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SUMMARY

The resistance to mousepox is correlated with the production of type I cytokines: interleukin (IL)-2, IL-
12, interferon (IFN)-gamma and tumour necrosis factor (TNF)-alpha. We intend to describe the mod-
ulation of generalized ectromelia virus (EV) infection with exogenous administration of mrIFN-yand
mrTNF-a separately and in combination using susceptible BALB/c mice. The treatment schemes pre-
sented resulted in the localization of the generalized EV infection and its development into non-fatal
sloughing of the infected limb. This was accompanied by low virus titres in the treated mice due to con-
trol of systemic virus replication and virus clearance. The balance of type I versus type II cytokines was
dominated by a type I response in the treated groups. The group treated with the combination of IFN-
y and TNF-o exhibited the best survival with Thl-dominant (IFN-y and IL-12) cytokine profiles,
whereas the TNF-o~treated group of mice was less successful in clearance of virus and demonstrated the
lowest survival rate. The successful cytokine treatment schemes in this orthopoxvirus model system may
have important implications in the treatment of viral diseases in humans and, in particular, of variola

virus infection.
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INTRODUCTION

The ectromelia virus (EV) is recognized as the aetiological
agent of mousepox, a relatively common infection in labora-
tory mouse colonies around the world. EV, being a natural
mouse pathogen, makes mousepox a very useful model of
orthopoxvirus (OPV) infection. EV is an example of a species-
specific, highly virulent OPV which expresses the major types of
immunomodulatory soluble cytokines receptors for interleukin
(IL)-1B, tumour necrosis factor (TNF), interferon (IFN)-y and
IFN-o/B, which are highly conserved among different virus iso-
lates [1-5]. Several poxvirus genes have been discovered to
encode proteins with sequence similarity to IL-18 binding pro-
teins (IL-18 BPs). The EV IL-18 BP was found to block NF-xB
activation and induction of IFN-y in response to IL-18 [6].
These secreted proteins down-regulate inflammatory responses
by sequestering cytokines and preventing their interaction with
cellular receptors. The contribution of cytokines in the induc-
tion of a protective immune response and recovery from infec-
tion with EV has been reported [1,2,7-9]. It is well known that
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resistance to EV infection and disease correlates with the pro-
duction of type I cytokines: IL-2, IL-12, IFN-y and TNF-¢. In
susceptible BALB/c mice, EV infection predominantly elicits a
Th2 immune response with delayed Th1 immunity [7].

The crucial role of IFN-yin EV in virus clearance at all stages
of infection was established and reported in a number of papers
[2,8-12]. Treatment with anti IFN-y antibodies in resistant
C57BL/6 mice infected with EV transformed a mild, inapparent
infection into a fulminant disease similar to that seen in EV-
infected highly susceptible mice [8]. IFN-yis considered a proin-
flammatory cytokine because it augments TNF activity and
induces nitric oxide. Similar to IFN-¢o and IFN-J, IFN-y possesses
antiviral activity. The antiviral nature of TNF is generally well
accepted [13-15]. TNF appears to induce multiple antiviral mech-
anisms and its synergy with IFN-y promotes antiviral activities
[16-18]. It has been observed in previous studies [15] that TNF
receptor-deficient mice that were otherwise resistant to EV were
susceptible to lethal infection. In other models the overexpression
of TNF during infection with vaccinia virus led to rapid elimina-
tion of the virus [13,14].

Thus, on the basis of our knowledge of EV pathogenesis,
our intention was to treat mousepox with IFN-y or TNF-o
alone and in combination using susceptible BALB/c mice to
study the influence of exogenous administration of these Thl
cytokines on both survival and the clinical picture of the
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disease by measuring cytokine levels and determining viral
loads in blood.

MATERIALS AND METHODS

Virus

EV virus, strain K-1 was received from the State Collection of
Viruses of the SRC VB “Vector’. The source of the virus has been
indicated previously [19]. The virus was purified after undergoing
one passage through chicken embryos. The virus titre was deter-
mined by using a Vero E6 cell monolayer and was calculated to be
7-4 £ 04 logy,, TCIDsy/ml, which corresponds to 5-4 £0-4 log,
LDsy/ml.

