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Mucosal and parenteral immunizations elicit qualitatively distinct immune responses, and there is evidence
that mucosal immunization can skew the balance of T helper 1 and T helper 2 responses. However, a clear
picture of the effect of the route of infection on the balance of the T helper responses has not yet emerged. Our
laboratory previously demonstrated that oral reovirus infection elicits specific serum immunoglobulin G2a
(IgG2a), while parenteral reovirus infection elicits the mixed production of specific serum IgG2a and IgG1 in
mice of the H-2d haplotype. Knowing that IgG2a production is indicative of a T helper 1 response and IgG1
production is indicative of a T helper 2 response, we hypothesized that the route of infection influences the
development of T helper 1 and T helper 2 responses. Using quantitative reverse transcription-PCR, we found
that mRNA for the T helper 1 cytokines gamma interferon and interleukin-12 (IL-12) were expressed in
draining lymphoid tissues following both oral and parenteral infections. However, we observed that mRNA for
the T helper 2 cytokine IL-10 was suppressed in the Peyer’s patches and mesenteric lymph nodes and IL-4
mRNA was suppressed in the mesenteric lymph nodes compared to noninfected controls, following oral
infection. Using recombinant cytokines and cytokine knockout mice, we confirmed that IL-4 plays a major role
in mediating the route-of-infection-dependent differences in serum IgG subclass responses. Therefore, the
route of infection needs to be taken into consideration when developing vaccines and adjuvant therapies.

Mucosal and parenteral immunizations elicit qualitatively
distinct immune responses. Two well-characterized features
unique to the mucosal immune response are production of
immunoglobulin A (IgA) in secretions and serum (26, 35, 41)
and, in some cases, induction of systemic immunologic hypo-
responsiveness, a phenomenon commonly referred to as oral
tolerance (32, 58). Both of these distinct mucosal responses are
in part mediated by cytokines produced locally during the
immune response (4, 57, 58). Cytokines play an important role
in generating the appropriate immune response following both
oral and parenteral infections. In mice, T helper 1 (Th1)-type
proinflammatory cytokines, such as gamma interferon (IFN-�),
interleukin-12 (IL-12), and IL-2, are involved in inducing cell-
mediated immunity and antibody class switching to IgG2a (11,
39). In contrast, Th2-type anti-inflammatory cytokines, such as
IL-4, IL-5, IL-6, and IL-10, are involved in inducing humoral
immunity and play a role in inducing IgG1 antibodies (11, 39).
There is evidence that mucosal immunization skews the bal-
ance of Th1 and Th2 responses, but a clear picture of the effect
that the route of infection has on the balance of Th responses
has not yet emerged.

Several studies have shown that the nature of the antigen
significantly contributes to the type of mucosal immune re-
sponse that is induced in the gastrointestinal tract. This idea
has been supported in large part by studies examining a pre-
dominant Th2 mucosal immune response in rodents, particu-

larly following immunization with protein antigens with muco-
sal adjuvant properties such as cholera toxin (CT) (31, 59, 61),
or inert particulate antigens, such as sheep red blood cells (60),
and in studies of oral tolerance where immunosuppressive
cytokines such as transforming growth factor-� are produced
in response to oral feeding of protein antigens (58). In addition
to protein and inert particulate antigens, protective Th2 re-
sponses can be induced following infection with intestinal nem-
atode parasites (8, 9). However, predominant Th1 responses
have been observed following oral infections with reovirus
(10), Salmonella (17), Citrobacter rodentium (18), and Leish-
mania major (43, 50). In addition, oral rotavirus (EHPw) in-
fection in mice induces a mixed Th1 and Th2 response (16).

While the specific pathogen affects the Th type of immune
response that is induced, the effect of the route of infection on
antiviral Th responses to infection is less clear. Morrison et al.
(38) demonstrated route-dependent differences in the IgG sub-
class responses following subcutaneous (s.c.) and intranasal
(i.n.) infections with a replication-defective mutant of herpes
simplex virus type 2. They observed a Th1-skewed response as
measured by robust IgG2a and weaker IgG1 production fol-
lowing i.n. infection compared to that following s.c. infection.
Pacheco et al. (42) also observed an increased Th1 response
following i.n. immunization with human immunodeficiency vi-
rus reverse transcriptase plus CT compared to that following
intraperitoneal (i.p.) immunization, as measured by IgG sub-
class responses. Therefore, mucosal viral infections and viral
antigens seem to be capable of inducing more-robust systemic
Th1 responses than parenteral exposure. In contrast, Rama-
krishna et al. (47) recently observed a more-robust IgG1 anti-
body response against Japanese encephalitis virus following
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oral infections compared to i.p. or s.c. infections in C57BL/6J
and Swiss albino mice. In addition to viruses, other intracellular
pathogens such as L. major can induce route-of-infection-depen-
dent differences in the balance of Th1 and Th2 responses (7).

