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Abstract
IgE-mediated food allergies are an important cause of life-threatening hypersensitivity reactions.
Orally administered peanut antigens mixed with the mucosal adjuvant cholera toxin (CT) induce a
strong peanut extract (PE)-specific serum IgE response that is correlated with T-helper type 1 (Th1)
and T-helper type 2 (Th2)-like T-cell responses. This study was conducted to determine if respiratory
enteric orphan virus (reovirus), a non-pathogenic virus that induces robust Th1-mediated mucosal
and systemic responses, could modulate induction of PE-specific allergic responses when co-
administered with PE. Young mice were orally exposed to PE mixed with CT, reovirus, or both CT
and reovirus. As expected, CT promoted PE-specific serum IgE, IgG1, and IgG2a and intestinal IgA
production as well as splenic Th1- and Th2-associated cytokine recall responses. Reovirus did not
alter PE-specific serum IgE and IgG1 levels, but substantially increased the PE-specific IgG2a
response when co-administered with PE with or without CT. Additionally, reovirus significantly
decreased the percentage of Peyer’s patch CD8+ T-cells and Foxp3+CD4+ T-regulatory cells when
co-administered with PE. These results demonstrate that an acute mucosal reovirus infection and
subsequent Th1 immune response is capable of modulating the Th1/Th2 controlled humoral response
to PE. The reovirus-mediated increase in the PE-specific IgG2a antibody response may have
therapeutic implications as increased levels of non-allergenic PE-specific IgG2a could block PE
antigens from binding to IgE-sensitized mast cells.
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Introduction
Food allergies pose significant risk of morbidity and mortality, particularly in young children.
Among foods that cause allergies, peanuts are a major problem since accidental ingestion is
common, allergy to peanuts is severe and sometimes fatal, and peanut allergies resolve in only
about 20% of cases (Hourihane et al., 1998; Skolnick et al., 2001). It has been estimated that
approximately 1-2% of children develop peanut allergies (Burks, 2008) and over the past
several decades, the rate of children that developed peanut allergies had increased in developed
countries (Grundy et al., 2002; Sicherer et al., 2003).

The reason why food allergies were increasing in developed countries is not known, but for
almost 20 years the hypothesis described by Strachan (Strachan, 1989) and now popularly
referred to as the ‘hygiene hypothesis’ has been invoked to explain why populations in
developed countries appear to be developing pathologies associated with allergic conditions
at increasing rates. Broadly, the hygiene hypothesis suggests that reduced exposure to
pathogens or their components early in life results in an increased IgE response to allergens
and a subsequent increase in allergic diseases. The mechanism for this increased predilection
for mounting IgE responses has been described as an imbalance of Th1/Th2 cells (Romagnani,
1992; Holt, 1994), reduced activation of T-regulatory cells (Tregs) (Wills-Karp et al., 2001),
or failures in appropriate activation of innate effector cells and signaling molecules (Prioult
and Nagler-Anderson, 2005).

Despite not knowing the precise immune mechanisms that account for increased frequencies
of atopic patients, one approach to testing the hygiene hypothesis has been to identify inverse
relationships between rates of allergic hypersensitivities and immunity to pathogens in
hypersensitive patients. These studies have included analyses of responses to bacterial (Pelosi
et al., 2005; Kosunen et al., 2002), parasitic (Yazdanbakhsh et al., 2002; Cooper, 2004), and
viral (Matricardi et al., 2002; Linneberg et al., 2003) pathogens. In some studies, seropositivity
to Hepatitis A (McIntire et al., 2004) and Epstein Barr virus (Nilsson et al., 2005; Calvani et
al., 1997) has been correlated with reduced incidence of atopy. In addition, immunity to herpes
virus (Janson et al., 2007) and cytomegalovirus (Nilsson et al., 2005; Janson et al., 2007) have
been inversely correlated with atopy. These mucosally transmitted viruses have high
frequencies of occurrence in human populations and are frequently transmitted under
conditions of hygiene that are less than ideal, suggesting that viruses could be an important
role in regulation of hypersensitivity. However, to dissect cellular and molecular mechanisms
that are potentially involved in virus-mediated regulation of allergy, an animal model of both
allergy and mucosal virus infection is needed.

Previous studies have documented that mice of the C3H strain produce substantial PE-specific
serum IgE antibody following oral immunization with PE and the mucosal adjuvant CT (Li et
al., 2000; van Wijk et al., 2004). This immune response is characterized by the appearance of
PE-specific Th1 and Th2 responses (van Wijk et al., 2004) and activation of innate effectors
including dendritic cells (van Wijk et al., 2007a). The present study examines the capacity of
a Th1 promoting mucosal virus infection to modulate the allergic response to PE and CT in an
animal model of allergy and infection. Reovirus was used as the mucosal viral pathogen
because the virus is well characterized, naturally infects humans and mice, and is found
ubiquitously in nature. In fact, its presence in water sources is commonly used as a sign of fecal
contamination (Abbaszadegan et al., 1993; Fout et al., 2003). Following intestinal infection in
mice, reovirus induces stereotypic Th1-driven responses characterized by the development of
high titers of virus-specific serum IgG2a antibody (Major and Cuff, 1996), and the induction
of interferon-γ- (IFN-γ) producing T-cells (London et al., 1987; Fulton et al., 2004). Reovirus
activates intestinal dendritic cells in vivo (Errington et al., 2008; Johansson et al., 2007; Fleeton
et al., 2004) and under some circumstances reovirus (Rubin et al., 1981) or its hemagglutinin
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(Greene and Weiner, 1980) can induce oral tolerance, indicating that the immune response to
reovirus in mice has the potential to regulate allergic responses by a variety of mechanisms.
Here we found that the robust responses to reovirus modulated the PE-specific humoral
immune responses in mice. Although the PE-specific IgE response developed normally in
sensitized mice that received reovirus, these mice demonstrated an enhanced PE-specific IgG2a
antibody response, suggesting an increased PE-specific Th1 response. These experiments
provide evidence for a role of enteric viruses in regulating induction of PE-specific immune
responses.

