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Abstract
A recombinant Eimeria protozoan protein antigen (rEA) has been shown to have antitumor and
antiviral activity. The purpose of this study was to determine the effect of rEA treatment alone or in
combination with an agonist cocktail consisting of granulocyte macrophage colony stimulating factor
(GM-CSF), interferon gamma (IFN-γ), interleukin 4 (IL-4), and anti CD-40 antibody, in the treatment
of Banzi virus (BV) disease in BALB/c mice. Treatment with rEA resulted in a significant increase
in survival, weight gain, and mean day to death in BV-infected mice and resulted in a significant
decrease in brain virus titer. Treatment with rEA, in combination with a 4-agonist cocktail, improved
disease parameters to a greater degree than rEA treatment alone. The effect of treatment with a
reduced concentration of agonist cocktail or fewer components of the agonist cocktail, in combination
with rEA, on disease outcome in BV-infected mice was also investigated. Treatment with rEA, alone
or in combination with agonist cocktail, 24 hours after virus challenge did not improve disease.
Treatment with rEA, alone or in combination with an agonist cocktail, is efficacious for the
prophylaxis of BV infection in mice.
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1. Introduction
A protein was recently isolated from a protozoan, Eimeria spp., that modulates innate immunity
through the upregulation of inflammatory modulators, including interleukin (IL)-12, monocyte
chemoattractant protein (MCP)-1, IL-6, tumor necrosis factor (TNF)-alpha, and interferon
(IFN)-gamma (Rosenberg et al., 2005). This Eimeria antigen (EA) has been shown to have
anticancer activity in mice (Rosenberg et al., 2005). Prophylactic treatment with a recombinant
version of the Eimeria antigen (rEA) significantly improved disease in mice infected with Punta
Toro virus (Gowen et al., 2005) and is currently in Phase I clinical trials for cancer in humans
(Rosenberg, personal communication). Synergistic efficacy of rEA and an agonist cocktail,
consisting of GMCSF, IFN-γ, IL-4, and anti-CD-40 antibody, has also been observed in in
vitro and in vivo studies in a cancer model (Rosenberg et al., 2005). All possible agonist cocktail
combinations were tested in vivo by injecting mice with the cocktail and measuring the amount
of IL-12 induced at 6 hrs post injection by ELISA (Rosenberg et al., 2005). The cocktails
selected for use in this study induced the largest amounts of IL-12, typically 2-10x that induced
by rEA alone (Rosenberg, unpublished data).

Banzi virus (BV) is a flavivirus belonging to the Uganda S serocomplex and is closely related
to yellow fever virus, an NIAID Category C pathogen (Fulop, Barrett, and Titball, 1995). BV
causes periodic cases of febrile illness in humans, and the infection in mice, characterized by
encephalitis and high mortality, is used as a model for flavivirus-induced encephalitis in the
laboratory (Jacoby and Bhatt, 1976;Smee et al., 1995).

Potential therepeutics for the treatment of flavivirus infections in experimental models include
immune modulators including interferons, ribavirin, synthetic RNAs, and others (Leyssen et
al., 2003;Morrey et al., 2004;Pantelic, Sivakumaran, and Urosevic, 2005;Pinto et al.,
1990;Pinto, Morahan, and Brinton, 1988;Singh et al., 1989;Smee et al., 1991). Immune
modulators generally have broad antiviral efficacy, but generally are efficacious only with
prophylactic treatment. The purpose of this study was to determine if the immunomodulator
rEA, alone or in combination with various agonists, would be effective in treating BV disease
in experimentally infected mice.

2. Materials and Methods
2.1. Banzi virus

The H336 strain of BV was obtained from the American Type Culture Collection (ATCC,
Manassas, VA) and used after 3 passages in vero cells and titrated in mice prior to this study.
A 10-3 dilution (103 cell culture 50% infectious doses [CCID50] or 20 50% lethal doses) of the
virus was prepared, and animals were injected intraperitoneally (i.p.) with 0.1 ml of the diluted
virus.

2.2. Animals
Female BALB/c mice with ages of 5-6 weeks obtained from Charles River Laboratories
(Wilmington, MA) were used. Animals were randomly assigned to cages and individually
marked with eartags. All were fed standard mouse chow and tap water ad libitum.

2.3. Facilities
Although BV is categorized as a BSL-2 pathogen (Richmond and McKinney, 1999), to assure
personnel safety, experiments were conducted in the BSL-3 animal suite at Utah State
University Laboratory Animal Research Center (LARC). Standard operating procedures for
BSL-3 were used.
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2.4. Test Article
All rEA and rEA + agonist preparations, along with the respective placebo controls, were
supplied by Barros Research Institute (Holt, MI) as aqueous solutions ready for injection. The
rEA was used at 1.0 or 0.1 μg/mouse/treatment (50 or 5 μg/kg). The 4-agonist cocktail consisted
of granulocyte macrophage colony stimulating factor (GMCSF), interferon gamma (IFN-γ),
interleukin-4 (IL-4), and anti-CD-40 antibody (Ab) at concentrations of 1 μg/kg, 3 μg/kg, 1
μg/kg and 50 μg/kg, respectively. The 3-agonist cocktail was as above without anti-CD-40
antibody and 2-agonist consisted of GM-CSF and IFN-γ. All rEA preparations were stored at
4 °C until use. The rEA and rEA + agonist preparations were prepared so that an i.p. injection
of 0.4 ml/mouse yielded the desired concentration. The rEA diluent consisted of 0.1% bovine
serum albumin in phosphate buffered saline. Ampligen was provided by HEMISPHERx
(Philadelphis, PA) as a viscous 2.4 mg/ml solution and used as a positive control in these
studies.