Reovirus is a nonenveloped double-stranded RNA-contain-
ing virus that has been used to study mucosal immune re-
sponses following both oral and respiratory infections (10, 27,
29, 56, 63). A difference in the reovirus-specific serum IgG
subclass responses following oral or intradermal reovirus in-
fections, which was genetically linked to the H-2d haplotype,
was previously reported (27). Oral reovirus infections induce
prominent reovirus-specific serum IgG2a production, while in-
tradermal infections induce the mixed production of IgG2a
and IgG1 in BALB/c and B10.D2 mice but not the C57BL/6
and C3H strains of mice (27), suggesting that oral reovirus
infections induce predominant Th1 responses and parenteral
infections induce mixed Th1 and Th2 responses. A possible
mechanism to explain the difference was route-of-infection-
dependent variations in the cytokine responses. Substantial
IFN-� levels in the peripheral lymph nodes and Peyer’s patches
(PP) following footpad (FP) and oral infections, respectively,
were previously reported (10, 27). It was expected that intra-
dermal reovirus infections would elicit a mixture of Th1 and
Th2 cytokines. However, IL-4 and IL-6 were not detected, and
IL-5 was only marginally detected in culture supernatants of
peripheral lymph nodes (27). In the previous study robust Th2
cytokine responses were not detected 7 days postinfection, but
earlier time points were not assessed. An additional study
performed in C3H mice, which do not display the route-de-
pendent dichotomy in the immune response, also demon-
strated robust Th1 responses and very weak or absent Th2
responses following oral infection (10). Together, our previous
work indicated that in all strains of mice tested thus far, oral
infection with reovirus induced robust Th1 responses in intes-
tinal tissues. In mouse strains that are predisposed to mounting
Th2 responses, systemic infection resulted in antibody responses
that suggested a mixed Th1 and Th2 response, but the cellular
and molecular basis for this difference remained undefined.

We hypothesize that the route of infection influences the
local Th1 and Th2 cytokine responses and is responsible for
the serum IgG subclass differences observed following oral or
parenteral infections. We report here that in contrast to par-
enteral infection, oral infection results in suppression of IL-4
and IL-10 mRNA in draining lymphatic tissues early in infec-
tion. Our hypothesis was further supported by experiments
using recombinant cytokines and cytokine knockout mice.
These results suggest that oral infections induce transient
skewing of the immune response toward a Th1 response that
suppresses serum IgG1 production.

MATERIALS AND METHODS

Animals and infections. Male 6-week-old BALB/c mice and BALB/c-IL-
4tm2Nnt (IL-4�/�) mice were purchased from Jackson Laboratories (Bar Harbor,
Maine). Mice were housed under specific-pathogen-free conditions in microiso-
lator cages and used between the ages of 7 and 12 weeks. Mice were treated in
accordance with West Virginia University laboratory animal guidelines. Reovirus
serotype 1 strain Lang (T1/L) was purified according to previous protocols using
a CsCl purification method (54). Mice were infected orally with doses of reovirus
T1/L ranging from 3 � 106 to 1 � 109 PFU diluted in 50 �l of borate-buffered
gelatin (gel saline), using a 20-gauge feeding needle. Parenteral infections were
given as 10-�l volumes to both hind FP for a final dose ranging from 1 � 104 to

3 � 107 PFU. Nasal infections were given in 10-�l volumes at a final dose of 3 �
107 PFU diluted in gel saline.