Methods
Virus

Third passage stocks of reovirus serotype 1, strain Lang were prepared in L929 cells and
purified by 1,1,2-trichloro-1,2,2-trifluoroethane (freon) extraction and CsCl gradient
centrifugation.(Smith et al., 1969) The concentration of virions in purified preparations was
determined by spectrophotometry where 1 optical density U at 260 nm = 2.1 × 1012 particles/
mL (Smith et al., 1969) and by plaque assays (Major and Cuff, 1996).

Preparation of peanut extract
Peanuts from Golden Peanut (Alpharetta, Georgia) were kindly donated by Imko Nut Products,
the Nut Company (Doetinchem, the Netherlands). Protein extract was made by blending 100
g of peanuts with 500 mL of 20 mM Tris buffer (pH 7.2) at room temperature for 2 hours in
20 minute intervals. The aqueous fraction was collected by centrifugation (3000 g, at 4°C for
30 min). The aqueous phase was subsequently centrifuged (10 000 g at 4°C for 30 min) to
remove residual traces of fat and insoluble particles. Protein concentrations were determined
using Bradford analysis with BSA as a standard. Extracts contained typically 32 mg/ml protein
and were stored at −20°C. Reducing SDS-PAGE from the extracts showed protein bands
between 14 and approximately 100 kDa (not shown).

Mouse Treatment Protocol
All experiments were performed under a protocol approved by the WVU Institutional Animal
Care and Use Committee. The oral sensitization was performed as previously described (Li et
al., 1999; van Wijk et al., 2005) with some modifications. Four week old C3H/HeJ female mice
(Jackson Mice, Bar Harbor, ME), were orally gavaged with 0.25 mL of either PBS, PE (6 mg),
PE plus CT (1mg/mL, List Biologicals, Campbell, CA), reovirus (107 plaque forming units),
reovirus plus CT, PE plus reovirus, or PE plus CT and reovirus. The mice were treated on days
1, 2, 3, 8, 15, and 21. All mice were orally dosed with 12 mg of PE alone on day 30. At day
31, all mice were anesthetized and exsanguinated by cardiac puncture, and spleens and small
intestines were promptly harvested.

Splenic cytokine analysis
Spleen cultures were performed as previously described (van Wijk et al., 2004). Splenocytes
were cultured in tissue culture medium (TCM) with or without 200 μg/mL of PE for 96 hours
at 37°C in 5% CO2 atmosphere. Following incubation, the plates were centrifuged for 10 min
at 150 × g and supernatants were collected and stored frozen at −70°C for further analysis.
Levels of cytokines in the supernatants were determined by sandwich ELISA as described
(van Wijk et al., 2004).

Spleen CD8+ effector function
Single cell suspensions of spleen cells from mice that were infected with reovirus were prepared
as previously described (Fecek et al., 2006). Ficoll-Hypaque gradient enriched CD8+ effector
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cells were treated with GolgiStop™ (BD Pharmingen) and cultured with target L929 cells
infected with reovirus at an effector to target ratio of 25:1 in 96 well V-bottom plates. As a
positive control, some effector cells were polyclonally activated by incubating with plate bound
anti-CD3/anti-CD28 antibodies. Cultures were incubated for 4-6 hours at 37°C at a 5% CO2
atmosphere. Following incubation, cells were stained for flow cytometry analysis.

Lamina Propria fragment cultures
Lamina propria (LP) fragment cultures were established as previously described (Major and
Cuff, 1996). Initially, Peyer’s patches (PP) were removed and the small intestines were
longitudinally split and cut into approximately 1-cm segments. Luminal contents were removed
by washing the intestinal segments in PBS followed by incubation on a rotator at 37°C for 30
minutes in PBS supplemented with 10 mM EDTA and 1 mM dithiothreitol (DTT) to remove
the epithelium. The PBS with EDTA and DTT was replaced and the fragment cultures
incubated for an additional 30 min on the rotator at 37°C. The LP fragments devoid of
epithelium were incubated in TCM for 5 days at 37°C in 5% CO2. After the 5 day incubation,
the supernatants were collected and the total, reovirus-specific, and PE-specific antibody
concentrations were measured by ELISA.

Serum and LP supernatant ELISA
ELISA was performed as previously described (Major and Cuff, 1996). EIA/RIA flat bottom
plates were coated overnight at 4°C with purified reovirus (2.5 × 1010 particles/mL), 20μg/ml
PE, or 1μg/ml goat anti-mouse IgA in 50 μl of 0.1M NaHCO3 and blocked with 3% BSA in
PBS for 1 hour at room temperature (RT). Serially diluted mice sera and LP supernatants were
added to the coated wells and incubated overnight at 4°C. Immune reference serum of a known
titer was added to additional reovirus coated wells and known concentrations of purified mouse
IgA (Southern Biotechnology, Birmingham, AL) were added to anti-IgA coated wells to
generate standard curves for determination of antibody titers or quantitation of antibody
concentrations as indicated. Biotinylated goat anti-mouse IgG (H + L)-, IgG1-, or IgG2a-
specific antibodies (Southern Biotechnology) were added to wells containing serum and
biotinylated goat anti-mouse IgA-specific antibody (Southern Biotechnology) was added to
wells containing LP supernatant for one hour at RT. Strepavidin peroxidase was added for one
hour and reovirus-specific (serum total IgG, IgG1, and IgG2a and LP IgA) antibodies as well
as total and PE-specific LP IgA antibodies were detected through the subsequent color
development using 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) plus 0.03%
H2O2 and analyzed at 405 nm with an ELISA plate reader. PE-specific serum IgE and PE-
specific IgG1 and IgG2a antibodies were determined, respectively, by capture and indirect
ELISA as described (van Wijk et al., 2005).