Animals

Specific-pathogen-free inbred 4-week-old BALB/c mice (males)
were used for the experiment. All animals were obtained from the
vivarium of SRC VB “Vector’ and were kept at a standard ration.

Preparations
For the treatment of mousepox the following preparations were
used: recombinant mouse IFN-y (rmIFN-y) (lot CFP03, CFPO5,
R&D Systems, Minneapolis, USA), the specific activity is estab-
lished by the manufacturer as 8-43 x 10° TU/ug; and recombinant
mouse TNF-o (rmTNF-0)) (lot CS082031, R&D Systems), the
specific activity is established by the manufacturer as 2-7 x 10°
RU/ug.

Preparations rmIFN-y and rmTNF-a. were reconstituted in
sterile phosphate buffered saline (PBS) (pH 7-4) before use
according to the manufacturer’s recommendations.
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Experimental design

All mice were infected subcutaneously in the left hind footpad
with EV, strain K-1, at a dose of 5 LDs, (in 100 ul of medium
RPMI-1640) on day 1. Animals were followed to 21 days post-
exposure to observe signs of disease and mortality. All mice were
divided into four main groups with different schemes of therapy
(see Table 1).

Animals from group A represented virus control. Animals
from groups B, C and D were treated by one of the schemes using
different preparations. Preparation doses were chosen empiri-
cally. When combined treatments were used, the doses of both
preparations were reduced by half.

Mice from groups A1, B1, C1 and D1 were used for mortality
control. Animals from groups A2, B2, C2 and D2 were used to
obtain serum samples. Blood was taken before infection (day 1)
and at selected time-points thereafter until the death of the ani-
mals. Blood was taken under methoxyflurane anaesthesia from
the orbital sinus. Blood was harvested from three mice at each
time-point. After completion of the experiment, the mice were
sacrificed using CO,.

The present study was approved by the SRC VB ‘Vector’
Bioethical Committee (IACUC, registered at NIH as A5505-01,
12-26-2001).

Assays

Harvested blood was centrifuged for obtaining serum samples,

which were stored at —70°C until the end of the experiment.
Serum levels of cytokines were measured by using enzyme

immunoassay kits produced by R&D Systems according to the

manufacturer’s instructions. Detection limits were as follows:

TNF-q, less 51 pg/ml; IL-18, 3-0 pg/ml; IL-6, 3-1 pg/ml; IL-10,

Table 1. Scheme of experiment

Group No. of animals Group’s characteristics Treatment scheme
Al 30 No treatment -
Mortality control
A2 40 No treatment -
Taking blood samples
Bl 30 Treatment with rmIFN-y Days 4-16 after infection,
Mortality control daily, intraperitoneally,
1-7 x 10° IU/mouse
B2 40 Treatment with rmIFN-y Days 4-16 after infection,
Taking blood samples daily, intraperitoneally,
1-7 x 10° IU/mouse
C1 30 Treatment with rmTNFc. Days 4-16 after infection,
Mortality control daily, intraperitoneally,
5-4 x 10* RU/mouse
Cc2 40 Treatment with rmTNFo. Days 4-16 after infection,
Taking blood samples daily, intraperitoneally,
5-4 x 10* RU/mouse
D1 30 Treatment with combination of rmTNFa and rmIFN-y. Days 4-16 after infection,
Mortality control daily, intraperitoneally,
rmIFN-y0-85 x 10° TU/mouse
rmTNFa 2-7 x 10* RU/mouse
D2 40 Treatment with combination of rmTNFa and rmIFN-y. Days 4-16 after infection,

Taking blood samples

daily, intraperitoneally,
rmIFN-y0-85 x 10° TU/mouse
rmTNFa 2-7 x 10* RU/mouse

BALB/c mice were infected with EV, strain K-1, at a dose of 5 LDs,.
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4-0 pg/ml; IFN-7, less 2 pg/ml; IL-4, less 2 pg/ml; and IL-12, less
4 pg/ml. Ratios of some cytokines were calculated.

EV in the animals’ blood was identified by polymerase chain
reaction (PCR) as described previously [20]. Total DNA from the
blood was isolated using a Qiagen kit (Germany). Primers were as
follows: forward 5-ATACAAAGTCCATGATAAT-3" (3240-
3258 positions in gene) and reverse 5-ACTCTAGAAGTTTA
CACA-3’ (3338-3355 positions in gene). These primers bracketed
a 116 base pair (bp) fragment of the MPV ATIB gene, which con-
tains a HindlI recognition site generating fragments of 64 bp and
52 bp in size.