Cytokine RT-PCR. PP, popliteal lymph nodes (PLN), and mesenteric lymph
nodes (MLN) were transferred to tubes containing 0.5 ml of RNALater (Am-
bion, Inc., Austin, Tex.). Approximately 35-�g pieces of tissues were homoge-
nized sequentially by mechanical disruption in RLT buffer (Qiagen, Valencia,
Calif.) followed by homogenization using Qiashredders (Qiagen). Total RNA
isolation was performed using the RNeasy mini RNase-free DNase set (Qiagen)
following the manufacturer’s protocols. RNA was quantified by spectrophotom-
etry at 260/280 nm and reverse transcribed to cDNA with Taqman reverse
transcription (RT) reagents (Applied Biosystems, Foster City, Calif.) following
the manufacturer’s protocol, using random hexamers with 400 ng of RNA in
30-�l reaction mixtures. The RT reaction was carried out in a Genius thermo-
cycler (Techne, Inc., Princeton, N.J.) according to the manufacturer’s protocol
for 10 min at 25°C, 30 min at 48°C, and 5 min at 95°C. Real-time PCR was
performed using a LightCycler (Roche Molecular Biochemicals, Indianapolis,
Ind.). Taqman IL-10, IL-4, IL-12, or IFN-� predeveloped assay reagents (Ap-
plied Biosystems) and 1 �l of cDNA were used to perform the real-time PCRs
according to the manufacturer’s protocols with the following changes: reaction
volumes were reduced to 20 �l, 2.5 �g of bovine serum albumin was added to
each sample, and primer and probe concentrations were reduced to one-fourth
the recommended concentrations (actual concentrations are proprietary). Pro-
tocol reaction times were also modified to 50°C for 2 min followed by 95°C for
10 min for enzyme activation, 94°C for 30 s followed by 60°C for 30 s for
amplification cycles, and finally 40°C for 1 min. The cytokine mRNA was quan-
tified using an external homologous standard that was serially diluted in 10-fold
increments to generate a standard curve for absolute quantification. Standards
were spiked with 1 �g of salmon sperm genomic DNA. The quantification was
then normalized based on total RNA (2).

Reovirus-specific ELISA. Ninety-six-well EIA/RIA (Costar) flat-bottom plates
were coated with a 5 � 1010 particles/ml density of purified reovirus T1/L per well
in 50 �l of 0.1 M NaHCO3 and incubated overnight at 4°C. Plates were washed
twice in phosphate-buffered saline (PBS) supplemented with 0.05% Tween 20
(PBS-Tween) and then blocked with 3% bovine serum albumin (wt/vol) in PBS
at room temperature for 2 h. Plates were washed an additional two times with
PBS-Tween, and 100 �l of serially diluted serum samples, diluted in PBS sup-
plemented with 10% (vol/vol) fetal bovine serum or bovine calf serum (10%
serum), were added to the plates. Twofold serial dilutions of reference serum
samples of known titer were also assayed on each plate. In some instances where
absolute antibody concentrations were determined, additional lanes were coated
with 1 �g of goat anti-mouse Ig (H�L) (Southern Biotechnology, Birmingham,
Ala.), and mouse IgG1, IgG2a, or IgA standards (Southern Biotechnology) were
assayed in place of the reference serum. After samples and standards were
added, the plates were incubated overnight at 4°C. The plates were washed four
times with PBS-Tween, and 100 �l of a 1-�g/ml biotinylated goat anti-mouse
antibody specific for IgG1, IgG2a, or IgA (Southern Biotechnology) in 10%
serum was added to the plates and incubated at room temperature for 45 min.
Plates were washed six times with PBS-Tween, and 100 �l of avidin-conjugated
peroxidase (Sigma) at 2.5 �g/ml in 10% serum was added to each plate and
incubated at room temperature for 30 min. The plates were washed a final eight
times with PBS-Tween, and 100 �l of substrate, 2,2�-azinobis-3-ethylbenzthiazo-
line-6-sulfonic acid (ABTS) (Sigma), plus 20 �l of a 30% H2O2 solution per 10
ml of ABTS was added to each well. Color development was assessed at 405 nm
on an enzyme-linked immunosorbent assay (ELISA) plate reader.

In vivo treatments with cytokines. (i) rIL-10 treatments. Mice were treated i.p.
with 100 ng of mouse recombinant IL-10 (rIL-10; PeproTech, Rocky Hill, N.J.)
(or PBS as vehicle control) every 12 h for the first 5 days of infection.

(ii) Anti-IL-10R treatment. Mice received anti-IL-10 receptor (anti-IL-10R)
antibody (clone 1B1.3a) or control rat IgG1 antibody (clone GL113) isotype
control (DNAX, Palo Alto, Calif.). Treatments given i.p. were started on day �1
of infection with 1 mg of antibody/mouse and then 0.5 mg/mouse every other day
for 10 days.

(iii) rIL-4 treatment. Mice received 3 �g i.p. of rIL-4 with or without 30 �g of
anti-IL-4 carrier (clone 11B.11 rat monoclonal antibody [MAb]; Biological Re-
sources Branch, National Cancer Institute, Frederick, Md.) to increase cytokine
stability (14). The molar ratio of cytokine to antibody was approximately 1:1.
Cytokines were administered on days �1 and �2 of infection.