Peyer’s Patch Lymphocyte Preparation
Excised PP were mechanically disrupted with 18-gauge syringe needles and enzymatically
dissociated with Collagenase Blendzyme Liberase I at 0.28 Wünsch units/mL (Roche,
Indianapolis, IN) and DNase 1 grade 1 at 220 U/mL (Roche) for 30 min at 37°C. The disrupted
PP were then treated with 0.1M EDTA for 5 min at RT and expressed through a 70 μm cell
strainer yielding a single cell suspension that was subsequently stained for flow cytometry
analysis.

Flow cytometric analysis
Splenic effector and PP cells were stained for expression of CD surface antigens. Spleen
CD8+ effector cells were stained with anti-mouse CD8α-allophycocyanin (APC) (1:100) (BD
Pharmingen) and PP cells were stained with anti-mouse CD8α-FITC (1:100) (BD Pharmingen),
CD45R/B220-phycoerythrin (1:300) (BD Pharmingen), or CD4-phycoerythrin (1:200) (BD
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Pharmingen) for 30 min at 4°C in the dark. Cells were twice washed with FACS buffer (1X
Dulbecco’s PBS supplemented with 0.5% BSA and 2mM EDTA), and fixed and
permeabilized. Splenic effector cells were fixed with Cytofix/CytopermTM solution (BD
Biosciences) according to the manufacturers’ instructions, intracellularly stained with anti-
mouse IFN-γ-phycoerythrin (1:100) (BD Biosciences), and analyzed by flow cytometry. PP
cells were fixed for 2 hours at 4°C in the dark with eBioscience Foxp3 fixation/permeabilization
solution (eBioscience, San Diego, CA), twice washed with permeabilization buffer
(eBioscience), and intracellularly stained with anti-mouse/rat Foxp3-APC (1μg/106 cells)
(eBioscience) in permeabilization buffer for 30 min at 4°C. Cells were washed, resuspended
in FACS buffer, and analyzed by flow cytometry. All stained cells were analyzed with a
FACSCaliber flow cytometer (BD Biosciences). Viable lymphocytes were gated based on
forward and side scatter. The number and percentage of individual cell types of the gated
population were determined based on expression of CD antigens. Tregs were defined as CD4/
Foxp3 double positive. Data were analyzed with CellQuest Pro, ver. 3.2 (Becton Dickinson).

Statistical analysis
Data were analyzed using one way analysis of variance (ANOVA) followed by a Tukey’s or
Bonferonni post hoc test. Bonferonni post hoc was used for the PE-specific serum antibody
and splenic cytokine analyses. Tukey’s post hoc was used for all other analyses. A p value of
<0.05 was considered significant.

Results
Reovirus Induces Robust Th1 responses in the presence of CT and PE

C3H mice orally infected with reovirus mount a robust anti-reovirus Th1-response. To ensure
that mice infected with reovirus in the presence of PE and CT mounted a prototypic systemic
and mucosal immune response to reovirus, serum samples and fragment culture supernatants
were analyzed for reovirus-specific IgG and IgA, respectively. The anti-reovirus serum IgG
titers were very high in serum from infected mice. Although CT significantly increased the
IgG response by 3-fold when compared to mice that received reovirus alone, mice that received
reovirus with both CT and PE had a statistically significant 3-fold decrease when compared to
mice that received reovirus + CT (Fig. 1a). Virus-specific IgG was non-detectable in mice that
did not receive reovirus. Intestinal fragment cultures from reovirus-infected mice made
substantial reovirus-specific IgA responses, irrespective of whether they received CT and/or
PE (Fig. 1b). Mice that did not receive reovirus made no detectable anti-reovirus IgA. While
CT did not enhance the anti-reovirus IgA response, mice given PE + reovirus had a decrease
in anti-reovirus IgA that was not significant when compared to the IgA response of mice given
reovirus alone. However, mice that received PE + CT + reovirus did have a statistically higher
anti-reovirus IgA response than mice receiving PE + reovirus. Together these data indicate that
reovirus was a potent immunogen in these mice, and neither CT nor PE substantially negatively
affected the immunogenicity of reovirus.

To ensure that the prototypic Th-1 dominant anti-reovirus response developed following oral
infection with reovirus plus CT and PE, the IgG subclass distribution of reovirus-specific
antibody and recall IFN-γ response of CD8+ spleen cells stimulated with reovirus were
evaluated. All mice that received reovirus whether mixed with PE, CT, or both, mounted robust
virus-specific IgG2a responses, however, a significantly lower titer was observed in mice that
received PE + CT + reovirus compared to mice that received CT + reovirus (Fig. 2a), reflecting
the levels found when total virus-specific IgG was assessed. Virus-specific IgG1 responses
were undetectable (data not shown). Together these data suggest that T-cell help for humoral
antibody responses were dominated by IFN-γ producing Th1 cells (Nguyen et al., 1994). That
Th1–dominated anti-reovirus responses were found in virus-infected mice was further
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supported by the observation that in vitro IFN-γ production was readily detected following in
vitro restimulation of CD8+ splenic T-cells from mice infected with reovirus with or without
PE and CT (Fig. 2b).