2.5. Brain virus titration
Brain samples from 5 mice from each group were homogenized in 1 ml MEM 2% FBS. Ten-
fold dilutions were made of the homogenate, which were then plated on Vero-76 cells,
incubated for 6 days, and examined for presence or absence of cytopathic effect (CPE) as
indication of infectious virus.

2.6. Experimental design
In an initial dose response experiment, mice were treated i.p. 4 hrs prior to and 2 days post-
virus inoculation (dpi) with 10, 1, or 0.1 μg of rEA to determine optimal dose. Brain samples
were taken from 5 mice in each group for BV titration by infectious cell culture assay as
described in section 2.5. In a following experiment, mice were treated i.p. with 1.0 or 0.1 rEA
or rEA + 4-agonist following the same treatment schedule. A third experiment evaluated post-
infection efficacy of rEA + 4-agonist administered 1 and 3 dpi. Other experiments were
conducted to determine the optimal agonist cocktail components and concentrations. Mice
were treated with 12 mg/kg ampligen −4 h and 2 dpi as a positive control in each experiment.
Sham-infected control mice were treated with rEA, rEA + agonist, or placebo as toxicity
controls. Percent survival and mean weight change were calculated based on the number of
animals still alive 21 dpi and the weight difference between 0 and 8 dpi.

2.7. Statistical analysis
Survival data were analyzed using Wilcoxon log-rank survival analysis (JMP Software, SAS
Institute Inc.,). Weight change was analyzed using Students t-test.

3. Results
3.1. rEA Treatment

Mice treated −4 h and 2 dpi with rEA at 1.0 or 0.1 μg/mouse had a significantly higher survival
rate than mice treated with placebo, whereas 10 μg/mouse did not significantly improve
survival (Table 1). Brain virus titers were also reduced in mice treated with rEA (Fig 1). Weight
change was improved with 10 or 1 μg/mouse rEA treatment as compared with placebo (Table
1). Mean day to death was not effected in the initial experiment evaluating rEA, but a
subsequent experiment showed a significant improvement in this parameter with rEA treatment
at 1 or 0.1 μg/mouse. No toxicity was apparent in any rEA treatment groups as indicated by
weight loss or mortality. Ampligen treatment, given at the same treatment schedule, resulted
in higher survival than rEA treatment in all of the experiments (Table 1-4).
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3.2. Combination rEA + agonist treatment
Combination treatment of rEA (1.0 or 0.1 μg) with a 4-agonist cocktail (GM-CSF, IFN-γ, IL-4,
and anti-CD-40 Ab) resulted in a significant improvement in survival as compared with placebo
in combination with 4-agonist cocktail (Table 2). There was a significant difference (P<0.05)
in rEA (0.1 μg) + 4-agonist as compared with rEA (0.1 μg) treatment alone. There was not a
significant difference in placebo + 4-agonist treatment as compared with placebo alone,
although more mice survived in the placebo + 4-agonist treatment group (Table 2). A second
study testing rEA + 4-agonist treatment administered as above, also resulted in significantly
improved survival (Table 3). There was no significant extension in mean day to death as
compared with placebo + 4-agonist, although there was a trend towards improvement. Post-
virus exposure treatment with rEA did not improve survival in mice infected with BV (Table
3).

Reduction of the agonist cocktail to a 3-agonist formulation of GM-CSF, IFN-γ, and IL-4
provided similar levels of protection to that of the 4-agoinst cocktail, when combined with rEA
(Table 4). Further reduction in the composition of the agonist cocktail to GM-CSF and IFN-
γ in combination with rEA treatment significantly improved survival of BV-infected mice,
although survival was slightly diminished as compared with rEA + 4 agonist treatment (Table
3).

3.3. Dose-response effects of agonist
Combination treatment of rEA (0.1 μg/treatment) + 4-agonist at 1/3 of the standard agonist
concentration (4-agonist [1/3]) was effective in improving survival and extending the mean
day to death as compared with placebo only, but was not significantly different from placebo
+ 4-agonist [1/3] (Table 4), although this treatment significantly improved survival as
compared with placebo alone (P<0.001). Treatment with placebo + 4-agonist [1/3] or treatment
with placebo + 3-agonist cocktail resulted in a slightly significant improvement in survival as
compared with placebo only (Table 4). The lower dilution [1/10] of 4-agonist cocktail had no
significant effect on improvement of survival, mean day to death, or weight change (Table 4).
The endpoint of efficacy for 4-agonist cocktail concentration is between [1/3] and [1/10], when
combined with rEA treatment.

