes were iso-
lated and plated in 6 well culture 
with a no stimulation or b 5% 
Virulizin. After 72 h, cells were 
harvested, surface stained with 
anti-IgM antibodies, followed 
by intracellular staining using 
anti-IL-17E coupled to biotin, 
followed by phycoerythrin (PE)-
Cy5.5-conjugated streptavidin. 
Samples were then analyzed by 
Xow cytometry. Percentages of 
double positive IgM and IL-17E 
cells are shown in the top right 
quadrant of each dot plot. The 
average of 3 separate wells per 
group was tabulated (c). 
*P < 0.05
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niWcantly increased in the spleens of Virulizin®-treated
mice as compared to controls (72.84 § 1.9 vs
65.44 § 2.1%, P = 0.011) (Fig. 6a). Furthermore, by dou-
ble staining with B-cell activation markers CD80 and CD86
we found that there was also an increase in CD80+/CD86+

B cells in the spleen following Virulizin® treatment as com-
pared to PBS treatment (24.37 § 2.8 vs 16.31 § 1.7%,
P = 0.022) (Fig. 6b). These results suggest that Virulizin®

treatment increases the proportion of activated B cells,
which may be responsible for the production of IL-17E in
Virulizin®-treated mice. Alternatively, IL-17E production
may lead to activation of B cells.

Virulizin® induces blood eosinophilia in tumor-bearing 
mice

Previous work has shown that infusion of mice with IL-17E
induced blood eosinophilia and eosinophil inWltration into
tissues [10, 13]. Moreover, eosinophil inWltration may lead
to tumor regression and can be a prognostic indicator of
tumor cell growth [17]. To examine whether Virulizin®

could induce blood eosinophilia through induction of IL-
17E, eosinophils in the blood of Virulizin®-treated mice

were analyzed by Xow cytometry using the surface marker
for mouse eotaxin receptor, CCR3, which has been shown
to be expressed exclusively on murine eosinophils [18].
Mice with C8161 xenografts were treated daily with Viruli-
zin® for 4 weeks, and blood was collected at the end of the
treatment period. Flow cytometric analysis showed that
blood from Virulizin®-treated mice had higher percentages
of CCR3 + cells compared to controls (7.92 vs 3.42%,
P < 0.001) (Fig. 7), indicating that the number of eosinoph-
ils was increased in the blood of Virulizin®-treated mice.

Virulizin® increases eosinophil inWltration into tumors

Blood eosinophilia in Virulizin®-treated mice prompted us
to investigate whether there was an increased number of
eosinophils inWltrated into tumors, where they may be
involved in tumor-killing activities. Mice with C8161
tumors were injected with either PBS or Virulizin® using
the treatment schedule described in “Materials and meth-
ods”. Tumors were excised from mice following a 4-week
treatment period, and eosinophil inWltration of tumors was
examined by histochemistry studies. ParaYn sections were
prepared and stained for eosinophils using Sirius red.

Fig. 5 Virulizin® induces IL-
17E expression in splenic B cells 
in tumor-bearing nude mice. 
CD1 nude mice bearing human 
melanoma C8161 xenograft 
were treated with either PBS or 
Virulizin® (undiluted) daily for 
4 weeks (0.2 ml/day). Spleno-
cytes were isolated and surface 
stained with anti-IgM followed 
by intracellular staining for IL-
17E. Representative dot plots 
from Xow cytometry analysis of 
splenocytes from mice treated 
with PBS (a) and Virulizin (b) 
are shown. Percentages of dou-
ble positive IgM and IL-17E 
cells are shown in the top right 
quadrant of each plot. The mean 
percentage of IL-17E positive 
stained cells from IgM+ gated 
cells was tabulated (c) 
(*P = 0.04; n = 5)
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Results revealed that there was indeed an increase in eosin-
ophil inWltration into tumors isolated from Virulizin®-
treated mice as compared with controls (Fig. 8a). Quantita-
tive image analysis of data obtained from six tumor sam-
ples per group demonstrated that the average number of
eosinophils per Weld was approximately 3.5-fold greater in
the Virulizin®-treated group as compared to the control
group, indicating that eosinophil inWltration was signiW-
cantly elevated in tumors at 4 weeks following Virulizin®

treatment (P < 0.001) (Fig. 8b).