Lamina propria fragment cultures for IgA. Small intestines were removed
from mice, PP were excised, and intestines were cut longitudinally and then
further cut into approximately 5-cm segments. Intestinal contents were removed
by washing in Hanks balanced salt solution (HBSS) supplemented with 10 mM
HEPES and 0.35 g of NaHCO3/liter. Epithelium was removed by washing the
tissue fragments in HBSS medium plus 1 mM EDTA (HBSS-EDTA) for 30 min
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at 37°C. Medium was replaced with fresh HBSS-EDTA for an additional 30 min
at 37°C. Tissue fragments were rinsed in HBSS and cultured in 5 ml of RPMI
1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and pen-
icillin (500 IU/ml)–streptomycin (0.5 mg/ml) in individual wells of a six-well
plate. Lamina propria tissue cultures were incubated at 37°C and with 5% CO2

for 5 days. Day 5 supernatants were collected and clarified by centrifugation at
300 � g. Reovirus-specific IgA antibody concentrations were determined by
ELISA (28).

Statistical analysis. Data were analyzed by using one-way analysis of variance
(ANOVA) followed by Dunnett’s, Dunn’s, or Student-Newman-Keuls’ post-hoc
tests. A P value of �0.05 was considered significant.

RESULTS

Antibody production following mucosal and parenteral in-
fections. Our laboratory previously demonstrated that reovirus
FP infections induced virus-specific serum IgG2a and IgG1,
while oral infections induced predominately IgG2a with little
or no IgG1 (27). To determine if mucosal infections in general
induce a distinct serum antibody response, we infected groups
of mice orally, nasally, or in the FP, and IgG subclass responses
were assessed 10 days following infection. Both oral and nasal
infections induced prominent IgG2a responses, with little or
no IgG1. The FP infections induced both IgG2a and IgG1 (Fig.
1). This time point was used for these studies because reovirus-
infected mice uniformly seroconvert by day 10. Sera from one
set of orally infected mice were examined 1 month postinfec-
tion, and little or no IgG1 was detected (data not shown).

Th1 and Th2 cytokine mRNA expression profiles following
oral or FP infections. To determine mechanisms involved in
inducing the distinct IgG subclass responses following oral and
FP infections, mRNA levels for Th1 and Th2 cytokines were
assessed by quantitative RT-PCR. Cytokine mRNA levels were
analyzed at time points ranging from 12 to 168 h postinfection
in PP and MLN from orally infected mice and PLN from
FP-infected mice. The mRNA levels for the Th1-like cytokines
IL-12 (Fig. 2A and B) and IFN-� (Fig. 2C) were elevated in the
PP and PLN with similar kinetics. At 96 h following infection,
there was a statistically significant 8.5-fold increase in IL-12

mRNA expression in the PP from orally infected mice, but no
significant increase in the MLN, and a statistically significant
11.5-fold increase in the PLN following FP infections. The
IFN-� mRNA levels increased by 36 h in the PP and PLN and
by 96 h in the MLN (Fig. 2C). Because the control IFN-� levels
were below the limit of detection, fold change levels were not
calculated for IFN-�.

The mRNA levels for the Th2 cytokines IL-4 (Fig. 3A and
B) and IL-10 (Fig. 3C and D) were also examined. There was
a statistically significant 96-fold decrease in IL-4 mRNA in the
MLN following oral infections and almost a 5-fold increase in
the PLN following FP infections 12 h postinfection (Fig. 3A
and B). IL-10 mRNA levels were reduced in the PP and MLN
at 36 and 96 h, respectively. In contrast, IL-10 mRNA levels in
the PLN were increased almost 10-fold following FP infec-
tions. (Fig. 3C and D). An earlier experiment using a less
quantitative assay yielded similar results (unpublished data).

IL-4 involvement in the induction of the Th1-Th2 dichotomy
following oral or FP infections. Cytokine analysis suggested
that virus infection suppressed mucosal IL-4 and IL-10, which
resulted in decreased serum IgG1 production. Therefore,
groups of orally infected mice were treated with rIL-4 with or
without an anti-IL-4 MAb carrier to enhance the efficacy of the
IL-4 treatment (14). For clarity, the data are expressed as a
ratio of the titers of reovirus-specific IgG2a and IgG1. There
was a statistically significant (P � 0.05) decrease in the IgG2a/
IgG1 ratio in orally infected mice that were treated with rIL-4
plus anti-IL-4 MAb carrier (Fig. 4). rIL-4 alone with no carrier
antibody appeared to have an effect; however, the decrease was
not statistically significant. To further support the hypothesis
that IL-4 was the critical cytokine in inducing the route-of-
infection-dependent difference in the IgG2a and IgG1 re-
sponses, we examined the IgG subclass responses in IL-4�/�

mice and in anti-IL-4-treated mice. There was a statistically
significant increase in the IgG2a/IgG1 ratio in FP-infected
IL-4�/� mice (Fig. 5). The IgG subclass ratio was not affected
in orally infected IL-4�/� mice (Fig. 5). Treatment of IL-4�/�

mice with IL-4 skewed the response back toward a Th2 re-
sponse in two of four mice, and a combination of IL-4 and IL-
10 dramatically skewed the response toward Th2 (http://www
.hsc.wvu.edu/micro/cuff/subclasspaper/supplementary.pdf).
There was not a significant change in the IgG2a/IgG1 ratio in
FP-infected mice treated with neutralizing anti-IL-4 (data not
shown), which has been shown to fail to block IgG1 production
in vivo (12, 13, 15).