CT promotes mixed PE-specific serum antibody responses and reovirus modulates PE-
specific serum IgG2a

To determine the effect of reovirus on the anti-PE response, mice were orally dosed with PE
alone, PE + CT, PE + reovirus, or PE + CT + reovirus. As expected, CT promoted production
of robust PE-specific IgE, IgG1, and IgG2a serum antibody responses when orally administered
with PE (Fig. 3). There was little or no IgE detected in mice receiving PE alone or PE + reovirus.
IgG1 and IgG2a were detectable in the PE alone group but were significantly increased when
CT was co-administered. Reovirus did not alter the adjuvant effect that CT mediates on PE-
specific serum IgE and IgG1 levels. However, when reovirus and PE were co-administered
there was a significantly enhanced PE-specific IgG2a response that increased approximately
30-fold when compared to mice given PE alone. Also, mice given reovirus with PE and CT
exhibited an 8-fold increase in PE-specific IgG2a when compared to mice administered PE
and CT that was trending toward significance.

Reovirus does not affect the CT-mediated PE-specific mucosal IgA response
In addition to promoting systemic antibody responses to PE, CT promotes production of
mucosal anti-PE IgA. To determine whether reovirus affects the mucosal anti-PE response,
lamina propria fragment cultures of intestinal tissue were established from mice treated with
PE mixed with CT, reovirus, or both CT and reovirus (Fig. 4). Anti-PE IgA was readily detected
in intestinal cultures from mice receiving PE + CT. There was a slight decrease in the anti-PE
IgA when reovirus was co-administered with PE + CT that was not significant. Interestingly,
reovirus had no detectable adjuvant properties on the mucosal anti-PE IgA response.

Reovirus does not affect the CT-enhanced splenic recall cytokine responses from mice given
PE

Previous studies have indicated that spleen cells from PE-sensitized mice demonstrate a PE-
induced Th1/Th2 mixed cytokine response (van Wijk et al., 2004). Therefore the effects of CT
and reovirus on the PE-specific recall cytokine response was examined (Fig. 5). Spleen cells
from treated mice were stimulated in vitro with or without PE, and the Th1-associated (IFN-
γ) and Th2-associated (IL-4, IL-5, and IL-10) cytokine levels were measured in culture
supernatants. Spleen cells from mice receiving PE + CT demonstrated significantly increased
levels of IL-4, IL-5, and IL-10 compared to the PE alone group. There was an increase in IFN-
γ for the PE + CT group albeit not significant. Despite being a potent inducer of Th1 responses,
reovirus did not affect the CT-enhanced cytokine response to PE when mice were co-
administered PE, CT, and reovirus. Reovirus did not affect the spleen cell cytokine response
to PE for the four cytokines tested.

Reovirus modestly affects the PP lymphocyte distribution when co-administered with PE
Despite the development of robust antigen-specific responses to PE and reovirus, the relative
percentages of B-cells, T-helper cells, T-cytotoxic cells, and Tregs in the PP were largely
unaffected (Table 1). None of the groups had obvious differences in PP size or total cell number.
However, there was a slight but statistically significant decrease in the percentages of CD8+

T-cells and CD4+Foxp3+ Tregs when analyzed as individual populations in the PP of the PE
+ reovirus group. The percentage of CD4+ T-cells also appeared to be trending downward in
the PE + reovirus group, but did not reach statistical significance. A commensurate increase
in B220+ cells was not observed, suggesting that an increase in macrophages, dendritic cells,
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or other undefined cell types probably accounted for this modest decrease in the percentage of
CD8+ and Tregs.

Discussion
Epidemiological and experimental data support the hygiene hypothesis as an explanation for
the observed increase in the prevalence of atopic disorders in developed countries, despite the
lack of a well-defined mechanism (Vercelli, 2006). One variant of the hygiene hypothesis
suggests that lack of microbial stimulation results in a Th1/Th2 imbalance with a resulting
Th2-bias that predisposes individuals to allergic responses. In this study, it was hypothesized
that induction of a robust anti-viral Th1-type immune response would inhibit the prototypic
Th2-type PE-specific food allergic response. Several experimental efforts biasing the Th1/Th2
balance toward a Th1-type immune response have successfully demonstrated suppression of
Th2-type food allergic responses. For example, IL-12, which drives production of IFN-γ that
results in cell mediated immunity and class switching to IgG2a, has been shown to inhibit PE-
induced anaphylactic reactions, decrease PE-specific IgE levels, and reverse the PE-specific
IgG1/IgG2a ratio when orally administered to mice in a model of peanut allergy (Lee et al.,
2001). Additionally, in an indirect manner, the toll-like receptor (TLR)-ligands CpG (TLR9)
(Adel-Patient et al., 2007) and LPS (TLR4) (Bashir et al., 2004), and the herbal extract food
allergy herbal formula-2 (FAHF-2) (Srivastava et al., 2005) induced a Th1-type shift in the
immune response resulting in abrogation of PE-specific allergic responses.

The systemic and mucosal responses to virus were highly specific and characteristic of
‘conventional’ Th1-dominant responses (serum IgG2a and IFN-producing cells), even in the
presence of CT. Thus it was concluded that virus infection did establish a milieu that promoted
formation of antigen-specific Th1-cells following oral exposure. Having established that
reovirus induced an immunologic environment that promoted Th1 responses, the next question
was what effect this inflammatory setting had on the PE-specific antibody, and particularly the
IgE response in the context of CT. Although IgE antibody responses to antigen are typically
thought of as driven by Th2 cells, the roles of Th2 and Th1 cells in this model are complex
because CT promotes the activation of both PE-specific Th2 and Th1 cells (van Wijk et al.,
2004), as well as modifies the activity of regulatory cells (van Wijk et al., 2007b) and APCs
(Feng et al., 2008) following exposure to PE. As expected, CT enhanced the PE-specific IgE,
IgG1, and IgG2a responses compared to PE and significantly enhanced IL-4, IL-5, and IL-10
cytokine responses by spleen cells stimulated with PE in vitro.