To examine the basis for recruitment of eosinophils into
tumors, the expression of cytokine IL-5 and chemokine
eotaxin-1 (CCL11) was determined in tumors from Viruli-
zin®-treated mice. Both IL-5 and eotaxin can cooperate to

Fig. 6 Virulizin® treatment results in expansion and activation of
splenic B cells. Splenocytes from tumor-bearing mice treated daily for
4 weeks with undiluted Virulizin® or PBS (0.2 ml/day) were isolated
and surface stained with either a anti-IgM FITC for total B cell counts,
or b anti-IgM FITC + anti-CD80 PE + anti-CD86-PE to measure num-
bers of activation B cells. As shown in both panels, the percentage of
B cells (both total and activated) was signiWcantly increased (P < 0.05)
in Virulizin® treated mice

Fig. 7 Virulizin® induces blood eosinophilia. Peripheral blood from
tumor-bearing nude mice treated daily with either undiluted Virulizin®

or PBS (0.2 ml/day) was collected and red blood cells were removed.
The remaining cells were surface stained with anti-CCR3 antibody
conjugated with PE and analyzed by Xow cytometry. **P < 0.001;
n = 31

Fig. 8 Virulizin® treatment results in increased recruitment of eosin-
ophils into tumors. CD1 nude mice bearing C8161 xenografts were
treated with either PBS or undiluted Virulizin® daily (0.2 ml/day) for
4 weeks. C8161 tumors from treated mice were collected and paraYn
sections of tumors were prepared and stained for eosinophils using Sir-
ius Red. a Representative micrographs of sections show stained eosin-
ophils in tumors from mice treated with PBS or Virulizin®. A scale bar
in each panel represents 25 �m. The number of eosinophils per square
millimeter of tumor tissue (b) was determined by computer-assisted
image analysis. Each bar in the graph represents the mean § SEM of
determinations in six samples of the same treatment. ***P < 0.05 com-
pared to PBS control
123
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mobilize and recruit eosinophils from the bone marrow into
the tissue through the blood and have been shown to pro-
mote inWltration of eosinophils into tumors, correlating
with antitumor activity [19–21]. As shown in Fig. 9, both
IL-5 and eotaxin were signiWcantly increased in tumors
from Virulizin®-treated mice. The results suggest that the
recruitment of eosinophils to tumors of Virulizin® treated
mice was likely due to IL-5 and eotaxin expression. The
identity of the cells that produced IL-5 and eotaxin in
response to Virulizin® was not determined.

Increased activated eosinophils in tumors 
of Virulizin®-treated mice

Eosinophils secrete a number of cytotoxic granule cationic
proteins upon activation, including MBP and EPO [22, 23],
both of which induce tissue injury and contribute to antitu-
mor cytotoxicity of eosinophils [24, 25]. Eosinophil inWl-
tration in tumors of Virulizin-treated mice was analyzed by

real-time RT-PCR for MBP and EPO. Results showed that
both markers were increased in tumors isolated from Virul-
izin®-treated mice compared to PBS controls (Fig. 10),
demonstrating that eosinophils found in tumor sites were in
fact in an activated state. Taken together, these results sug-
gested that Virulizin® induced the recruitment of eosinoph-
ils into tumors, where they became activated, potentially
aiding in tumor destruction.

IL-17E treatment has antitumor activity in vivo

To further conWrm that the production of IL-17E was
involved in the antitumor mechanism of Virulizin®,
xenografted mice were treated with intraperitoneal injec-
tions of murine IL-17E to assess antitumor eYcacy. Tumor
weight measurements revealed that IL-17E treatment elic-
ited antitumor activity, which was comparable to that pro-
duced by Virulizin® alone (Fig. 11). Antitumor activity was
further enhanced when IL-17E treatment was combined
with Virulizin®, although eYcacy was not signiWcant when
compared to either Virulizin® or IL-17E alone (Fig. 11).