Local mucosal effects of in vivo IL-4. We assessed the effect
of exogenous IL-4 on the intestinal IgA response following oral
infections by quantitating reovirus-specific IgA in intestinal
fragment cultures established from virus-infected IL-4-treated
and IL-4�/� mice. Groups of control or IL-4-treated mice were
infected orally with reovirus, and lamina propria fragment cul-
tures were established for these mice 10 days following infec-
tion. Lamina propria cultures from IL-4-treated mice appeared
to produce more reovirus-specific IgA than nontreated con-
trols, but this difference was not statistically significant (Fig. 6).
In addition, culture supernatants from orally infected IL-4�/�

mice produced slightly less reovirus-specific IgA than con-
trols (Fig. 6). IL-4�/� mice treated with IL-4 or a combination
of IL-4 and IL-10 had a slightly enhanced IgA response in

FIG. 1. Reovirus-specific IgG2a (closed bars) and IgG1 (open
bars) serum antibody concentrations following mucosal or parenteral
infections. BALB/c mice were infected with reovirus orally, nasally, or
in the FP with 3 � 106 PFU/mouse, and serum antibody responses
were determined 10 days after infection. Bars indicate the standard
errors among groups of three mice. The dashed line indicates the limit
of detection. Data shown are from one of three similar experiments.
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PP fragment cultures (http://www.hsc.wvu.edu/micro/cuff
/subclasspaper/supplementary.pdf).

IL-10 involvement in the induction of the Th1-Th2 dichot-
omy following oral or FP infections. Because the route of
infection also influenced the IL-10 mRNA response signifi-
cantly, we hypothesized that IL-10 might also have a role in
inducing the observed difference in the IgG subclass responses.
In an effort to counteract the suppressed IL-10 response ob-
served in orally infected mice, groups of orally infected mice
were treated with rIL-10 or PBS as a control. In vivo treatment
of BALB/c mice with rIL-10 partially but not significantly de-
creased the IgG2a/IgG1 ratio in orally infected mice (Fig. 7).
In addition, anti-IL-10R MAb treatment (40, 44) did not sig-
nificantly increase the IgG2a/IgG1 ratio in groups of FP-in-
fected mice (Fig. 8). Consistent with another report (44), we
observed elevated serum IL-12 levels in some of the anti-IL-
10R MAb-treated mice (data not shown), suggesting that in
vivo anti-IL-10R MAb treatment had a biologic effect.

The effect of viral dose on the Th1 and Th2 response. An-
tigen dose has been shown to affect Th1-Th2 differentiation (5,
6, 22, 34, 45, 48). Therefore, we examined the viral dose as a
potential mechanism inducing the route-dependent difference
in the IL-4 cytokine induction. Mice were infected with various
doses of virus, and IgG subclass ratios of specific antibody were
examined. We observed no consistent dose-response effect on
the IgG2a/IgG1 ratios following infections with high or low
doses of virus by either the oral or FP routes of infection (Fig.
9) The choice of doses used in these experiments was guided by
previous unpublished work wherein we found that the mini-
mum dose of virus given by the oral route that resulted in
uniform seroconversion was approximately 106 PFU/mouse,
whereas seroconversion was uniform in mice infected by the
systemic route with doses as low as 105 PFU/mouse. In addi-
tion, Rubin et al. (49) reported that 5 of 10 mice died by day
6 following intestinal infection with 1010 PFU/mouse.

DISCUSSION

The goal of this study was to determine the mechanisms
responsible for route-of-infection-dependent differences in the
serum IgG antibody responses following infection with reovi-
rus. We first compared responses following oral, nasal, and FP
routes of infection to determine if the decreased IgG1 re-
sponse was a general characteristic of mucosal infection. We
found reovirus-specific serum IgG2a with little or no IgG1
production following both oral and nasal infections, indicating
that mucosal infections induced a response that differed from
FP infections. It is likely that the mice swallowed some virus
during nasal infection. Nevertheless, nasal infections did not
elicit substantial virus-specific IgG1 production, which is a
characteristic of FP infections. These results are consistent
with a previous analysis of responses following oral and nasal
reovirus infections (63). Because systemic immune responses
that developed from mucosal infections were similar but dis-
tinct from responses that developed from FP infections, we
determined the mechanisms responsible for inducing the
route-dependent differences in serum responses by comparing
oral and FP infections.

