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We investigated whether interleukin-6 (IL-6) was required for the development of immunoglobulin A (IgA)-
and T-helper 1 (Thl)-associated protective immune responses to rotavirus by using adult IL-6-deficient mice
[BALB/c and (C57BL/6 X Ola)F, backgrounds]. Naive IL-6~ mice had normal frequencies of IgA plasma cells
in the gastrointestinal tract. Consistent with this, total levels of IgA in fecal extracts, saliva, and sera were
unaltered. In specific response to oral infection with rhesus rotavirus, IL-6~ and IL-6* mice exhibited efficient
Th1-type gamma interferon responses in Peyer’s patches with high levels of serum IgG2a and intestinal IgA.
Although there was an increase in Th2-type IL-4 in CD4* T cells from IL-6~ mice following restimulation with
rotavirus antigen in the presence of irradiated antigen-presenting cells, unfractionated Peyer’s patch cells
failed to produce a significant increase in IL-4. Moreover, virus-specific IgG1 in serum was not significantly
increased in IL-6~ mice in comparison with IL-6* mice. Following oral inoculation with murine rotavirus,
IL-6 and IL-6" mice mediated clearance of rotavirus and mounted a strong IgA response. When IL-6" and
IL-6* mice [(C57BL/6 X Ola)F, background] were orally inoculated with rhesus rotavirus and later chal-
lenged with murine rotavirus, all of the mice maintained high levels of IgA in feces and were protected against
reinfection. Thus, IL-6 failed to provide unique functions in the development of IgA-secreting B cells and in the

establishment of Thl-associated protective immunity against rotavirus infection in adult mice.

In humans, domestic animals, and mice, rotavirus infection
is limited to the mature enterocytes of the tips of the intestinal
villi and, in the young, can lead to severe gastroenteritis (11,
43). Virus-specific CD4" T cells, CD8" T cells, and antibody
all participate in resolution of infection or protection against
reinfection in mice (15-17, 27, 29). However, the mechanisms
that govern how each response is induced and maintained are
unclear. Moreover, the role of each effector response in pro-
tection against natural rotavirus infection has not been deter-
mined, thereby hindering the development of vaccines that
could potentially boost the most favorable immune response.

Circulating and intestinal antibodies correlate with protec-
tion against rotavirus infection and disease in adult humans
(42). In the mouse model of rotavirus infection, rotavirus ill-
ness could be prevented by passive transfer of antibody from
immunized dams to suckling pups through breast milk (33, 34).
CDS8-positive T cells were also shown to protect against rota-
virus-induced diarrhea following passive transfer from immu-
nized mice to pups (35), indicating that both antibody and
cytotoxic T lymphocytes (CTLs) are capable of preventing ro-
tavirus disease in mice. Immunoglobulin A (IgA) antibody in
serum and stool samples correlates best with protection against
reinfection (14, 28). Studies with B-cell-deficient mice have
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confirmed that antibody plays a role in resolution of primary
rotavirus infection as well as in protection from reinfection (15,
27). In one study, nonneutralizing IgA monoclonal antibodies
(MADs) directed against the group antigen (Ag), VP6, were
protective in mice (8). Similar to the results found in mice,
antibody responses were crucial for the normal resolution of
rotavirus infection in calves (36). However, despite the appar-
ent importance of antibody, specifically of the IgA class, there
is little information regarding the regulatory requirements for
rotavirus-specific IgA, especially in regard to the role of indi-
vidual cytokines.

Interleukin-6 (IL-6) is a cytokine with multiple biological
functions, which include regulating a variety of immune re-
sponses within the host (41). IL-6 has been shown to stimulate
IgA B-cell development in vitro (4, 5, 10, 32). In vivo studies
carried out with IL-6-deficient (IL-6 ) mice have revealed that
some but not all experimental infections or immunizations
require IL-6 for mucosal IgA responses (6, 37, 39). IL-6 had
positive effects on CTL- and T helper (Th) cell-dependent
activities (23, 39). In this regard, IL-6 was essential for a pro-
tective Thl cell response to Candida albicans (39) but was
unnecessary for induction of a similar response to Leishmania
major (31). IL-6-deficient mice also had increased susceptibil-
ity to Listeria monocytogenes (13, 23) and vaccinia virus (23, 37)
infections but not to Helicobacter felis (6). The inability of
IL-6-deficient mice to control vaccinia virus correlated with an
impaired cell-mediated immune response (23).

The studies reported here were undertaken to determine
whether IL-6 was required for IgA B-cell and Th1 cell devel-
opment in mice orally inoculated with rhesus rotavirus (RRV)
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and murine rotavirus strains. Furthermore, we examined
whether IL-6 was necessary in controlling rotavirus infections.
The experiments demonstrate that IL-6~ and IL-6" mice are
equally susceptible to murine rotavirus infection strain EC,,.
Furthermore, mice infected with RRV were fully protected
against challenge with murine rotavirus strain EC,,. Protection
correlated with vigorous rotavirus-specific IgA and Thl cell
activity in both IL-6~ and IL-6" mice. Our data argue against
a unique role for IL-6 in protective immune responses to an
enteric virus in an adult mouse model of rotavirus infection.