Discussion

This study demonstrates that Virulizin® treatment of tumor-
bearing mice results in IL-17E induction and eosinophil
expansion in blood and recruitment of activated eosinophils
into the tumor microenvironment. Furthermore, we have
shown that IL-17E has antitumor activity, which is a previ-
ously unrecognized function for this cytokine. The involve-
ment of IL-17E in the antitumor mechanism of Virulizin®

adds to our previous studies showing that Virulizin® acti-
vates macrophages and NK cells and stimulates the produc-
tion of cytokines IL-12 and TNF-� [5–8]. A number of
other substances have been shown to induce expression of
IL-17E (IL-25). Calcium ionophore A23187 in combina-
tion with phorbol myristate acetate (PMA) induced IL-25
production in mouse bone marrow-derived mast cells in
vitro [26]. In addition, titanium dioxide (TiO2) particles
induced IL-25 production when given to rats by intratra-
cheal administration, or when loaded into isolated alveolar
macrophages [27]. In these studies, induction of IL-17E
was associated with modulation of an inXammatory
response. To our knowledge, the current study is the Wrst
report of induction of IL-17E by an immunotherapy leading
to an anticancer response.

IL-17E has previously been shown to induce blood
eosinophilia, eosinophil expansion in spleen and bone mar-
row, and eosinophil recruitment into tissues [12, 13, 28].
This has been shown following intraperitoneal treatment of
mice with recombinant IL-17E (IL-25) [13] and in trans-
genic mouse models that overexpress either mouse or

Fig. 9 Quantitation of cytokines IL-5 and eotaxin-1 in human tumor
xenografts in mice. Nude mice bearing C8161 melanoma xenografts
were treated daily with either undiluted Virulizin® or PBS (0.2 ml/day)
for 4 weeks. C8161 xenograft tumors from treated mice were excised
and total RNA was prepared from tumor tissues, followed by prepara-
tion of cDNAs and quantitative PCR to measure levels of cytokine mR-
NAs. Levels of IL-5 mRNA (a) and eotaxin-1 mRNA (b) in tumor
tissues were both signiWcantly higher in tumors from mice treated with
Virulizin®. Mean values are shown, normalized to levels of �-actin.
*P < 0.05 compared to PBS control
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human IL-17E [12, 28]. In general these studies indicate
that eosinophil expansion and inWltration into tissues is part
of an overall TH2-mediated immune response that is associ-
ated with organ pathologies, particularly in the lungs and
gastrointestinal tract. We did not observe these pathologic
changes in mice treated with either Virulizin® or with
recombinant IL-17E, indicating that the in vivo levels of
IL-17E achieved in our studies are below the threshold
required for these toxicities.

Numerous studies have demonstrated a role for eosin-
ophils in tumor immunity, and cancer immunotherapy in
particular (reviewed in [22]). Eosinophils produce a variety
of cytokines that demonstrate antitumor activities through
direct tumor cell killing, as well as indirectly through acti-
vation of other immune eVector cells in the tumor microen-
vironment. Clearance of lung and visceral metastases of a

CTL-resistant melanoma by TH2 cells was shown to be
dependent on the eosinophil chemokine eotaxin, with
degranulating eosinophils within the tumors inducing tumor
regression [20]. Activated eosinophils have shown anti-can-
cer activity in vitro [21], and eosinophil granule proteins
released upon activation are highly cytotoxic to tumor cells
[24]. Furthermore, eosinophil-derived EPO can synergize
with macrophage reactive oxygen species to kill tumor cells
[29] or catalyze the oxidation of nitrite to generate addi-
tional cytotoxic radicals [30]. Despite these Wndings, the
role of the eosinophil as a cancer eVector cell remains con-
troversial, due to conXicting or inconclusive results in
diVerent animal models. Recently, a role for eosinophils in
tumor immune surveillance and antitumor activity was
demonstrated using transgenic mouse models [21]. Trans-
genic mice that overexpressed IL-5 were signiWcantly resis-
tant to methylcholanthrene (MCA)-induced Wbrosarcoma.
IL-5 transgenic mice showed a decreased incidence of
tumors following MCA injection, and MCA-induced
tumors had reduced growth rates compared to tumors
induced in wildtype mice. Importantly, both observations
signiWcantly correlated with increased eosinophil recruit-
ment into tumors. Similarly, the eosinophil-deWcient mouse
strains IL-5/CCL11-/-and �dblGATA showed a signiWcantly
increased incidence of MCA-induced tumors that correlated
with eosinophil tumor inWltration [21]. The results of the
present study are supportive of these Wndings and provide
further evidence of the antitumor eVects of eosinophils.

