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Co-expression of interleukin-2 to increase the efficacy of DNA
vaccine-mediated protection in coxsackievirus B3-infected mice
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Abstract

DNA immunizations with the major structural protein VP1 of coxsackievirus B3 (CVB3) have been previously found to protect mice from
a lethal challenge with CVB3. The function of this vaccination procedure is mainly based on accelerated antibody induction with an early
cytokine expression and increased virus-specific cytotoxic activity of spleen cells causing decreased myocyte destruction and reduced viral
replication. Here, we report that the co-expression of the immune-stimulatory interleukin-2 (IL-2) can increase the efficacy of the inoculated
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NA vaccine depending on the route of administration and the mouse strain used.
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oxsackievirus B3 (CVB3), a member of the picornavirus
amily and the genus enterovirus, is a commonly associated
actor of acute and chronic myocarditis in humans. Every year
bout 5 million enterovirus infections are attributed to the
oxsackieviruses group B (CVB), serotypes B1–B5 only in
he United States (Kim et al., 2001). Among the wide variety
f CVB-caused illnesses, those associated with myocarditis,
ancreatitis, hepatitis, and transient paralysis are the more
erious. Up to 12% of patients with known CVB infections
ay have a myocardial involvement (Gauntt et al., 1999),
hereas CVB3 is the serotype most frequently associated
ith myocarditis (Bowles and Towbin, 1998). Despite the
ell characterized molecular structure of coxsackieviruses

Natarajan and Johnson, 1998) and the successful use of com-
on vaccination strategies in animal models (Fohlman et al.,
993; See and Tilles, 1997), no virus-specific preventive pro-
edures against CVB3 are in clinical use today. To develop
uch vaccination strategies, several murine models have been
stablished (Henke et al., 1995; Mena et al., 1999). A new
ethod to prevent virus-caused disease is the administration

of plasmid DNA encoding immunogenic viral epitopes. T
inoculation of DNA vaccines into muscle tissue or skin
been shown to be effective to induce humoral (Boyer et al.
1999; Konishi et al., 1999) as well as cellular (Schirmbeck
et al., 1995; Qiu et al., 1999) immune responses. This tec
nique has been effective against many pathogens, incl
different enteroviruses (Sin et al., 1997; Henke et al., 199
Toniolo et al., 2002).

Using DNA plasmids encoding certain sequence
CVB3 structural proteins, it was demonstrated that afte
tramuscular (i.m.) inoculation the expression of the ca
protein VP1 was the most effective vaccine to protect m
against lethal CVB3 (Henke et al., 1998) or CVB4 (Toniolo
et al., 2002) infections, in both experimental models, the
tained survival rate was between 70–80%. In CVB3-infe
mice the application of the plasmid pCMV/VPl as a v
cine caused decreased cardiomyocyte destruction, re
viral load in the heart tissue, accelerated antibody indu
as well as activation of cytotoxic T lymphocytes (CTL) a
early cytokine expression in heart tissue (Henke et al., 2001a).
Therefore, the induction of B cell and/or T cell memory
∗ Corresponding author. Tel.: +49 3641 657215; fax: +49 3641 657202.
E-mail address:i6hean@rz.uni-jena.de (A. Henke).