To quantify the virus load in blood, EV was titrated on Vero
E6 cell monolayers as described earlier [19,21].

On day 21 post-infection, blood of the surviving mice was
analysed for anti-EV antibodies (IgG) by enzyme-linked immu-
nosorbent assay (ELISA) as described previously[22,23]. Serum
samples at a starting dilution of 1:10 in PBS-T were titrated
through a dilution series in order to obtain the most accurate anti-
body titre.

Statistical analysis was conducted using Student’s t-test or
test. P-values < 0-05 were considered significant. Data represents
amean of +s.d. Spearman’s rank correlation coefficient and a sin-
gle regression were used to correlate the data of different cytok-
ines and the data of survival/mortality.

RESULTS

Mortality, morbidity, virus titres and serum IgG

Footpad inoculation of EV, strain K-1, caused the following
clinical picture in the sensitive, untreated group Al of BALB/c
mice (see Fig.1). The manifested swelling of the injected limb
in all mice followed reddening at the place of injection from
day 4. From day 8, lesions were observed on the swelling limb
and from day 10, signs of colliquative necrosis of the limb were
noticed. Only a few mice developed initial signs of coagulation
necrosis. No sloughing of the infected limb was observed in this
group of mice (Fig. 1). Treated animals did not develop extreme
swelling, and signs of resolution of inflammation appeared from
days 7-8 (Fig. 1). Signs of manifested coagulation necrosis were
observed from day 10. Those animals with manifested necrosis
and, at the final stage, sloughing of the infected limb, remained
active and survived. Mice that did not develop necrosis or
sloughing of the infected limbs were less active and died with a
similar clinical picture to animals from the control group
(Fig. 1).

Interestingly, the mean time to death (MTD) of mice from
group D1 (the best survival rate) was just equal to the same
parameter in the control group. Mortality rates and MTD in all
groups of animals are presented in Table 2 and Fig.2. We esti-
mated that days 7-13 were the ‘critical period’, as all deaths were
observed within those days. There was a statistical difference in
the survival rates between the control group and the treated
groups (P =0-0331; 0-0068; 0-0002) of mice. Mice that received
both IFN-yand TNF-a (group D1) showed statistically higher sur-
vival rates in comparison with all other treated groups of animals
(P <0:02).

The development of mousepox in BALB/c mice was accom-
panied by EV replication in all groups (Table 3). Blood titres of
virus increased progressively to the day of death in the control
group A2 (maximum = 6-8). The highest virus titres in the blood
of treated mice were statistically lower (P < 0-01) in comparison

to the maximum level in the control animals. From day 7 virus
load decreased in all treated mice, and by day 21 it was cleared
from the blood of all surviving mice.

On day 21 post-infection, the mean anti-EV IgG titres in sur-
vived mice were as follows: group B2, 1:160, group C2, 1:120
and group D2, 1 : 50. Thus, the lowest IgG titres were recorded in
mice from the D2 group with the best survival rate.

Cytokines (Fig. 3)

The most prominent increase of IFN-y was in mice from group D2
(P <005 in comparison to all other groups) during the ‘critical
period’. The maximum levels of IFN-yin the IFN-j~only treated
group (B2) were very similar to the control group, and in group
C2 they were even lower than in the control.

The most impressive increase of TNF-o was observed on day
11 (869-9 pg/ml) in the IFN-j-treated group of mice (P < 0-001 in
comparison with all other groups). In the TNF-¢-treated group,
TNF-o concentrations were not high until day 15. In the combi-
nation-treated group D, levels of TNF-o did not show a significant
increase and were the lowest except on day 5.

The highest level of IL-1§ (525-8 pg/ml) was recorded in
group B2 mice (P <0-002 in comparison with all other groups);
this group also had the highest TNF-o concentrations. In general,
the lowest levels of IL-1J were observed in the best-surviving D2
group mice. TNF-¢r and IL-13 showed a high correlation with the
survival rate, r=-0-74 (P =0-0245); r=-0-84 (P =0-0146),
respectively, and with mortality, r=0-79 (P =0-0017); r=0-81
(P =0-0013), respectively, in the IFN-y-treated group.