The production of IL-17E message has been shown to
occur from TH2 polarized T cells in vitro [13]. Our results

Fig. 10 Quantitation of cytotoxic eosinophil granule proteins in hu-
man tumor xenografts in mice following treatment with Virulizin®.
C8161 tumor xenografts were excised from mice treated daily with ei-
ther undiluted Virulizin® or PBS (0.2 ml/day) for 4 weeks, and total
RNA was prepared and used for cDNA preparation. Real-time PCR
was performed to quantitate eosinophil peroxidase (EPO) (a) EPO or
major basic protein (MBP) (b). Levels of both EPO and MBP were in-
creased in tumors from Virulizin® treated mice. Mean values are
shown, normalized to levels of �-actin. *P < 0.05 compared to PBS
control

Fig. 11 IL-17E has anticancer activity in vivo. CD-1 nude mice bear-
ing human melanoma C8161 xenografts were treated for 4 weeks with
either PBS or Virulizin® daily (0.2 ml/day), or 10 days with recombi-
nant mouse IL-17E (1 �g/mouse), or recombinant mouse IL-17E plus
Virulizin® for the Wrst 10 days followed by Virulizin® daily for the
remainder of the treatment period (4 weeks). Tumor weights were mea-
sured at the endpoint of the experiment. Weights of tumors from mice
treated with Virulizin, IL-17E, or a combination of both were signiW-
cantly reduced compared to those from PBS-treated mice [P values:
0.02, 0.02 and 0.004 for Virulizin®, IL-17E, and IL-17E plus Viruli-
zin®, respectively. (n = 9)]. Tumor weights from mice treated with
both Virulizin® and IL-17E were decreased compared to tumors from
mice treated with either agent alone, although this diVerence was not
statistically signiWcant
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demonstrate that primarily splenic B cells produced IL-17E
mRNA and protein in response to Virulizin® both in vivo
and in vitro. Previous studies showed that CD19+ B cells
were increased in spleens of IL-17E transgenic mice [12].
Consistent with these results, we also found that the propor-
tion of B cells in Virulizin®-treated mice were increased in
spleens as compared to PBS-treated controls, suggesting
that B cells may be involved in the induction of IL-17E
leading to the recruitment of eosinophils. The failure of
puriWed B cells to produce IL-17E in vitro in response to
Virulizin® (data not shown) suggests that activation of
other cell types is required in order for B cells to produce
IL-17E upon Virulizin® treatment. This is further supported
by the time delay seen in induction of IL-17E mRNA
expression in splenocytes in vitro, suggesting that the coop-
erative activation of diVerent cells by Virulizin® is required
for IL-17E induction in B cells.

The antitumor activity observed through administration
of recombinant IL-17E in vivo provides direct evidence for
the role of IL-17E in the antitumor mechanism of action of
Virulizin®. From our previous studies on the anticancer
activity of Virulizin® we have derived a positive feedback
model where Virulizin® induces macrophages to produce
TNF� and IL-12. These cytokines activate NK cells to pro-
duce IFN�, which in turn activates macrophages. Exactly
how IL-17E and eosinophils Wt within this model is not
known. Our results suggest that induction of IL-17E by
Virulizin® leads to eosinophil recruitment into tumors,
mediated through increased expression of IL-5 and eotaxin
by as yet unidentiWed cells within tumors. Activated eosin-
ophils that have inWltrated into tumors may have both direct
tumor-killing activities through release of MBP and EPO.
As well, eosinophils may activate macrophages and NK
cells that are present in tumors in response to Virulizin®

treatment [5, 8]. Further studies are ongoing to determine
the involvement of IL-17E and eosinophils in the context of
our current understanding of the antitumor mechanisms of
this immune modulator.

In summary, we have identiWed an additional aspect of
the antitumor activity of Virulizin®. The induction of IL-
17E by B cells implicates the adaptive immune system as a
component of immune induction by Virulizin® and adds to
our previous Wndings showing that Virulizin® activates
cells of the innate immune response. Although in vivo
expression and administration of IL-17E have shown a
variety of pathological changes associated with an inXam-
matory immune response, these changes have not been
observed with Virulizin®, or with the doses of IL-17E used
in this study. In a subsequent study we have found that IL-
17E has anticancer activity against other tumor types in
addition to the antitumor response seen in our melanoma
model (manuscript in preparation). These observations sug-
gest that there is potential for the use of IL-17E as an anti-

cancer therapeutic. We are currently investigating this
possibility.
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