We hypothesized that oral infections induced either an over-
abundance of Th1 cytokines or a reduced Th2 cytokine respon-

FIG. 2. IL-12 (A and B) and IFN-� (C) mRNA expression follow-
ing oral or FP reovirus infections. Each dot in panels A and C repre-
sents an individual mouse at the represented time postinfection, with
three to four mice per group. Values in panel B are the fold induction
of mRNA expression relative to noninfected (NI) controls. Onefold
induction in panel B indicates endogenous levels. The dashed line
in panel C indicates the limit of detection. Because the control
IFN-� levels were below the limit of detection, fold change levels
were not calculated for IFN-�. Asterisks indicate a significant differ-
ence from NI controls as determined by one-way ANOVA and Dun-
nett’s test (P � 0.05). The data are representative of two similar
experiments.
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siveness compared to FP infections. Both oral and FP infec-
tions induced similar levels of IFN-� and IL-12 mRNA in the
PP and PLN, and these cytokines likely promote reovirus-
specific serum IgG2a following infections. Therefore, it does
not appear that the route of infection skews the Th1 response.

The IL-12 mRNA expression in the PP and PLN peaked
later than was expected for a cytokine involved in both innate
and adaptive immune responses. However, Monteiro et al. (37)
reported that IL-12 mRNA peaked at 4 days following i.n.
influenza virus infection in the lung tissues of BALB/c mice
and that replicating virus was required to induce IL-12. A
requirement of viral replication may also explain why there was
not a substantial increase in IL-12 mRNA in the MLN or
spleen following oral reovirus infections (Fig. 2 and data not
shown). We and others have previously reported that most
replicating reovirus is found in the PP and small intestines and
little if any is found in the MLN or spleen following oral
reovirus infections (10, 21). Therefore, the initial Th1 immune
response appears to be elicited in the PP following oral reovi-
rus infections and in the PLN following FP infections.

Virus infection induces a weak Th2-type cytokine response,
but this response can contribute to the production of neutral-
izing virus-specific IgG1 antibodies (10, 36, 55). We observed a
significant reduction in IL-4 mRNA in the MLN following oral
reovirus infections compared to noninfected controls. Further-
more, oral infection resulted in dramatically reduced IL-10
mRNA in both the PP and MLN compared to noninfected
controls. Thus, enteric virus infection appears to suppress the
normal Th2-skewed mucosal cytokine environment in mice of
the H-2d haplotype, which likely influences the development of
IgG subclasses.

These results led us to further refine our hypothesis to pos-
tulate that the reduced IgG1 production following oral infec-
tion is due to decreased expression of IL-4, IL-10, or a com-
bination of these (or other) cytokines. We first examined the
role of IL-4 in inducing reovirus-specific IgG1. Following rIL-4
treatment of orally infected mice we observed a decrease in the
IgG2a/IgG1 ratio, which was due to an increase in reovirus-
specific IgG1. In addition, FP-infected IL-4�/� mice produced
lower levels of virus-specific IgG1, resulting in a higher IgG2a/

FIG. 3. IL-4 (A and B) and IL-10 (C and D) mRNA expression following oral or FP reovirus infection. Each dot in panels A and C represents
an individual mouse at the represented time postinfection, with three to four mice per group. In panels B and D values are expressed as the fold
induction of mRNA expression relative to noninfected (NI) controls. The dashed lines in panels B and D at 1-fold induction indicate endogenous
levels. Asterisks indicate a significant difference from NI controls by one-way ANOVA and post-hoc tests (P � 0.05). The data are representative
of two similar experiments.
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IgG1 ratio compared to controls. Taken together these exper-
iments suggest that IL-4 plays a major role in inducing the
route-of-infection-dependent differences in the Th1 and Th2
immune responses following reovirus infection. In contrast, no
change in the IgG2a/IgG1 ratio was observed in anti-IL-4-
treated FP-infected mice. This could be due to the inability of
the antibody to completely block the interaction of IL-4 with
IL-4 receptors during cognate T-cell–B-cell interactions (12,
13, 15) or, perhaps more likely, the compensatory actions of
additional cytokines, such as IL-13 (33).