vaccinated mice prior to the lethal infection could be respon-
sible for the protection observed.
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However, the obtained protection rate by using the es-
tablished DNA vaccine pCMV/VPl against CVB3 infections
is still unsatisfactory. In order to increase the efficiency of
this immunization procedure, several immune-stimulatory
cytokines were co-expressed with the viral protein VP1. This
strategy has already been successfully used to enhance the
effect of DNA vaccination procedures (Operschall et al.,
1999). Therefore, the coding sequences of IL-2, IL-3, IL-4,
and IL-6 as well as granulocyte/macrophage-colony stimu-
lating factor (GM-CSF) were cloned into the bicistronic ex-
pression vector pIRES (BD Biosciences, Heidelberg, Ger-
many) which already contained the coding sequence of the
viral protein VP1. The plasmid pIRES enabled the simul-
taneous translation of two genes of interest from the same
RNA transcript. Each gene is cloned into one of the multiple
cloning sites on either side of the internal ribosomal entry site
(IRES) of the encephalomyocarditis virus (EMCV). The en-
tire construct is under control of the cytomegalovirus (CMV)
immediate-early promoter allowing the expression of two in-
dividual proteins from one plasmid. The following plasmids
were obtained: pIRES/VPl, pIRES/VPl/IL-2, pIRES/VPl/IL-
3, pIRES/VPl/IL-4, pIRES/VPl/IL-6, and pIRES/VPl/GM-
CSF using the same method as described for pCMV/VPl
(Henke et al., 1998). Plasmid isolation from bacteria was per-
formed using the endotoxin-free plasmid preparation kit (Qi-
a s was
d lls.
A crip-
t ll as
I n-
fi tion
i yme-
l

d in
v –5
m .m.)
t
p ated
d ne
g eived
t day
p ved
b
D acer
o er-
m e of
4 tion,
s an-
t gen
( n
w oth
s table
a fter
t con-
c ated
w The

highest level was detectable in pIRES/VPl/IL-2-vaccinated
BALB/c mice after i.m. inoculation and in pIRES/VPl/IL-2-
vaccinated C57BL/6 mice after gene gun application (data
not shown). Due to the fact, that enhanced antibody levels in
DNA-vaccinated mice were most likely responsible for the
induced protection (Henke et al., 2001a), the following ex-
periments were carried out using only this plasmid DNA for
vaccination with both murine strains.

Four weeks after the second immunization, all mice
were subjected to intraperitoneal (i.p.) challenge with five
LD50’s of the lethal CVB3H3 virus variant (Knowlton et al.,
1996). After this challenge, the number of surviving animals
was monitored up to 4 weeks post-infection (p.i.). As it is
shown in Fig. 1, two i.m. inoculations of pIRES/VPl/IL-
2 protected 85% (17 out of the 20) BALB/c mice against
the lethal CVB3H3 challenge whereas all other vaccinated
mice were less protected. The plasmid pIRES/VPl with-

Fig. 1. DNA vaccine-induced protection against lethal CVB3 challenge.
BALB/c or C57BL/6 mice were non-treated (control) or intramuscularly
(i.m.)- or gene gun (g.g.)-inoculated with the control plasmid pIRES or with
plasmid DNA encoding either VP1 of CVB3 alone (pIRES/VPl), or VP1 and
IL-2 sequences (pIRES/VPl/IL-2). Four weeks after the second inoculation,
mice were challenged with five LD50 doses of CVB3H3 i.p. The percentage
of surviving animals is shown monitored over a time period of 28 days. The
results presented are summarized data of three independent experiments
using three to five mice in each group. Significant differences are indicated.
gen, Hilden, Germany). Expression from these plasmid
etermined in vitro by transient transfection of HeLa ce
fter RNA isolation, DNase digestion, and reverse trans

ase reaction, the transcriptional activity for VP1 as we
L-2, IL-3, IL-4, IL-6 and GM-CSF of all plasmids was co
rmed by PCR (data not shown). However, cytokine detec
n supernatants of transfected cell cultures using enz
inked immunosorbent assays (ELISA) was negative.