Reovirus did not alter the PE-specific serum IgE or IgG1 responses; however, virus
substantially increased the levels of PE-specific IgG2a. This finding would suggest an increase
in PE-specific Th1 responses without a concomitant increase in Th2 activity, and is consistent
with the hypothesis that reovirus has Th1-promoting activity. However, an increase in PE-
specific memory Th1 cells was not observed in the spleens of infected mice as measured by
increased IFN-γ production, which argues against the idea that reovirus activates PE-specific
Th1-cells. The mechanism for how the virus promoted an enhanced response to an unrelated
and physically unlinked antigen has not yet been determined, but virus has been previously
shown to enhance humoral immunity to unlinked antigens. Thompson et al., reported mucosal
and systemic adjuvant activity by the alphavirus Venezuelan equine encephalitis replicon
particles when coinoculated with soluble (ovalbumin) or particulate (influenza virions)
antigens (Thompson et al., 2006). One hypothesis that could account for the observations is
that virus infection acutely increases local IL-12 production by dendritic cells, macrophages,
or other antigen presenting cells either in the intestine or periphery that promotes increased
primary responses by PE-specific Th1 cells which results in increased IgG2a production. This
hypothesis is consistent with previous findings from our group. Following oral infection with
reovirus, increased levels of IL-12 and IFN-γ mRNA were detected in mouse PP and mesenteric
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lymph node in the first 96 hours after infection but then begin to diminish (Mathers and Cuff,
2004). The cellular source of this and other proinflammatory cytokines has not been firmly
established. Although reovirus did not modify the PE-specific cytokine recall response from
spleen cells restimulated with PE in vitro, it is plausible that in vivo, early IL-12 production by
innate immune cells and IFN-γ produced by virus-activated T-cells, including CD8+ T-cells,
enhanced the PE-specific IgG2a response. An analysis of the kinetics of these cytokines during
the sensitization protocol would help determine their possible role in the PE-specific IgG2a
enhancement.

Earlier studies demonstrated that reovirus acted as a polyclonal activator of the intestinal IgA
responses linked to normal flora or diet in mice if given prior to weaning. This polyclonal
response was paralleled by the initiation of germinal centers in the Peyer’s patches in pre-
weaned mice (Kramer and Cebra, 1995). The mice used in the present study were young but
weaned. Nevertheless, it was thought that perhaps reovirus infection in these young but weaned
mice would increase the IgA response to PE antigen, which could prevent the uptake of PE
and potentially serve as a barrier to initiation of IgE production and PE-specific allergic
responses. Although CT increased the IgA response to PE, reovirus by itself did not enhance
the IgA response to PE. It is possible that the admixture of PE and reovirus would be more
effective at inducing PE-specific IgA in mice prior to weaning. Alternatively, whether PE-
conjugated reovirus could induce strong PE-specific IgA responses in the absence of CT remain
to be determined.

The effects of PE on the systemic and mucosal anti-reovirus responses were very limited.
Though extremely modest, the virus-specific IgG responses of mice given virus with CT and
PE were significantly decreased when compared to mice given virus and CT. Conversely, virus-
specific IgA responses were significantly enhanced in mice co-administered reovirus with CT
and PE when compared to the PE and reovirus group. Interestingly, these effects by PE are
only seen when co-administered with CT. The mechanisms that account for these are not clear
and require further investigation.

Reovirus modestly altered the relative distribution of the CD4+Foxp3+ Tregs in the PP of mice
treated with PE and reovirus. CD4+CD25+ Tregs have been shown to play an important role
in the induction of oral tolerance (van Wijk et al., 2007b). The change in the relative percentage
of these cells in the PP of mice given PE and reovirus suggests that reovirus may have an effect
on the induction of the oral tolerance response mediated by Tregs, but this remains to be
determined.

To the best of our knowledge, this is the first study that examines the effects of an enteric virus
on the development of food allergies following oral sensitization. A recent epidemiological
study investigating the relation between early-life intestinal viral infections and the
development of atopic disorders, pointed to a positive association between infants suffering
from recurrent wheeze at age 1 and 2 and increased rotavirus seropositivity in their first year
of life (Reimerink et al., 2009). However, the authors also reported an inverse association
between norovirus seropositivity and allergic sensitization in the first year of life, highlighting
the importance for studying enteric virus infections and their roles in the development of atopic
disorders. Overall, our data demonstrates that an acute infection with an enteric virus and the
subsequent mucosal and systemic development of a virus-induced Th1 immune response is
capable of enhancing the PE-specific IgG2a antibody response. Moreover, the reovirus-
mediated increase in PE-specific IgG2a may have therapeutic implications. Strait et al reported
that allergen-specific IgG can block IgE-mediatied anaphylaxis in vivo through antigen
interception and FcγRIIb-mediated inhibition (Strait et al., 2006). Future studies examining
the potential of reovirus-induced increased PE-specific IgG2a levels to block or inhibit IgE-
mediated allergic responses in a mouse model of peanut allergy are needed. Given that peanut
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allergies can be life-threatening, are rarely outgrown, and avoidance being the only absolute
effective treatment, further studies testing mechanisms that have therapeutic prospects need
deeper exploration.
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Reference List
Abbaszadegan M, Huber MS, Gerba CP, Pepper IL. Detection of enteroviruses in groundwater with the

polymerase chain reaction. Appl. Environ. Microbiol 1993;59:1318–1324. [PubMed: 7685998]
Adel-Patient K, Ah-Leung S, Bernard H, Durieux-Alexandrenne C, Creminon C, Wal JM. Oral

sensitization to peanut is highly enhanced by application of peanut extracts to intact skin, but is
prevented when CpG and cholera toxin are added. Int. Arch. Allergy Immunol 2007;143:10–20.
[PubMed: 17191005]