Following rIL-10 treatment in orally infected mice, we ob-
served a slight but not statistically significant decrease in the
IgG2a/IgG1 ratio, but this decrease was not sufficient to ac-
count for the route-of-infection-dependent responses. Treat-
ment of FP-infected mice with anti-IL-10R also did not affect
the IgG2a/IgG1 ratio. It is possible that the rIL-10 and anti-
IL-10R MAb doses were not high enough to affect the immune
response. However, we used doses reported to induce immu-
nologic changes (44, 52, 53, 62) and observed increased IL-12
in sera of some of the treated mice, indicating that the treat-
ment had a biologic effect. In orally infected IL-4�/� mice,
IL-10 alone or in combination with IL-4 skewed the response
toward Th2, but this effect was due mainly to reduction of
serum IgG2a levels. Therefore, we conclude that IL-10 con-

FIG. 4. Reduction of IgG2a/IgG1 ratios by rIL-4 treatment in
orally infected mice. BALB/c mice were infected either orally or in the
FP, and some orally infected mice received rIL-4 at 3 �g/dose (with or
without 30 �g of anti-IL-4 MAb carrier/dose as described in the text)
on day �1 and on day 2 of infection. The serum IgG subclass responses
were determined by ELISA 10 days following infection. Data are
represented as the ratio of the geometric means of IgG2a and IgG1
titers. Bars indicate the standard errors among groups of 5 to 11 mice
from two independent experiments. Asterisks indicate significant dif-
ferences from orally infected mice as determined by a one-way
ANOVA and Dunn’s post-hoc test (P � 0.05).

FIG. 5. Increase in the IgG2a/IgG1 ratio in FP-infected IL-4�/�

mice. IL-4�/� mice or BALB/c controls (IL-4�/�) were infected either
orally or in the FP with 107 PFU of reovirus T1/L per mouse. Serum
IgG subclass responses were determined by ELISA 10 days following
infection. Data are represented as the ratio of the geometric mean
titers of IgG2a and IgG1. Bars indicate the standard errors among
groups of 4 to 10 mice from two independent experiments. The asterisk
indicates a significant difference from FP-infected BALB/c control
mice as determined by a one-way ANOVA and Dunn’s post-hoc test
(P � 0.05).

FIG. 6. Enhancement of reovirus-specific IgA production by in vivo
rIL-4 treatment. BALB/c mice (solid bars) or IL-4�/� mice (hatched
bars) were infected orally with 107 PFU of reovirus T1/L per mouse.
Groups of mice received rIL-4 at 3 �g/dose (with or without 30 �g of
a carrier/dose as noted) on day �1 and on day 2 of infection. The
fragment culture supernatants were collected, and IgA concentrations
were determined by reovirus-specific ELISA. Bars indicate the stan-
dard errors among groups of 4 to 10 mice from two independent
experiments. The asterisk indicates a significant difference from non-
treated orally infected mice as determined by one-way ANOVA and
Dunn’s post-hoc test (P � 0.05).

FIG. 7. Partial effect of IL-10 treatment on the IgG2a/IgG1 ratio in
orally infected mice. BALB/c mice were infected either orally or in the
FP with 3 � 107 PFU of reovirus/mouse. Orally infected mice received
rIL-10 at 100 ng/dose (or PBS as vehicle where noted) every 12 h for
the first 5 days postinfection, and serum antibody responses were
determined 10 days following infection. Bars indicate the standard
errors among groups of four mice. Representative data are from one
of three independent experiments.
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tributes to the route-of-infection-dependent difference in the
balance of Th1 and Th2 responses, particularly in combination
with IL-4, but is not the essential regulating factor in the
difference in reovirus-specific IgG1 responses.

The role of IL-4 in inducing IgG1 during in vivo infection
has been studied using IL-4�/� and IL-10�/� mice (24, 25).
Khan et al. (24) demonstrated that IL-4�/� mice that were
infected with Streptococcus pneumoniae (strain R36A) had a
reduced capacity to produce IgG1. In contrast, infected IL-
10�/� mice produced more IgG1 than controls (24). Further-
more, Kendall et al. (23) demonstrated that BALB/c IL-4�/�

mice have reduced IL-10 mRNA expression following infec-
tion with cilium-associated respiratory bacillus. Therefore,
while there might be a modest contribution of IL-10 to the
route-of-infection-dependent differences in IgG1 production,
it is perhaps more likely that the decrease in IL-10 mRNA
expression is a product of the reduced IL-4 response.