An abrupt and steep increase of 1L-4 was detected on day 3
after the challenge, but was followed by a sudden decrease on day
4 1in all groups. In general, the highest concentrations of IL-4 were
observed in group B2 (P < 0-02) except on day 7; the lowest levels
(lower than on day 1) were detected in group D2 (P < 0-05 in com-
parison with all other groups). A correlation with the survival
rate, r=-0-82 (P =0-0435) and with the mortality < r=0-82
(P =0-0274) within ‘critical days’ in the IFN-ytreated mice was
not observed in all other groups.

Similarly, impressive peaks of IL-6 levels were seen on day 11
in the best-survival groups B2 and D2 (P < 0-008). The IL-6 level
remained highest in group D2 mice; however, in group B2 the
peak was significantly reduced 2 days later.

Interestingly, the highest levels of IL-10 were found in mice
from the control group and in the best-survival D2 group of mice
within the ‘critical period’. However, the maximum level of IL-10
significantly decreased in group D2 from day 9 to day 13. An
unexpected increase of IL-10 was found in group C2 after the
‘critical’ period.

IL-12 levels were dominant in group D2 throughout the
entire period of observation (P <0-05-0-002). IL-12 levels in
group B2 were the lowest among all treated groups. There was
a strong negative correlation with IL-10 in the control group
(r=-0-99; P =0-0012), a moderately negative correlation in the
TNF-o-treated group, a weak positive correlation in the IFN-y-
treated group and a strong positive correlation (r=0-9;
P =0-0383) in the combination-treated group. IL-12 showed a
moderate correlation with IFN-y in the control and TNF-o-
treated groups, and a strong positive correlation in the IFN-y
and the combination-treated groups (r=0-95-0-80; P <0-01).
The strong negative correlation between IL-4 and IL-12 in the
IFN-ytreated group (r=-091; P<0-01) was not observed in
the other treated groups.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 136:207-214
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(@) (h) @)

Fig. 1. Clinical changes in mice during EV-infection. (a—d) Lethal group of animals on days 5, 8,10 and 13 (all mice from the control group
died) days post-infection, respectively. (e-i) Survived group of animals on days 5, 8, 10, 13 and 20 days post-infection, respectively,
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Table 2. Mortality rate, mean time to death in different groups of BALB/
¢ mice infected with EV, strain K-1, at a dose of 5 LDs, and treated by
different schemes

Group No. of mce Mortality rate (%) MTD (day)
Al 30 100 9-34 +0-32
Bl 30 533 10-52 + 0-46*
C1 30 70 10-10 £ 0-40*
D1 30 233 9-34 + 0-88

For schemes of rmTNF-a and rmIFN-y treatment see Table 1. *Statis-
tically different from the control (P = 0-0086; 0-0421 correspondingly).
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Fig. 2. Dynamic of mortality of BALB/c mice infected with EV, strain K-
1,at a dose of 5 LDs, and treated by different schemes. Group A1, control;
group B1, rmIFN-y treatment; group C1, rmTNF-o treatment; group D1,
combination treatment. For schemes of rmTNF-a and rmIFN-y treatment
see Table 1.

Table 3. EV titre (log,) TCIDs/ml) in blood of BALB/c mice infected
with EV, strain K-1, at a dose of 5 LDs, and treated by different schemes

Day post-infection

Group 5 7 9 11 21
A2 5202 62+0-4 6:5+0-4 6-8+0-4 -
B2 51+02 5:6 +0-2* 52+02 4-6 £ 0-2%* 0
C2 50+0-1 5-8 +0-2% 56+02 52+02 0
D2 52+0-1 5:6£0-2% 52+02 4.7 £0-2%% 0

*Statistically significant difference with the maximum in the control A2
group (P < 0-01). **Statistically significant difference with group C2 on day
11 (P <0-05). Mice were treated by different schemes of rmTNF-a and
rmIFN-y (see Table 1).

Several empirical indices were calculated, such as the ratios of
IFN-yto IL-10 [24], IL-12 to IL-10 [25], IFN-yto IL-4 [26] and IL-
12 to IL-4 (data not shown). Within the ‘critical period’, IL-12/IL-
10 (P < 0-02) and IFN-y1L-10 (P < 0-03) were higher in all treated
groups in comparison to the control; IL-12/IL-4 (P < 0-001) and
IFN-yIL-4 (P < 0-002) were significantly higher in the combina-
tion-treated group in comparison with all other groups.