After the expression of the DNA vaccines was analyze
itro, male 8–10 weeks old BALB/c or C57BL/6 mice (3
ice per group) were inoculated either intramuscularly (i

wice in each quadriceps muscle separately with 100�g of
lasmid DNA or vaccinated via gene gun (g.g.)-medi
elivery with 1�g plasmid DNA at 4-week intervals. O
roup of mice remained non-treated and one group rec

he parental vector pIRES as a negative control. One
rior g.g. delivery the abdominal fur of mice were remo
y shaving. Murine epidermis was transfected with 1.0�m
NA-coated gold microcarriers by holding the plastic sp
f the Helios gene gun (Bio-Rad Laboratories, Munich, G
any) directly against the target site. A helium pressur
00 psi was applied. Four weeks after each immuniza
era were analyzed for the presence of CVB3-specific
ibodies by ELISA, using purified CVB3 as a target anti
Henke et al., 2001b). All sera obtained prior to immunizatio
ere negative for CVB3 antibodies. In sera of mice of b
trains no increase of virus-specific antibodies was detec
fter the first vaccine inoculation. However, four weeks a

he second immunization slightly enhanced antibody
entrations were found in all sera of mice which were tre
ith plasmid DNA encoding the VP1 sequence of CVB3.
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out IL-2 co-expression induced 66.7% (8 out of the 12)
protection, thus confirming the results we obtained before
with the pCMV/VPl vaccine: 72.2% protection (Henke et
al., 1998) or 71.4% (Henke et al., 2001a). The statisti-
cal analysis (Microsoft Excel by using Student’st-test)
demonstrates significant differences between pIRES/VPl/IL-
2- and pIRES/VPl-vaccinated mice (P < 0.01). Gene gun-
inoculations of pIRES/VPl or pIRES/VPl/IL-2 were less ef-
fective as they induced incomplete protection of 25% (3 of the
12 with pIRES/VPl) or 30% (3 of the 10 with pIRES/VPl/IL-
2). The use of pIRES without VP1 or IL-2 caused no pro-
tection at all. Animals of the genetic different mouse strain
C57BL/6 were better protected against CVB3H3 after vac-
cination with the g.g. method. As shown inFig. 1, two g.g.
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inoculations of pIRES/VPl/IL-2 protected 70% (7 out of the
10) C57BL/6 mice against the lethal CVB3H3 challenge,
whereas all other vaccinated mice were less protected. The
g.g. injection of the plasmid pIRES/VPl without IL-2 co-
expression induced 33.3% (three out of the nine) protection.
Intramuscular inoculation of pIRES/VPl or pIRES/VPl/IL-2
was less effective, inducing incomplete protection of 25%
(3 of the 12 with pIRES/VPl) or 42.8% (6 of the 14 with
pIRES/VPl/IL-2). The statistical analysis revealed signifi-
cant differences between pIRES/VPl/IL-2- and pIRES/VPl-
inoculated mice after g.g. treatment (P < 0.0002), between
pIRES/VPl/IL-2 g.g.- and pIRES/VPl/IL-2 i.m.-treated mice
(P< 0.004), as well as pIRES/VPl/IL-2 g.g.- and pIRES/VPl
i.m.-vaccinated mice (P< 0.00009). The use of pIRES with-
out VP1 or IL-2 caused no protection.
ig. 2. Characterization of the antibody response after a lethal CVB3H3
hallenge. BALB/c mice were non-treated (control) or i.m.- and C57BL/6
ere non-treated (control) or g.g.-inoculated with the control plasmid pIRES
r with plasmid DNA encoding either VP1 of CVB3 alone (pIRES/VPl), or
P1 and IL-2 sequences (pIRES/VPl/IL-2). Four weeks after the second in-
culation, mice were challenged with five LD50 doses of CVB3H3 i.p. The
mount of CVB3-specific antibodies—detected by ELISA (serum dilution
:25) and demonstrated as the optical density at 490 nm (OD490)—was an-
lyzed in sera of individual mice during 3 weeks p.i. Non-protected mice
ied between 6 and 10 days p.i. Four mice in each group were used in each
xperiment. The data shown are the mean values± standard deviation. The
esults are representative of three different experiments.
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ig. 3. Characterization of the cardiocvte-specific enzyme�-HBDH in
urine sera after the lethal CVB3H3 challenge. BALB/c mice were non-