MATERIALS AND METHODS

Mice. The method for generating the IL-6-deficient mice [BALB/c background
H-2? and (C57BL/6 X 129/01a)F, background H-2°] was described previously
(13). C57BL/6 X 129/0la mice were bred as separate IL-6/~ and IL-6*/*
colonies. All BALB/c mice used in these studies were generated from IL-6™/~
parents, resulting in IL-6 (i.e., IL-6*/* and IL-6*/7) and IL-6~ (i.e., IL-67/7)
phenotypes. All mice used in these studies were adults, 8 to 16 weeks of age.
IL-6~ mice were identified by their failure to produce IL-6 in serum in response
to intraperitoneal injection of lipopolysaccharide, as described previously (13).
Mice were fed an autoclaved diet and water ad libitum and were bred and housed
in horizontal laminar flow cabinets. Mice were routinely screened for viral,
bacterial, and parasitic pathogens by antibody testing and by histopathology. The
guidelines proposed by the Committee for the Care of Laboratory Animal
Resources Commission of Life Sciences, National Research Council, were fol-
lowed in order to properly care for the mice. We have used both mouse strains
for all of the studies described in this paper except for the challenge experiments,
in which we used only the (C57BL/6 X Ola)F, mice.

Viruses and oral inoculation. Tissue culture-adapted RRV (G3, P3) was
grown and counted (2 X 10® PFU/ml) in MA-104 cells (21). Wild-type murine
rotavirus strain EC,, (G3, P16) was an intestinal homogenate, and its 50%
shedding dose (SDs,) titer was determined by oral inoculation of mice with serial
10-fold dilutions (7). Mice were orally inoculated with 10’ PFU of RRV per
mouse and, in some experiments, challenged 6 weeks later with 10* SDs, of
murine rotavirus per mouse by gut intubation (100 wl). Some mice received only
a primary oral inoculation with 10* SDs,, of murine rotavirus per mouse. Mice
were euthanized 6 weeks after the primary inoculation of RRV for analysis of Th
cell responses. The comprehensive analyses of primary immune responses were
conducted with RRV-inoculated mice rather than EC,-inoculated mice to re-
duce the risk of murine rotavirus spread to other mouse colonies in our animal
facilities. However, rotavirus shedding and IgA responses were evaluated in
groups of IL-6% and IL-6~ mice that received only a primary oral dose of
rotavirus strain EC,, as part of our challenge studies.

Analysis of viral Ag shedding in feces by ELISA. Viral Ag in fecal samples was
measured by enzyme-linked immunosorbent assay (ELISA) as previously de-
scribed (7). Microtiter plates (Dynatech, McLean, Va.) were coated with rabbit
antirotavirus serum and blocked with 5% nonfat dry milk (NFDM). Suspended
stool samples were added to plates in 0.5% NFDM. For detection, guinea pig
antirotavirus serum and horseradish peroxidase-conjugated goat anti-guinea pig
IgG (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) in 1% NFDM were
employed. ABTS (2,2"-azino-di-[3-ethylbenzthiazoline sulfonate] substrate; Kirke-
gaard & Perry Laboratories) was used for color development. The fecal viral Ag
shedding data were expressed as net optical density (OD) at 405 nm, which
equaled the OD reading from fecal samples minus the background OD reading
from wells that did not contain a fecal suspension. The OD value was obtained
by developing the plates for 10 min and stopping the reaction with 10% dodecyl
sulfate. A sample was considered positive if the OD reading was at least 0.1
absorbance unit greater than the OD reading for naive mice on the day of
infection. The mean OD value for naive mice on the day of the infection ranged
from 0.10 to 0.30. The adult mouse model was used in all the studies described
here. Since adult mice become infected with rotavirus but do not develop disease,
this model uses protection against infection as its endpoint.