DISCUSSION

EV is a natural mouse pathogen, which causes a generalized infec-
tion. The mousepox model has been used extensively to study
pathogenesis of not only OPV, but also of generalized viral infec-
tions and viral immunology [7,27-30]. Orthopoxviruses express a
wide variety of proteins that are non-essential for virus replication
in culture, but do help the virus to evade the host response to infec-
tion [1]. We have attempted to ‘treat’ generalized infection with the
systemic (i.p.) administration of IFN-yor TNF-o alone or in com-
bination with the purpose of saturating the EV-expressed
cytokine receptors, such as VINFR and vIFN-yR,and by this way
to achieve a reduction of the host’s cytokines sequestering.

In susceptible strains of mice, mousepox is an acute general-
ized infection producing high viral titres in the liver and spleen
with resultant necrosis and high mortality. In contrast, infection of
mousepox-resistant mice is usually subclinical, with lower levels
of viral replication in the visceral organs and development of non-
fatal local (injected foot site) lesions. The cytokine treatments
reported here resulted in localization of the EV infection fol-
lowed by the non-fatal sloughing of the infected limb. Dead mice
from the treated groups, as well as all mice from the control
group, failed to localize infection and had no limb sloughing. In
our experiments, all treated groups of mice had statistically lower
viral loads in peripheral blood in comparison to the control. Thus,
the localization of EV infection was accompanied with low virus
titres, and the obvious ‘treatment’ effect in our study was the influ-
ence on virus replication and virus clearance. These points indi-
cate that treated mice were able to control systemic virus
replication. Based on data from previous studies [15], TNF clearly
plays a determining role in resistance to EV, but it is less critical
than IFN-y. In our study, the TNF-o-treated group of mice was
less successful in clearance of virus than the IFN-y-treated and
IFN-y: TNF-o~treated mice. The successful suppression of cytok-
ines production by the Th2 CD4" T cells is known to abolish the T-
dependent IgG response [28]. The non-specific effectors, includ-
ing IFNs and TNF, limit the spread of the virus early during infec-
tion before the generation of antigen-specific immune responses
such as antibodies and CTL. The best-surviving IFN-y:TNF-o-
treated group of mice showed the lowest specific IgG titre. In our
study, the dominating production of Th1 cytokines (IFN-y, IL-12)
in this group of mice could be considered a relative suppression of
Th2 cytokine production.

IFN-ysynergizes with TNF [16-18], dramatically enhancing its
antiviral effects. In our study, the most successful recovery process
was noted in the group treated with a combination of IFN-yand
TNF-o. Reducing the doses of IFN-y and TNF-¢ by half, but
administering them in combination, led to similar (in comparison
with the IFN-ytreated group) or lower (in comparison with the
TNF-o-treated group) virus loads in peripheral blood of these
group mice.

The i.p.-administered IFN-yand TNF-o might bind/neutralize
the corresponding viral receptors, bind with the host cellular
receptors producing complexes, or both. This is one of possible
explanations for why we did not observe an increase in the cor-
responding cytokine concentrations in treatment groups B and D.
Moreover, high exogenous doses of IFN-y and TNF-¢ in these
groups could reciprocally suppress the host endogenous produc-
tion of the corresponding cytokines.

A strong cellular immune response is associated with the
production of a number of cytokines, particularly INFs, IL-2 and