reated (control) or i.m.- and C57BL/6 were non-treated (control) or g.g.-
noculated with the control plasmid pIRES or with plasmid DNA encod-
ng either VP1 of CVB3 alone (pIRES/VPl), or VP1 and IL-2 sequences
pIRES/VPl/IL-2). Four weeks after the second inoculation, mice were chal-
enged with five times the LD50 of CVB3H3 i.p. The concentration of the
ardiocyte-specific enzyme�-HBDH was analyzed in sera of individual
ice during 3 weeks p.i. Non-protected mice died between 6 and 10 days
.i. Four mice in each group were used in each experiment. The data shown
re the mean values± standard deviation. The results are representative of

hree different experiments.
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To analyze if this vaccination procedure could reduce the
virus-induced pathological changes in mice, the following
approach was used: male BALB/c or C57BL/6 mice were
inoculated with pIRES or pIRES/VPl as controls or with
pIRES/VPl/IL-2 via the i.m. or the g.g. route depending on
the mouse strain used. At the indicated days after a lethal
CVB3H3 challenge with five LD50, mice were sacrificed and
analyzed for the presence of virus-specific antibodies in sera
(Fig. 2), viral load in pancreas and heart tissue (Table 1) as
well as serum concentration of the cardiomyocyte-specific
enzyme�-hydroxybutyrate dehydrogenase (�-HBDH), us-
ing a commercially available kit (Sigma Diagnostics, St.
Louis, MO) according to the instructions of the manufac-
turer (Fig. 3) and described previously (Henke et al., 2001b).
The time of death in all groups occurred between 6–10 days
p.i.

The vaccination procedure induced low levels of anti-
CVB3 antibodies. But early after the challenge, increased
concentrations of CVB3-specific antibodies were detectable
in sera of pIRES/VPl/IL-2-vaccinated mice, indicating that
the vaccination procedure induced an immunologic memory
which was accompanied by a secondary antibody response.
During the observation time (1–21 days post-challenge)
the antibody titer in sera of the pIRES/VPl/IL-2-vaccinated
groups remained always higher than in the control groups,
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as it was described previously (Henke et al., 1995). The virus
titer was determined by cell culture infectious dose 50% as-
says (CCID50) on HeLa cell monolayers (Table 1). In both
pIRES/VPl/IL-2-treated BALB/c and C57BL/6 mice the vi-
ral replication in pancreas and heart tissue was reduced and
delayed during the observation time in comparison with both
controls. At 21 days p.i. all surviving animals were able to
stop the viral replication. As demonstrated inFig. 3, high
levels of�-HBDH-activity were detectable in sera of pIRES-
treated control mice starting 3 days after the challenge. In
contrast, the�-HBDH activity in sera of pERES/VPl- and
especially pIRES/VPl/IL-2-vaccinated mice was decreased.
The reduced viral replication in the heart tissue caused sig-
nificant less damage in cardiomyocytes of vaccinated mice.
Heart tissue of surviving animals did not show histopatholog-
ical changes, indicating that CVB3H3 was unable to induce
tissue destruction, massive inflammation, or fibrosis 50 days
p.i. (data not shown).

The nature of the plasmid DNA-induced immune response
is influenced by delivery routes and methods of delivery.
Intramuscular inoculation drives immune responses mainly
towards the Thl-response (Raz et al., 1996). The g.g. de-
livery method requires much less DNA as compared to the
i.m. method and drives immune responses to both the Thl-
(Feltquate et al., 1997) and the Th2-type (Prayaga et al.,
1 cific
i s is
p L-2
g evel-
o af-
f r-
ndependently from the inoculation route and the mo
train used (Fig. 2). This higher antibody titer in sera
he pIRES/VPl/IL-2-vaccinated mice was accompanied
reduced viral load, indicating that these antibodies le
ecreased viral replication in murine tissue. Infectious v
as isolated from pancreas and heart tissue of the same

able 1
irus concentration in pancreas and heart tissue of BALB/c and C57B

lasmid Organ Days (post-challe

1

ALB/c
pIRES Pancreas 7.32± 4.78

Heart 3.48± 2.88

pIRES/VP1 Pancreas 6.25± 5.66
Heart 3.52± 2.34

pIRES/VP1/IL-2 Pancreas 5.33± 4.07
Heart n.d.