Analysis of antibody isotypes and IgG subclasses. Rotavirus-specific antibod-
ies in serum, fecal extracts, and 7-day culture supernatants were determined by
ELISA (17). Falcon Microtest III microtiter plates (Becton Dickinson, Oxnard,
Calif.) were coated with diluted hyperimmune rabbit antirotavirus serum (R2;
1:2,000) and incubated overnight at 4°C. Plates were blocked with 5% NFDM for
2 h at room temperature and then incubated with a 1:8 dilution of RRV stock
virus overnight at 4°C. Dilutions of samples were added to the plates and
incubated for 4 h at room temperature. Detection consisted of peroxidase-
labeled goat anti-mouse -, a-, and ~y-chain-specific Abs (1 pg/ml) (Southern
Biotechnology Associates, Birmingham, Ala.) and the chromogenic substrate
ABTS with H,0, (Moss, Inc., Pasadena, Md.). For IgG subclass determinations,
biotinylated MAbs specific for IgG1 (2 pg/ml), IgG2a (1 ng/ml), IgG2b (0.5
pg/ml), and IgG3 (1 pg/ml) (PharMingen, San Diego, Calif.) and streptavidin-
conjugated peroxidase were employed (40). Endpoint titers for serum and fecal
extracts were expressed as the last dilution yielding an OD at 405 nm of >0.2 U
above negative control values (i.e., naive mice) after a 90-min incubation period.
For measurement of rotavirus-specific IgA in fecal samples collected during the
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challenge study, results were expressed as net OD readings as described above
for the Ag ELISA. To measure total Ig in fecal extracts, saliva, serum, and
culture supernatants, the coating phase consisted of goat anti-mouse IgA, IgM,
or IgG (Southern Biotechnology Associates) at 2 wg/ml. Total Ig concentrations
were estimated by using standard curves generated with purified mouse IgA,
IgM, and IgG (Southern Biotechnology Associates). Data were recorded as
nanograms of IgA, IgM, or IgG per milliliter.

B-cell enzyme-linked immunospot for antibody-forming cells. An enzyme-
linked immunospot assay (ELISPOT) was used to quantitate numbers of IgG,
IgA, and IgM antibody-forming cells (AFC) present in spleens, Peyer’s patches
(PP), and the lamina propria of the small intestine of mice orally immunized with
RRV. Single-cell suspensions of spleen, PP, and lamina propria cells were pre-
pared as previously described (40) and resuspended in complete medium (RPMI
1640; Cellegro Mediatech, Washington, D.C.) containing 10% fetal bovine se-
rum, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 U of
penicillin per ml, and 100 pg of streptomycin per ml. Nitrocellulose-based plates
(96 wells) were coated with 0.5 pg of purified recombinant virus-like particles
(VLP) containing VP2 and VP6 in 100 ul of phosphate-buffered saline (PBS),
and control wells were blocked with 1% bovine serum albumin in PBS. VLP were
made by coinfection of Sf9 insect cells with recombinant baculovirus that express
the inner-layer VP2 and VP6 proteins from the RF strain of bovine rotavirus, as
previously described (19). VLP were purified twice on a cesium chloride gradi-
ent, and their purity was verified by polyacrylamide gel electrophoresis. The VLP
from the RF strain of bovine rotavirus could be used because VP2 and VP6 are
highly cross-reactive among the group A rotaviruses and elicit the strongest
antibody responses in mice (22). In preliminary studies, we showed that the
plates coated with VLP exhibited 90% of the spots observed in plates coated with
whole RRYV; therefore, we used only VLP to coat ELISPOT plates in the present
study. For the ELISPOT assays, serial 10-fold dilutions of cells (starting at 10°
cells/well) were added to the wells in duplicate and incubated for 6 h. Individual
AFC were detected with peroxidase-labeled anti-mouse +v-, a-, and p-chain-
specific antibodies (1 wg/ml) (Southern Biotechnology Associates) and visualized
by adding the chromogenic substrate 3-amino-9-ethylcarbazole (Moss, Inc.).

Rotavirus-specific restimulation of PP cells. Single-cell suspensions of spleens
and PP cells (3 X 10%ml) from infected mice were cultured (1 ml/well) in
flat-bottomed 24-well tissue culture plates (Corning Glass Works, Corning, N.Y.)
in complete medium and restimulated with psoralen-inactivated RRV or rota-
virus VLP. Control wells received psoralen-inactivated Ag prepared from mock-
infected MA104 cells. To prepare psoralen-inactivated RRV, the RRV prepa-
ration was concentrated on a sucrose gradient, and then psoralen was added to
a final concentration of 40 wg/ml and kept on ice for 15 min prior to exposure to
a UV lamp for 20 min at a distance of 5 cm (20). The mock preparation was
similarly inactivated. The inactivated RRV preparation had less than 10> PFU/
ml. For optimal cytokine responses, cells were stimulated with a 1:10? dilution of
each inactivated Ag preparation. For optimal antibody responses, cells were
stimulated with a 1:10* dilution of Ag. Culture supernatants were collected for
cytokine analysis on days 2, 4, and 6 and for antibody detection on day 7. AFC
in cell suspensions were assayed by ELISPOT on day 5. These Ag doses and
assay times were optimized in our preliminary studies.