We observed a substantial increase in the reovirus-specific
mucosal IgA production following treatment with IL-4, but
only a slight and nonsignificant reduction in reovirus-specific
IgA was observed in orally infected IL-4�/� mice. Coffman et
al. (4) demonstrated that IL-4 could enhance the secretion of
IgA in lipopolysaccharide-stimulated, T-cell-depleted spleen
cells cultured with IL-5. This effect was confirmed in vivo by
Chen et al. (3), who observed no decrease in serum specific
IgA in IL-4�/� or control mice infected with Helicobacter pylori
but did see a significant increase in specific serum IgA in
infected IL-4 transgenic mice. These results are partially con-
sistent with experiments examining the mucosal immune re-
sponses in IL-4�/� mice where adjuvant (CT or QS-21) plus
protein antigen (keyhole limpet hemocyanin or tetanus toxoid)
resulted in a reduced antigen-specific IgA response (1, 57).
However, the CT-specific IgA response was not affected in
IL-4�/� mice (57). Therefore, it appears that IL-4 can enhance
IgA production following enteric virus infection, although sig-
nificant IgA is produced during the intestinal response that is
strongly skewed towards a Th1 response.

Why does the route of infection influence the IL-4 response?
We hypothesized that the route-dependent difference in IL-4

induction might be a reflection of the amount of virus that
accesses the inductive lymphoid tissue following parenteral or
oral infection. Previous reports have demonstrated that the
dose of antigen can have varying effects on the differentiation
of the Th1 and Th2 immune responses (5, 6, 19, 22, 34, 45, 48).
Studies examining the effect of antigen dose on Th1 and Th2
differentiation using T-cell receptor-transgenic mice demon-
strated that low antigen doses induced IL-4, intermediate
doses induced IFN-�, and high doses induced a mixed response
(5, 19, 48). In contrast, infections with the replicating intracel-
lular pathogens L. major and Mycobacterium bovis BCG indi-
cated that lower doses induced predominant Th1 responses
while the highest doses induced predominant Th2 responses
(34, 45). However, reovirus dose-response experiments with
oral or FP infections did not induce a consistent change in the
IgG2a/IgG1 ratio. We did observe a slight increase in the
IgG2a/IgG1 ratio at the lowest dose following FP infections.
Nevertheless, a similar effect was not observed following oral
infections with high doses of reovirus. Similar IgG subclass
responses have been observed following infections with sero-
type 3 reovirus, but UV light-inactivated virus did not induce
serum IgG antibody responses (data not shown). Therefore,
while dose has been shown to affect Th1-Th2 differentiation,
the route-of-infection-dependent difference in IgG subclass
responses following reovirus infection does not appear to be
dose dependent.

Mechanisms such as differential activation of dendritic cell
(DC) subpopulations may play a role in differentially inducing
IL-4 following oral and FP reovirus infections. DC subpopu-
lations are capable of inducing the differentiation of Th1 and
Th2 cells. It appears that myeloid DC preferentially induce

FIG. 8. Failure of anti-IL-10R treatment to alter the IgG2a/IgG1
ratios in FP-infected mice. BALB/c mice were infected either orally or
in the FP. FP-infected mice received anti-IL-10R MAb at 1.0 mg/
mouse (or rat IgG1 as isotype control [IC] where noted) the day before
infection and 0.5 mg/mouse every other day for 10 days. Data are
represented as the ratio of the geometric means of IgG2a and IgG1
titers. Bars indicate the standard errors among groups of six to eight
mice from one of two independent experiments.

FIG. 9. Reovirus serum IgG subclass ratio was not affected follow-
ing mucosal or parenteral infections. BALB/c mice were infected with
reovirus orally or in the FP with the indicated reovirus dose ranging
from 104 to 109 PFU per mouse, and serum antibody responses were
determined 10 days after infection. Bars indicate the standard errors
among groups of four mice. Representative data are from two similar
experiments.
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Th2 responses, while lymphoid DC preferentially induce Th1
responses (30, 46). In addition, DC from the PP have been
observed to react differently to CD40L stimulation than those
in the spleen. For instance, myeloid DC in the PP but not
spleen secreted IL-10 upon CD40L stimulation (20). However,
in preliminary studies Shreedhar et al. did not observe any DC
movement in the PP 24 h after oral reovirus infection (51).
Still, work is under way to examine the potential role of DC
subpopulations on inducing the route-dependent differences in
the reovirus immune responses.

In summary, our studies have established a potential mech-
anism for the route-dependent difference in the reovirus-spe-
cific IgG1 immune response. It appears that although certain
mouse strains are predisposed to mounting Th2 responses to
antigen, intestinal infection with an intracellular enteric virus
induces a robust Th1 response and transiently suppresses the
basal Th2 environment of the mucosa-associated lymphoid
tissue. This transient alteration in the cytokine balance does
not block mucosal IgA production but does regulate serum
IgG1. Therefore, both the nature of the pathogen and the
route of infection need to be considered when developing
vaccines and adjuvant therapies for optimal cellular and hu-
moral immune responses.
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