57BL/6
pIRES Pancreas 7.01± 5.67

Heart 3.55± 2.29

pIRES/VP1 Pancreas 6.34± 5.25
Heart 4.12± 3.67

pIRES/VP1/IL-2 Pancreas 5.89± 4.73
Heart n.d.

a BALB/c mice were i.m.- and C57BL/6 were g.g.-inoculated with t
pIRES/VPl), or VP1 and IL-2 sequences (pIRES/VPl/IL-2). Four wee
.p. Four mice in each group were used in each experiment. The data
ifferent experiments.

b No surviving animals.
c Not detectable.
ce during the challenge period [log CCID50/0.1 g tissue]a

7 14 21

3± 6.21 6.12± 4.87 –b –
5± 4.89 6.75± 5.67 – –

7± 6.21 5.52± 5.01 n.d.c n.d.
2± 3.89 4.66± 4.78 2.5± 2.23 n.d

7± 3.89 2.31± 1.98 n.d. n.d
21± 3.01 3.45± 2.33 n.d. n.d

8± 6.73 6.65± 5.12 – –
5± 4.67 6.67± 5.11 – –

6± 6.77 5.89± 4.98 n.d. n.d
3± 4.23 4.77± 4.09 n.d. n.d

5± 4.02 2.87± 2.23 n.d. n.d
89± 2.89 3.32± 2.67 n.d. n.d

trol plasmid pIRES or with plasmid DNA encoding either VP1 of CVB
the second inoculation, mice were challenged with five LD50 doses of CVB3H3
are the mean values± standard deviation. The results are representative of

997). The mechanism of this selective Thl- and Th2-spe
mmune activation by different DNA inoculation method
resently not well understood. The co-injection of the I
ene during DNA immunization studies enhanced the d
pment of Thl cells, while the Th2 activation was not

ected (Chow et al., 1998). In addition, the genetically diffe
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ent BALB/c and C57BL/6 mice responded in certain models
of infectious disease either more towards the Thl or the Th2
pathway (Sabin and Pearce, 1995; Kondratieva et al., 2000).
Therefore, the efficacy of DNA immunization procedures and
the induced immune reactions are influenced by several dif-
ferent factors like, e.g., the individual response to the vaccine
and the infectious agent, the route of vaccine delivery, and
the application of immune-stimulatory cytokines.

In conclusion, the inoculation of the bicistronic plasmid
DNA pIRES/VPl/IL-2 induced the highest virus-specific an-
tibody concentrations in sera of BALB/c after i.m. injec-
tion or in C57BL/6 mice after g.g. inoculation in compar-
ison to the application of other plasmids like pIRES/VPl,
pIRES/VPl/IL-3, pIRES/VPl/IL-4, pIRES/VPl/IL-6, and
pIRES/VPl/GM-CSF. Therefore, pIRES/VPl/IL-2 was used
for further protection experiments. After i.m. administration,
IL-2 co-expression increased the protection rate by 18.3%
whereby the g.g. inoculation was much less effective in
BALB/c mice. In contrast, after g.g. inoculation IL-2 co-
expression increased the protection rate by 36.7% whereby
the i.m. was much less effective in C57BL/6 mice. Follow-
ing experiments were focused on the characterization of the
vaccine-mediated protection. During 3 weeks after the lethal
challenge i.m., pIRES/VPl/IL-2-vaccinated BALB/c mice as
well as g.g. pIRES/VPl/IL-2-vaccinated C57BL/6 mice re-
v ions,
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