Assessment of rotavirus-specific CD4™ T-cell responses. CD4™ T cells from
nonadherent PP cell suspensions were purified by a magnetic activated cell sorter
system (Stefen Miltenyi Biotechnologic Equipment, Bergish-Gladbach, Ger-
many) (40). Cells were passed through the magnetized column after incubation
with biotinylated anti-L3T4 (GK 1.5) and streptavidin-conjugated microbeads.
This procedure yielded CD3" CD4" CD8™ T-cell preparations of >95%. CD4*
T cells (2 X 10° cells/ml) were restimulated in vitro with inactivated RRV (2 X
10® FFU/ml before inactivation) or purified VLP proteins (5 pg/ml) in the
presence of recombinant IL-2 (rIL-2; 10 U/ml; PharMingen) and T-cell-de-
pleted, irradiated (3,000 R) splenic Ag-presenting cells (APC) from naive mice.
T-cell-depleted APC were obtained by incubation with Thy-1-specific antibody
followed by complement lysis. Cells were cultured in 24-well (1 ml/well) tissue
culture plates (Corning Glass Works). Culture supernatants were removed after
2, 4, and 6 days and assayed for cytokine concentration as described below.
Control wells consisted of cells only or cells incubated with mock Ag prepara-
tions. All cell cultures were maintained at 37°C in a 5% CO, incubator.

Cytokine ELISA. Cytokine levels in culture supernatants were determined by
ELISA for the detection of murine gamma interferon (IFN-vy), IL-4, and IL-6 as
described in our previous study (40). Falcon Microtest IIT plates (Becton Dick-
inson) were coated with the appropriate concentration of anticytokine antibody.
Cytokines were detected with the corresponding biotinylated anticytokine MAb
(PharMingen) and peroxidase-labeled anti-biotin MAb (Vector Laboratories,
Inc., Burlingame, Calif.). Standard curves were generated by using murine
rIFN-y and rIL-6 (Genzyme, Cambridge, Mass.) and rIL-4 (Endogen, Boston,
Mass.). The ELISAs were capable of detecting 0.39 U of IFN-y, 10 pg of IL-4,
and 4 U of IL-6 per ml. For statistical analysis, levels of cytokine below the
detection limit were recorded as one-half the detection limit (e.g., IFN-y = 0.20
U/ml).

Statistics. The significance of the difference between groups was evaluated by
the Mann-Whitney U test for unpaired samples using a Statview II Program
designed for Macintosh computers.
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FIG. 1. Mucosal IgA and systemic IgG, IgA, and IgM B-cell development is normal in naive IL-6~ BALB/c mice. Total levels of IgA in fecal extract (A) and saliva
samples (B) and IgG, IgA, and IgM in serum samples (D) were measured by ELISA. Frequencies of IgA AFC in the intestinal lamina propria (C; left side of graph)
and IgA-containing cells in intestinal villi (C; right side of graph) were determined by ELISPOT and immunohistochemistry, respectively. (A, B, and D) From 30 to
50 mice were analyzed. (C) Three experiments of three to five mice per group (* standard deviation [SD]). There were no statistically significant differences between
IL-6~ and IL-6" mice. Similar results were obtained with IL-6~ and IL-6" mice of a mixed (C57BL/6 X Ola)F, background (data not shown).

RESULTS

IgA production proceeds efficiently in naive IL-6~ mice. Our
initial effort was to characterize total IgA levels in fecal ex-
tracts and saliva by ELISA. With sample sizes of more than 50
BALB/c mice, total IgA levels in fecal and saliva samples were
similar for IL-6~ and IL-6" mice (Fig. 1A and B). IL-6" and
IL-6" mice exhibited normal adult levels of IgA in feces as
early as 4 to 5 weeks of age, whereas IgA levels in saliva
continued to increase to weeks 9 to 10. The numbers of IgA-
AFC and IgA-containing cells in the gastrointestinal tract were
enumerated by an isotype-specific ELISPOT assay and immu-
nohistochemical analysis, respectively, at 8 to 10 weeks of age.
By these methods, it was found that the frequencies of IgA-
AFC and IgA-containing cells in the intestinal tract were es-
sentially the same in IL-6~ and IL-6" mice (Fig. 1C). Also,
there were no reductions in total levels of IgA, IgG, and IgM
in serum of IL-6 ™ mice (Fig. 1D). Similar results were obtained
for IL-6~ and IL-6" mice derived from (C57BL/6 X 129/
Ola)F, breedings (data not shown). Together, these findings
indicate that IgA B-cell development and IgA secretion pro-
ceeded efficiently in the gastrointestinal tract of IL-6~ mice.