Bashir ME, Louie S, Shi HN, Nagler-Anderson C. Toll-like receptor 4 signaling by intestinal microbes
influences susceptibility to food allergy. J Immunol 2004;172:6978–6987. [PubMed: 15153518]

Burks AW. Peanut allergy. Lancet 2008;371:1538–1546. [PubMed: 18456104]
Calvani M, Alessandri C, Paolone G, Rosengard L, Di Caro A, De Franco D. Correlation between Epstein

Barr virus antibodies, serum IgE and atopic disease. Pediatr. Allergy Immunol 1997;8:91–96.
[PubMed: 9617779]

Cooper PJ. Intestinal worms and human allergy. Parasite Immunol 2004;26:455–467. [PubMed:
15771681]

Errington F, Steele L, Prestwich R, Harrington KJ, Pandha HS, Vidal L, de Bono J, Selby P, Coffey M,
Vile R, Melcher A. Reovirus activates human dendritic cells to promote innate antitumor immunity.
J Immunol 2008;180:6018–6026. [PubMed: 18424722]

Fecek RJ, Busch R, Lin H, Pal K, Cunningham CA, Cuff CF. Production of Alexa Fluor 488-labeled
reovirus and characterization of target cell binding, competence, and immunogenicity of labeled
virions. J Immunol Methods 2006;314:30–37. [PubMed: 16822520]

Feng BS, Chen X, He SH, Zheng PY, Foster J, Xing Z, Bienenstock J, Yang PC. Disruption of T-cell
immunoglobulin and mucin domain molecule (TIM)-1/TIM4 interaction as a therapeutic strategy in
a dendritic cell-induced peanut allergy model. J. Allergy Clin. Immunol 2008;122:55–61. [PubMed:
18547633]

Fleeton MN, Contractor N, Leon F, Wetzel JD, Dermody TS, Kelsall BL. Peyer’s patch dendritic cells
process viral antigen from apoptotic epithelial cells in the intestine of reovirus-infected mice. J Exp.
Med 2004;200:235–245. [PubMed: 15263030]

Fecek et al. Page 9

Immunobiology. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fout GS, Martinson BC, Moyer MW, Dahling DR. A multiplex reverse transcription-PCR method for
detection of human enteric viruses in groundwater. Appl. Environ. Microbiol 2003;69:3158–3164.
[PubMed: 12788711]

Fulton JR, Smith J, Cunningham C, Cuff CF. Influence of the route of infection on development of T-
cell receptor beta-chain repertoires of reovirus-specific cytotoxic T lymphocytes. J Virol
2004;78:1582–1590. [PubMed: 14722312]

Greene MI, Weiner HL. Delayed hypersensitivity in mice infected with reovirus. II. Induction of tolerance
and suppressor T cells to viral specific gene products. J Immunol 1980;125:283–287. [PubMed:
6247396]

Grundy J, Matthews S, Bateman B, Dean T, Arshad SH. Rising prevalence of allergy to peanut in children:
Data from 2 sequential cohorts. J Allergy Clin Immunol 2002;110:784–789. [PubMed: 12417889]

Holt PG. A potential vaccine strategy for asthma and allied atopic diseases during early childhood. Lancet
1994;344:456–458. [PubMed: 7914570]

Hourihane JO, Roberts SA, Warner JO. Resolution of peanut allergy: case-control study. BMJ
1998;316:1271–1275. [PubMed: 9554896]

Janson C, Asbjornsdottir H, Birgisdottir A, Sigurjonsdottir RB, Gunnbjornsdottir M, Gislason D,
Olafsson I, Cook E, Jogi R, Gislason T, Thjodleifsson B. The effect of infectious burden on the
prevalence of atopy and respiratory allergies in Iceland, Estonia, and Sweden. J Allergy Clin Immunol
2007;120:673–679. [PubMed: 17586034]

Johansson C, Wetzel JD, He J, Mikacenic C, Dermody TS, Kelsall BL. Type I interferons produced by
hematopoietic cells protect mice against lethal infection by mammalian reovirus. J Exp. Med
2007;204:1349–1358. [PubMed: 17502662]

Kosunen TU, Hook-Nikanne J, Salomaa A, Sarna S, Aromaa A, Haahtela T. Increase of allergen-specific
immunoglobulin E antibodies from 1973 to 1994 in a Finnish population and a possible relationship
to Helicobacter pylori infections. Clin Exp. Allergy 2002;32:373–378. [PubMed: 11940066]

Kramer DR, Cebra JJ. Role of maternal antibody in the induction of virus specific and bystander IgA
responses in Peyer’s patches of suckling mice. Int. Immunol 1995;7:911–918. [PubMed: 7577799]

Lee SY, Huang CK, Zhang TF, Schofield BH, Burks AW, Bannon GA, Sampson HA, Li XM. Oral
administration of IL-12 suppresses anaphylactic reactions in a murine model of peanut
hypersensitivity. Clin Immunol 2001;101:220–228. [PubMed: 11683581]

Li XM, Schofield BH, Huang CK, Kleiner GI, Sampson HA. A murine model of IgE-mediated cow’s
milk hypersensitivity. J Allergy Clin Immunol 1999;103:206–214. [PubMed: 9949309]

Li XM, Serebrisky D, Lee SY, Huang CK, Bardina L, Schofield BH, Stanley JS, Burks AW, Bannon
GA, Sampson HA. A murine model of peanut anaphylaxis: T- and B-cell responses to a major peanut
allergen mimic human responses. J Allergy Clin Immunol 2000;106:150–158. [PubMed: 10887318]