4. Discussion
The rEA protein, isolated from Eimeria sp., was effective in treating BV infection when
administered 4 h prior to viral challenge. Treatment with rEA lessened weight loss, inhibited
virus replication or reduced virus titers in the brain, and prolonged mean day to death, although
results seem variable. It appears that the 10 μg/mouse dose was ineffective, as survival in mice
treated with this dosage was lower than survival in groups of mice treated with 1 or 0.1 μg/
mouse, and survival in this group was not significantly different than survival of placebo-
treated mice. The dose/response curve for rEA treatment both in vitro and in vivo for cancer
shows a bell-shaped resonse curve, indicating that 10 μg/mouse may exceed the optimum dose
for treatment of the BV (Rosenberg, unpublished data). No direct toxicity was observed in the
sham-infected, control animals at any dose tested.

Treatment with rEA elicits the production of IL-12 as well as other inflammatory cytokines
and has been shown to have anti-tumor properties in mice (Rosenberg et al., 2005). The
components of the agonist cocktails were chosen on the basis of maximizing IL-12 induction
both in vitro and in vivo, as well as their ability to enhance the activity of rEA in the cancer
model (Rosenberg, unpublished data). Production of IL-12 can result in many downstream
events including induction of IFN-γ production by NK cells (Ellermann-Eriksen, 2005) and
downregulation of the Th2 response (Rollier et al., 2005). IL-12 may be helpful in clearance
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of viral infection, but has been shown to not be necessary for the resolution of vesicular
stomatitis virus and murine cytomegalovirus infections (Dix and Cousins, 2004;Ireland, Palian,
and Reiss, 2005).

Combination treatment of rEA with an agonist cocktail improved survival, lessened weight
change, and prolonged mean day to death to a greater extent than monotherapy with rEA. Co-
treatment of rEA with other inflammatory cytokines may allow for a greater stimulation of an
early immune response, which has been shown to be important for clearance of West Nile virus
infection in mice (Diamond et al., 2003). Components of the agonist cocktail have been shown
to have activity when given alone. Treatment with IFN-γ has been shown to reduce the number
of dengue-positive cells in vitro (Diamond et al., 2000). GM-CSF, IFN-γ, and IL-4 have been
shown to be important components of antiviral response to different flavivirus infections
(Chaturvedi et al., 1999;Cheeran et al., 2005;Hasegawa, Satake, and Kobayashi,
1990;Quaresma et al., 2006). Thus exogenous treatment with these cytokines may be
responsible for the resolution of BV infection observed in this study.

Removal of anti-CD-40 antibody from the agonist cocktail did not result in a diminished
antiviral effect, suggesting that the anti-CD-40 antibody is not required to enhance the efficacy
of rEA in this viral model. The reduction of agonist cocktail to GMCSF and IFN-γ in
combination with rEA improved survival significantly when compared with placebo + 2-
agonist-treated animals, although this improvement was not significantly different from rEA
alone. It appears that rEA alone protects around 50% of the mice, which is comparable to 60%
protection in groups of mice treated with rEA + 2-agonist cocktail. The addition of IL-4 to the
2-agonist formulation improved survival to around 80%. IL-4 reduces induction of IL-12 as
compared with rEA in simple (i.e. rEA + IL-4) as well as some binary mixtures (e.g. rEA +
IL-4 + anti-CD-40), however, inclusion of IL-4 in the 3- and 4-agonist cocktails showed an
enhanced effect in inducing IL-12 over cocktails without IL-4 (Rosenberg, unpublished data).

Treatment with rEA + 4-agonist, administered 24 h after BV challenge, did not improve disease.
It was not unexpected that post-virus exposure treatment with rEA would not be effective in
improving disease outcome. Ampligen (polyI:polyC12U), another immunomodulatory
compound, given after BV challenge results in diminished results (unpublished data), which
is similar to published data involving other flaviviral encephalitides (Leyssen et al.,
2003;Morrey et al., 2004). However, treatment of mice with rEA without agonists,
administered 36 h after challenge with Punta Toro virus, a member of the Bunyaviridae family,
resulted in significant protection, as measured by increased survival and decreased serum virus
(Gowen et al., 2005). The lack of efficacy with post-virus exposure treatment may be due to
differences in infection dynamics or virulence of BV as compared with PTV. Although rEA
was not effective therapeutically against BV infection, this compound may be very useful in
infections with nonencephalitic viruses, as demonstrated by effective post-infection treatment
of Punta Toro, or in cancer treatment.
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Figure 1.
Effect of various concentrations of rEA on the reduction of day 8 Banzi virus titers in the brains
of infected mice (# with detectable titer/total tested) (***P<0.001, **P<0.01, as compared with
placebo).
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