Rotavirus-specific IgA responses remain vigorous in the ab-
sence of IL-6. To test whether IL-6 was required for specific
IgA antibody to rotavirus, IL-6~ and IL-6° BALB/c and
(C57BL/6 X 129/0O1a)F, mice were orally inoculated with a
single dose of RRV (107 PFU/mouse). Fecal samples were
collected at weekly intervals, and Ag-specific IgA titers were
determined by ELISA. IL-6~ mice exhibited virus-specific IgA
titers in fecal extracts comparable to those of IL-6" mice
throughout the 6-week study (Fig. 2). We also found that IL-6~
mice had unaltered rotavirus-specific IgG, IgG subclass, IgM,
and IgA titers in serum samples by ELISA (Fig. 2B). To de-
termine the frequency of isotype-specific AFC, freshly isolated
splenic cells and intestinal lamina propria cells were subjected

to ELISPOT assays. As expected, the frequencies of virus-
specific IgA-, IgG-, and IgM-AFC were similar in mucosal and
systemic tissues of IL-6~ and IL-6" mice (Fig. 3A). Moreover,
splenic and PP cells from IL-6" and IL-6~ mice produced
substantial yet comparable amounts of IgA and IgG in vitro in
response to restimulation with a 1:10* dilution of psoralen-
inactivated rotavirus Ag (Fig. 3B). Thus, IL-6 was not required
for an efficient rotavirus-specific recall IgA response. It should
be noted that we performed four replicate experiments with
the BALB/c IL-6~ mice and six replicate experiments with the
mixed-background IL-6" mice. In these studies, there was no
evidence to support an essential role for IL-6 in the develop-
ment of virus-specific intestinal IgA and systemic IgG re-
sponses following live RRV infection.

Development of Thl cell response to rotavirus in the ab-
sence of IL-6. Experiments were carried out to determine the
role of IL-6 in regulating the development of Thl and Th2
responses to rotavirus. For these studies, unfractionated PP
cells were obtained from IL-6~ and IL-6" BALB/c mice 6
weeks after primary oral inoculation with RRV (107 PFU/
mouse) and restimulated in vitro with psoralen-inactivated
RRYV Ag. On select days, cytokine-specific protein was assayed
by ELISA. IFN-y levels in culture supernatants of cells from
IL-6" and IL-6" mice were both elevated and of a similar
magnitude (Fig. 4A). In contrast, IL-4 levels were not signifi-
cantly elevated in culture supernatants (<15 pg/ml). To dem-
onstrate that IFN-y and IL-4 were produced by Th cells, CD4™
T cells were purified from virus-infected mice and restimulated
in vitro with RRV Ag in the presence of irradiated (3,000 R)
APC from IL-6" mice. As before, IFN-vy levels were elevated
in CD4" T-cell cultures derived from both IL-6~ and IL-6™
mice (Fig. 4B). However, the pattern of IL-4 production in
CD4™" T cells was altered. The findings showed that IL-6~ mice
but not IL-6™ mice produced significantly increased amounts
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FIG. 2. IL-6 is nonessential for development of optimal rotavirus-specific
mucosal and systemic antibody responses. Fecal extracts (A) and serum samples
(B) were from IL-6~ and IL-6" mice orally inoculated with RRV (107 FFU).
Samples were collected 6 weeks after inoculation. Titers of IgG, IgA, and IgM
isotypes and IgG subclasses were measured by ELISA and are representative of
three separate experiments (+ SD) for RRV-infected mice. Titers of antigen-
specific IgA in fecal extracts are shown for mice on BALB/c (five experiments
with three to five mice per group) and mixed (C57BL/6 X 129/01a)F, back-
grounds (eight experiments with three to five mice per group). For serum sam-
ples, only results for BALB/c mice are shown; however, IL-6~ and IL-6™ mice on
a mixed background showed no differences as well. Values for IL-6~ and IL-6"
mice were not statistically different.

of IL-4 in CD4™ T-cell cultures. These results suggested that in
the absence of IL-6, rotavirus elicited increased numbers of
memory Th cells capable of secreting IL-4 upon restimulation.
Opverall, we conclude that IL-6 was not essential for induction
of an efficient Thl-type IFN-y response to rotavirus.

Analyses of IL-6 production in vitro confirmed that only cell
suspensions from IL-6" mice produced detectable amounts of
IL-6 (Fig. 4). In additional experiments, we examined whether
the source of APC (i.e., IL-6~ or IL-6" mice) could influence
the secondary response of CD4" T cells in vitro. Irradiated
splenic APC from IL-6~ and IL-6" mice were cultured with
CD4™" T cells from rotavirus-inoculated IL-6~ and IL-6" mice
and restimulated with RRV Ag as before. Although irradiated
APC from IL-6" mice contributed some IL-6 into the culture
supernatants (Fig. 5), there was no significant change in the
IFN-y and IL-4 response profiles when CD4* T cells from
IL-6~ and IL-6" mice were incubated in the presence of APC
from IL-6" mice (data not shown). Thus, we can conclude that
IL-6 production from APC did not alter the Th cell response in
our studies. Also, the same overall IFN-y and IL-4 responses
were obtained when the in vitro Ag was VLP and when PP
CD4™" T cells were from IL-6" and IL-6" mice of a (C57BL/
6 X 129/0O1a)F, background (data not shown).