Linneberg A, Ostergaard C, Tvede M, Andersen LP, Nielsen NH, Madsen F, Frolund L, Dirksen A,
Jorgensen T. IgG antibodies against microorganisms and atopic disease in Danish adults: the
Copenhagen Allergy Study. J Allergy Clin Immunol 2003;111:847–853. [PubMed: 12704368]

London SD, Rubin DH, Cebra JJ. Gut mucosal immunization with reovirus serotype 1/L stimulates virus-
specific cytotoxic T cell precursors as well as IgA memory cells in Peyer’s patches. J Exp. Med
1987;165:830–847. [PubMed: 2950199]

Major AS, Cuff CF. Effects of the route of infection on immunoglobulin G subclasses and specificity of
the reovirus-specific humoral immune response. J Virol 1996;70:5968–5974. [PubMed: 8709219]

Mathers AR, Cuff CF. Role of interleukin-4 (IL-4) and IL-10 in serum immunoglobulin G antibody
responses following mucosal or systemic reovirus infection. J Virol 2004;78:3352–3360. [PubMed:
15016857]

Matricardi PM, Rosmini F, Panetta V, Ferrigno L, Bonini S. Hay fever and asthma in relation to markers
of infection in the United States. J Allergy Clin Immunol 2002;110:381–387. [PubMed: 12209083]

McIntire JJ, Umetsu DT, DeKruyff RH. TIM-1, a novel allergy and asthma susceptibility gene. Springer
Semin. Immunopathol 2004;25:335–348. [PubMed: 15007635]

Nguyen L, Knipe DM, Finberg RW. Mechanism of virus-induced Ig subclass shifts. J Immunol
1994;152:478–484. [PubMed: 8283031]

Fecek et al. Page 10

Immunobiology. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nilsson C, Linde A, Montgomery SM, Gustafsson L, Nasman P, Blomberg MT, Lilja G. Does early EBV
infection protect against IgE sensitization? J Allergy Clin Immunol 2005;116:438–444. [PubMed:
16083803]

Pelosi U, Porcedda G, Tiddia F, Tripodi S, Tozzi AE, Panetta V, Pintor C, Matricardi PM. The inverse
association of salmonellosis in infancy with allergic rhinoconjunctivitis and asthma at school-age: a
longitudinal study. Allergy 2005;60:626–630. [PubMed: 15813807]

Prioult G, Nagler-Anderson C. Mucosal immunity and allergic responses: lack of regulation and/or lack
of microbial stimulation? Immunol Rev 2005;206:204–218. [PubMed: 16048551]

Reimerink J, Stelma F, Rockx B, Brouwer D, Stobberingh E, van Ree R, Dompeling E, Mommers M,
Thijs C, Koopmans M. Early-life rotavirus and norovirus infections in relation to development of
atopic manifestation in infants. Clin Exp. Allergy 2009;39:254–260. [PubMed: 19032360]

Romagnani S. Human TH1 and TH2 subsets: regulation of differentiation and role in protection and
immunopathology. Int. Arch. Allergy Immunol 1992;98:279–285. [PubMed: 1422257]

Rubin D, Weiner HL, Fields BN, Greene MI. Immunologic tolerance after oral administration of reovirus:
requirement for two viral gene products for tolerance induction. J Immunol 1981;127:1697–1701.
[PubMed: 6974200]

Sicherer SH, Munoz-Furlong A, Sampson HA. Prevalence of peanut and tree nut allergy in the United
States determined by means of a random digit dial telephone survey: a 5-year follow-up study. J
Allergy Clin Immunol 2003;112:1203–1207. [PubMed: 14657884]

Skolnick HS, Conover-Walker MK, Koerner CB, Sampson HA, Burks W, Wood RA. The natural history
of peanut allergy. J Allergy Clin Immunol 2001;107:367–374. [PubMed: 11174206]

Smith RE, Zweerink HJ, Joklik WK. Polypeptide components of virions, top component and cores of
reovirus type 3. Virology 1969;39:791–810. [PubMed: 4311639]

Srivastava KD, Kattan JD, Zou ZM, Li JH, Zhang L, Wallenstein S, Goldfarb J, Sampson HA, Li XM.
The Chinese herbal medicine formula FAHF-2 completely blocks anaphylactic reactions in a murine
model of peanut allergy. J Allergy Clin Immunol 2005;115:171–178. [PubMed: 15637565]

Strachan DP. Hay fever, hygiene, and household size. BMJ 1989;299:1259–1260. [PubMed: 2513902]
Strait RT, Morris SC, Finkelman FD. IgG-blocking antibodies inhibit IgE-mediated anaphylaxis in

vivo through both antigen interception and Fc gamma RIIb cross-linking. J. Clin. Invest
2006;116:833–841. [PubMed: 16498503]

Thompson JM, Whitmore AC, Konopka JL, Collier ML, Richmond EM, Davis NL, Staats HF, Johnston
RE. Mucosal and systemic adjuvant activity of alphavirus replicon particles. Proc. Natl. Acad. Sci.
U. S. A 2006;103:3722–3727. [PubMed: 16505353]

van Wijk F, Hartgring S, Koppelman SJ, Pieters R, Knippels LM. Mixed antibody and T cell responses
to peanut and the peanut allergens Ara h 1, Ara h 2, Ara h 3 and Ara h 6 in an oral sensitization model.
Clin Exp. Allergy 2004;34:1422–1428. [PubMed: 15347376]

van Wijk F, Nierkens S, de Jong W, Wehrens EJ, Boon L, van Kooten P, Knippels LM, Pieters R. The
CD28/CTLA-4-B7 signaling pathway is involved in both allergic sensitiz ation and tolerance
induction to orally administered peanut proteins. J Immunol 2007a;178:6894–6900. [PubMed:
17513738]

van Wijk F, Nierkens S, Hassing I, Feijen M, Koppelman SJ, de Jong GA, Pieters R, Knippels LM. The
effect of the food matrix on in vivo immune responses to purified peanut allergens. Toxicol. Sci
2005;86:333–341. [PubMed: 15858220]

van Wijk F, Wehrens EJ, Nierkens S, Boon L, Kasran A, Pieters R, Knippels LM. CD4+CD25+ T cells
regulate the intensity of hypersensitivity responses to peanut, but are not decisive in the induction of
oral sensitization. Clin Exp. Allergy 2007b;37:572–581. [PubMed: 17430355]