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 136:207-214
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Fig. 3. Serum levels of IFN-y, TNF-¢, IL-1f3, IL-4, IL-6, IL-10 and IL-12 in BALB/c mice infected with EV, strain K-1, at a dose of 5 LDs,
and treated by different schemes. x-axis: days; y-axis: concentrations in pg/ml. Day 1: EV virus inoculation. Day 4: beginning of treatment
by different schemes of rmTNF-¢ and rmIFN-y (see Table 1). (], control group A2; M, IFN-j-treated group B2; [7], TNF-o~treated group
C2; [, IFN-y: TNF-o-treated group D2.
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IL-12, and is thought to be of paramount importance in virus
clearance and the recovery process [28]. In our study, in addition
to low EV virus titres in mice blood, animals from the most suc-
cessful IFN-y: TNF-o-treated group also produced the highest
concentrations of IL-12 and IFN-y. Previous results [20] have
demonstrated that endogenous type I and type II cytokine
responses cross-regulate immunity to acute VV infection with
IL-12 and IL-10 as the dominant factors for resistance and sus-
ceptibility, respectively. The strong antagonism between IL-10
and IL-12 in the control group, which was manifested by the
strong negative correlation coefficient, led to the suppression of a
protective inflammatory immune response and to the develop-
ment of generalized fatal EV infection. The strong positive cor-
relation in the best combination-treated group of mice may mean
that the growth of IL.-12 was not suppressed by the IL-10 concen-
trations and moreover, IL-12 concentrations were dominant,
which was confirmed by the ratio of IL-12/IL-10. A strong positive
correlation of IL-10 with the mortality rate was observed only in
the control and TNF-o-treated groups.

IL-12 is critical to the induction of IFN-y production from T
and natural killer (NK) cells and initiates the development of cell-
mediated immunity by promoting the differentiation of Thl cells
from naive T cells [21,31]. The correlation between IFN-yand IL-
12 from moderate in the control and TNF-o-treated groups
became a strong positive in the IFN-y and the combination-
treated groups.

The data mentioned above demonstrate that the balance of
type I versus type II cytokines was changed to a dominant type I
response in the treated groups with the different level of advan-
tage. Thus, the balance between the activities of EV IFN/TNF
inhibitors and the ability of the host to produce inflammatory
immune response was improved.

An excess of IL-4 has been shown to be deleterious for the
host as it down-regulates IL-12 and IFN-yproduction and inhibits
the production of TNF-& by macrophages [21,32-34]. The unex-
pected high concentrations of IL-4 in the IFN-j-treated group
resulted in a strong negative correlation between 1L-4 and IL-12
and the lowest ratios of IFN-y/1L-4, IL-12/IL-4 within the ‘critical
period’. There was also a strong negative correlation of IL.-4 with
the survival rate, as well as a strong positive correlation with the
mortality within those ‘critical days’, which was not observed in all
other groups. Nevertheless, these unfavourable signs seem to not
be extremely important in comparison to the lowest blood virus
titres, as IFN-y-treated mice had better survival than TNF-o-
treated mice with a higher blood virus titre. However, these
unfavourable signs did not permit IFN-ytreated mice to obtain
the same survival rate as the combination-treated group.

It is known that endogenous IL-6 plays a crucial anti-inflam-
matory role by controlling the levels of TNF-a and IL-1 and IL-
6 activities may be viewed as an attempt to bring the host back to
homeostasis [35]. In our opinion, IL-6 might play such a role in
the best-survival IFN-y~ and IFN-y : TNF-o-treated groups.

The high concentrations of IL-1 and TNF-¢ in the IFN-y
treated group, indicative of a dominant Th1 cellular response, were
detrimental to the animals. This was confirmed by a strong negative
correlation of IL-1 and TNF-o with the survival rate and a strong
positive correlation with the mortality rate in that group.

In conclusion, we have demonstrated possible treatment
modalities for generalized EV infection in mice. The most suc-
cessful treatment was combination low doses of rmTNF-o and
rmIFN-y administered systemically (i.p.). In this group, low

peripheral blood virus titres accompanied by high levels of IFN-y
and IL-12 led to the best survival rate.

The pathogenesis of mousepox has been characterized exten-
sively in the past; it is clearly a preferred model for studying the
role of immunomodulatory factors in OPV infections [1]. In the
present study, we have made an attempt to regulate the host cell
immune answer to generate an appropriate type of immune
response against a particular pathogen. In order to develop the
most accurate and successful scheme of treatment, we are plan-
ning to expand on the experiments reported here. We did not
measure the dynamic of IL-18. However, it is of special interest to
compare IL-18 levels in groups with the different treatment
schemes taking into account the importance of IL-18 BP in the
virus life cycle. It will also be interesting to treat EV infection with
IL-18 and study its effect on the disease pathogenesis. Successful
cytokine treatment schemes in this model system may have
important implications in the treatment of orthopoxvirus infec-
tion in humans.
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