IL-6 is not required to mediate clearance of primary murine
rotavirus infection. To evaluate whether IL-6 was necessary
for clearance of primary murine rotavirus infection, adult
IL-6 and IL-6" (C57BL/6 X 129/O1a)F, mice were orally
inoculated with murine rotavirus strain EC,, (10* SDs,), and
virus shedding was measured in fecal specimens for 10 days by
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FIG. 3. Normal frequencies of rotavirus-specific IgG- and IgA-AFC in mu-
cosal and systemic tissues of IL-6~ mice. IL-6~ and IL-6" BALB/c mice were
orally inoculated with RRV (107 FFU). Freshly isolated splenic and intestinal
lamina propria cells were assayed for numbers of IgG- and IgA-AFC at 6 weeks
by ELISPOT (A). At this time, splenic and PP cells were restimulated in vitro
with RRV Ag (1:10* dilution) and assayed for numbers of IgG- and IgA-AFC 5
days later by ELISPOT (B). Results are from three experiments (* SD; three to
five mice per group). Values for IL-6* and IL-6~ mice were not statistically
different. Results for BALB/c mice are shown; however, IL-6~ and IL-6™ mice
on a mixed background showed no differences as well.

Spleen

Peyer's patches

capture ELISA. IL-6" and IL-6~ mice were equally suscepti-
ble to primary murine rotavirus infection (Fig. 6A). Moreover,
both groups of mice exhibited a similar peak level of viral
shedding in fecal specimens and efficiently resolved infection

A. Unfractionated cells
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FIG. 4. Effect of rotavirus Ag on the induction of Thl-type (IFN-y) and
Th2-type (IL-4 and IL-6) cytokine secretion by unfractionated cells (A) and
CD4™ T cells (B) from PP of IL-6~ (open bars) and IL-6™ (solid bars) mice
(BALB/c background) orally inoculated with RRV (107 FFU). Cells were iso-
lated from mice 6 weeks after rotavirus infection and restimulated in vitro with
RRV Ag (1:10? dilution). Cytokine levels shown are from 4-day culture super-
natants as determined by ELISA and represent three experiments of three to five
mice per experiment (* SD). *, P < 0.01 versus mock-stimulated cells. #*, P <
0.01 versus mock-stimulated cells from IL-6~/~ mice. The significant increase in
IL-4 in CD4" T cells was not observed in culture supernatants at days 2 and 6
(data not shown). Similar results were obtained with IL-6~ and IL-6* mice of a
mixed (C57BL/6 X Ola)F, background (data not shown).
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FIG. 5. Irradiated (3,000 R) APC from IL-6" mice produce low levels of IL-6
in cultures of restimulated CD4* T cells. CD4™" T cells from RRV-inoculated
IL-6~ and IL-6™ mice (BALB/c background) were restimulated with RRV Ag in
the presence of APC from either IL-6™ or IL-6~ mice. The leftmost two columns
of the graph are data for cells stimulated with mock Ag. The rightmost two
columns are data for cells stimulated with RRV Ag. Cell cultures were restim-
ulated with a 1:10? dilution of RRV Ag. The results are from one representative
experiment with five mice (= SD).

within 6 to 8 days. Primary murine rotavirus clearance coin-
cided with an increase in rotavirus-specific IgA in fecal speci-
mens beginning on day 5 (Fig. 6B). These results provided
further evidence that mucosal rotavirus-specific IgA responses
were unimpaired in the absence of IL-6.

IL-6 is nonessential for the induction of protective immune
responses to rotavirus. We next investigated the role of IL-6 in
protective immunity to rotavirus. To date, protection against
reinfection has correlated best with intestinal IgA in the adult
mouse model (14, 15). IL-6~ and IL-6" (C57BL/6 X 129/
Ola)F, mice were orally inoculated with RRV (107 PFU/
mouse) at 8 to 10 weeks of age and 6 weeks later were chal-
lenged with murine rotavirus strain EC,, (10* SDs,). The
present study demonstrated that IL-6" and IL-6~ mice were
protected against reinfection, according to the absence of de-
tectable virus in fecal samples collected until day 10 (Fig. 7A).
Again, although rotavirus-specific IgA responses were variable
after infection, there were no significant differences between
IL-6* and IL-6~ mice in these responses (Fig. 7B). Moreover,
IgA responses were not significantly increased after challenge,
providing more evidence that little or no additional rotaviral
replication occurred. Next, the primary RRV inoculation dose
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FIG. 6. Role of IL-6 in primary murine rotavirus clearance. Groups of IL-6~
(O) and IL-6* (m) (C57BL/6 X 129/01a)F, mice were orally inoculated with
murine rotavirus strain EC,, (10* SDs,). Rotaviral Ag shedding (A) and IgA
titers (B) in fecal samples were measured daily for 10 days after challenge. Fecal
rotavirus Ag and Ag-specific fecal IgA were measured as described in Materials
and Methods, and the results represent one experiment with four or five mice (*
SD). These experiments were not conducted in IL-6~ and IL-6" mice of a
BALB/c background.