Vercelli D. Mechanisms of the hygiene hypothesis--molecular and otherwise. Curr. Opin. Immunol
2006;18:733–737. [PubMed: 17010590]

Wills-Karp M, Santeliz J, Karp CL. The germless theory of allergic disease: revisiting the hygiene
hypothesis. Nat. Rev. Immunol 2001;1:69–75. [PubMed: 11905816]

Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, parasites, and the hygiene hypothesis. Science
2002;296:490–494. [PubMed: 11964470]

Fecek et al. Page 11

Immunobiology. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Induction of reovirus-specific systemic and intestinal humoral immune responses. A. Total
reovirus-specific serum IgG antibody titers from treated mice were determined as described in
materials and methods. B. Reovirus-specific IgA concentrations in lamina propria fragments
were determined as described in materials and methods and are presented as picograms of
specific antibody per milligram of total IgA. Results shown are combined from two
independent experiments. Error bars indicate standard error among 7-10 mice per group. Data
were analyzed for statistical significance by ANOVA followed by Tukey’s post hoc test, (**)
p<0.01.
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Figure 2.
Induction of Th-1 dominant reovirus-specific humoral and cell-mediated immune responses.
A. Reovirus-specific serum IgG2a isotype antibody titers from orally treated mice were
determined as described in materials and methods. Results shown are combined from two
independent experiments. Error bars indicate standard error among 7-10 mice per group. B.
Splenic CD8+ T-cells were harvested from reovirus infected mice and restimulated in vitro
with reovirus. Activation of CD8+ effector T-cells was assayed by the production of
intracellular IFN-γ when challenged with non-infected (open bars) or reovirus-infected (filled
bars) L929 mouse fibroblast cell. Bars represent the percentage of the maximum IFN-γ
response of CD8+ T-cells following in vitro stimulation. Maximum response of CD8+ T-cells
was determined through polyclonal activation with anti-CD3ε/CD28 antibodies. Error bars
indicate standard deviation of two replicates. Data were analyzed for statistical significance
by ANOVA followed by Tukey’s post hoc test, (*) p<0.05, (**) p<0.01.
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Figure 3.
Effects of reovirus on PE-specific serum antibody production. Mice were orally treated as
described in the materials and methods. At the end of the treatment protocol, serum from treated
mice was collected and the PE-specific serum IgE, IgG1, and IgG2a antibody titers were
analyzed by ELISA. Data were analyzed for statistically significant differences by ANOVA
followed by Bonferonni post hoc test (**) p<0.01, (***) p<0.001. Results shown are combined
from two independent experiments. Error bars indicate standard error among 7-10 mice per
group.
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Figure 4.
Effects of reovirus on PE-specific IgA production. Lamina propria fragment cultures from
treated mice were established in vitro as described in the materials and methods. After 5 days,
the culture supernatants were collected and the presence of PE-specific IgA was determined
by ELISA. Data were analyzed for statistically significant differences by ANOVA followed
by Tukey’s post hoc test. Results shown are combined from two independent experiments.
Error bars indicate standard error among 7-10 mice per group. PE-specific IgA concentration
is shown as picograms per milligram of total IgA.
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Figure 5.
Effects of reovirus on IFN-γ, IL-10, IL-4, and IL-5 levels in splenocyte cell culture
supernatants. Splenocytes from treated mice were cultured in vitro in the presence (filled bars)
or absence (open bars) of 200μg/ml of PE for 96 hours. Following incubation, the cell culture
supernatants were harvested and the cytokine levels induced by restimulation were analyzed
by ELISA. Cytokine concentration is shown as picograms per milliliter. Data were analyzed
for statistically significant differences by ANOVA followed by Bonferonni post hoc test, (*)
p<0.05, (**) p<0.01, (***) p<0.001. Results shown are combined from two independent
experiments. Error bars indicate standard error among 7-10 mice per group.
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Table 1

Lymphocyte distribution in Peyer’s patches

Mean Percent (S.D.)

Groups CD4 CD8 B220 CD4/Foxp3

PBS 21.7 (1.8) 2.7 (0.3) 72.8 (3.0) 1.7 (0.2)

Peanut 21.8 (3.2) 3.6 (0.8) 70.8 (2.5) 2.6 (0.4)

Reovirus+CT 23.0 (2.3) 3.6 (1.1) 67.0 (3.9) 2.5 (0.4)

Peanut+Reovirus 19.1 (1.5) 1.8 (0.2)** 72.0 (2.0) 0.9 (0.1)***

Peanut+CT 21.7 (2.2) 3.9 (1.0) 69.2 (4.9) 2.4 (0.2)

Peanut+Reovirus+CT 24.8 (3.9) 3.7 (0.7) 66.4 (4.8) 3.0 (0.5)

a
PP cells were stained for expression of CD4, CD8α, CD45R/B220, and Foxp3 and analyzed with flow cytometry.

b
Analyzed using ANOVA followed by a Tukey post hoc test

**
p<0.01

***
p<0.001
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