J. VIROL.

A Rotaviral Antigen B Fecal Extract, IgA

-
o
)
~
o
1

o

<3
L
o
©
i

o
i
H

Optical density, 414 nm
o
~

Optical density, 415 nm

R o s e e e e
0 10 0 6-10
Days after challenge

o
I

2 4 6 8
Days after challenge

FIG. 7. Role of IL-6 in protective immunity to rotavirus. Groups of IL-6~
(O) and IL-6" (m) (C57BL/6 X 129/O1a) mice were orally inoculated with RRV
(107 FFU) and 6 weeks later challenged with murine rotavirus strain EC,, (10*
SDsg). Rotaviral Ag shedding (A) and IgA titers (B) in fecal samples were
measured on the day of challenge and daily for 10 days after challenge. Fecal
rotavirus Ag and Ag-specific fecal IgA were measured as described in Materials
and Methods, and the results represent one experiment with three to five mice
(*+ SD). These experiments were not conducted in IL-6~ and IL-6" mice of a
BALB/c background.

was lowered by 10-fold to 10° PFU/mouse. Most neonatal
BALB/c mice receiving this dose of RRV in a previous study
shed virus in feces following murine rotavirus challenge as
adults (15). However, in the present study, adult IL-6" and
IL-6" mice immunized with this lower dose of RRV were
protected against reinfection with murine rotavirus (data not
shown). Overall, these results showed that IL-6 was not nec-
essarily required for induction of protective immune responses
to rotavirus.

DISCUSSION

Optimal control of rotavirus depends on B cells (e.g., intes-
tinal IgA) (15, 27), CD4" T cells (29), and CD8" T cells (15,
17, 27, 29). However, few studies have examined the role that
cytokines play in regulating rotavirus-specific immune re-
sponses, especially in regards to Th1 or Th2 cell differentiation.
IL-6 is a multifunctional cytokine that is known to help shape
host inflammatory and antibody- and cell-mediated immune
responses (41). Therefore, we questioned whether IL-6 regu-
lates specific immune responses to rotavirus. However, our
studies demonstrate that IL-6 is nonessential for control of
intestinal rotavirus infection. IL-6-deficient and control 1L-6™
adult mice develop rotavirus-specific antibody and Thl cells
with similar efficiency in the gastrointestinal tract. Moreover,
both IL-6" and IL-6" mice are immune to reinfection in the
adult mouse model.

IL-6 is essential for control of some viral (23, 37), bacterial
(6, 13, 23, 25), and fungal (39) infections, primarily through its
effects on inflammatory and cell-mediated immune responses.
For example, IL-6" mice exhibit increased susceptibility to L.
monocytogenes as a consequence of impaired neutrophilia or
neutrophil function (13). In addition, deficient Thl-cell and
neutrophil activity accounted for increased susceptibility to C.
albicans in IL-6~ mice (39). In contrast, control of Leishmania
major correlated with induction of an efficient Thl-cell re-
sponse in IL-6" mice (31). Our present observations demon-
strating that rotavirus elicits a normal Thl cell response in
IL-6" mice provides evidence that alternative mechanisms are
available for Th1 cell differentiation in response to an enteric
virus.

Of special relevance for control of rotavirus infection is the
role that IL-6 plays in stimulating IgA in vitro (5, 10) and in
vivo (37). However, in our study, the IgA response to rotavirus
was normal in IL-6" mice. Rotavirus-specific IgA responses
and total IgA levels in IL-6~ and IL-6" mice were essentially



VoL. 74, 2000

the same. These results were confirmed in two strains of IL-6"
mice, BALB/c and mixed C57BL/6 X 129/0O1a mice. Moreover,
we showed that high levels of IgA were produced in PP and
spleen cells from IL-6 mice restimulated with RRV Ag, con-
firming that IL-6 was nonessential for the recall IgA response
as well. Consistent with this, in nonviral systems IL-6" mice
had normal levels of IgA after mucosal administration of pro-
tein Ag plus cholera toxin as the adjuvant and following infec-
tion with the mucosal pathogen H. felis (6). Moreover, human
tonsillar B cells did not require IL-6 for Ag (influenza virus)-
specific antibody responses (12). Yet, in other experimental
systems, Ag-specific IgA responses are clearly impaired in
IL-6" mice (37, 39). For example, nasal immunization with
attenuated vaccinia virus expressing the hemagglutinin glyco-
protein of influenza virus resulted in impaired IgA and IgG
responses (37).

These divergent results may reflect the existence of alternate
pathways by which IL-6 regulates IgA. Thus, IL-6 directly
stimulates IgA-positive B cells to secrete IgA (5) and may also
indirectly enhance IgA by stimulation of complement compo-
nents, which then potentiate antibody responses (24). It should
be noted too that IL-6 is likely not required for these mecha-
nisms to become operational in all experimental models. For
example, IFN-y can also stimulate components of the comple-
ment system (9, 30). Therefore, it remains possible that rota-
virus-elicited IFN-y may compensate for the loss of IL-6 and
potentiate complement-dependent IgA. Stimulation of IgA
may also depend on the nature of the Ag. In the case of
rotavirus, it is possible that repetitive structural proteins (e.g.,
VP6) may directly cross-link and activate specific Igs on B cells,
as appears to occur with certain other viruses (1). Moreover,
the high Ag load and replicative capacity of viruses in general
may alter the threshold requirement for certain costimulatory
pathways (e.g., CD40 and CD28) and, as may be the case here,
for APC-derived IL-6, enabling induction of strong specific
immune responses in the absence of these factors (2).

Rotavirus-induced Thl cells may provide efficient help for
IgA in the absence of IL-6 and high levels of Th2 cells that
produce IL-4. However, it should be noted that a previous
study showed that SP cells isolated from mice orally inoculated
with heterologous simian and murine rotavirus strains as neo-
nates produced IFN-y, IL-5, and IL-10 without IL-4 following
restimulation with Ag in vitro (18). The increase in IFN-y
without significant amounts of IL.-4 was in agreement with the
present study. In the absence of endogenous IL-6-mediated
functions, in vivo-primed CD4" Th cells produced increased
amounts of IL-4 following in vitro restimulation with rotavirus
Ag. These results suggested that Th2-type memory cells were
elevated in response to rotavirus infection in IL-6 mice. De-
spite this increase in Th2-type memory cells in vitro, however,
rotavirus-specific Thl cell responses and IgG1/IgG2a levels in
serum samples were not elevated in IL-6~ mice following pri-
mary rotavirus inoculation, further suggesting that Th cell re-
sponses were not drastically altered in vivo. Moreover, unfrac-
tionated PP cells failed to exhibit significantly increased IL-4
production following in vitro restimulation. The increase we
observed in Th2-type memory cells in the absence of IL-6 is in
agreement with a previous study showing an increased Th2-
type response following infection with C. albicans in IL-6"
mice (39). Moreover, T cells primed in IL-6~ mice by immu-
nization with dinitrophenol-albumin (DNP-OVA) produced
slightly elevated Th2-type responses (IL-4 and IL-5) upon sec-
ondary in vitro restimulation (24). In the former case, Th1 cell
responses were impaired (39), whereas in the latter case, Thl
cell responses remained strong (24). In contrast, IL-6 was
shown to promote polarization of CD4* Th2 cells by inducing
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the production of IL-4 from naive CD4" T cells in concanava-
lin A-activated cell cultures (38). Thus, it appears that IL-6 can
have differential effects on Th cell activation.

IL-6 stimulates cytotoxic NK and CD8* T cells (3, 26).
Indeed, a decreased CTL response was observed following
inoculation of IL-6~ mice with vaccinia virus (23). In the ro-
tavirus model, IL-6~ and IL-6" mice appeared to be equally
susceptible to rotavirus infection, based upon viral shedding in
feces. However, a deficient CTL response remains possible
because such an impairment may have only minor conse-
quences on viral clearance and likely no observable effect on
protection against secondary challenge. Thus, when B, micro-
globulin knockout mice (deficient in major histocompatability
complex class I-restricted CD8" T cells) were infected with
rotavirus, they cleared primary rotavirus infection with a delay
of only 1 to 3 days compared to immunocompetent mice and
were protected against secondary challenge (15). The devel-
opment of rotavirus-specific CD4" T cells and antibody may
mask a deficient CTL response. A slight delay in rotavirus
clearance in the absence of IL-6 would be suggestive of an
impaired CTL response to rotavirus. To resolve this issue, it
will be necessary to infect additional groups of IL-6~ and
IL-6" mice with murine rotavirus and compare CTL re-
sponses. However, our results show that IL-6 mice clear pri-
mary murine rotavirus infection by day 6 to 8 and that peak
levels of rotavirus in fecal samples are not elevated in compar-
ison with IL-6™ mice.

We cannot exclude the possibility that lower initial doses of
primary RRV followed by challenge with murine rotavirus may
have delineated a more subtle difference between IL-6~ and
IL-6" mice in protective efficacy. Moreover, although IL-6 was
not required for IgA and Thl cell development, we cannot
discount the possibility that IL-6 plays a role in the develop-
ment of IgA and Thl cells in the immunocompetent host. To
this end, we did not perform shedding curves for RRV because
in normal mice RRV seldom replicates at levels detectable by
our ELISA. However, rotavirus Ag loads were similar in IL-6
and IL-6" mice infected with murine rotavirus strain EC,,, and
so disparate viral loads likely do not explain the strong IgA and
Th1 cell responses we observed in IL-6" mice. Moreover, IgA
responses were equally strong in IL-6~ and IL-6" mice in-
fected with the murine rotavirus strain EC,,. It should be noted
that these results may not fully apply to neonates, whose im-
mune responses may differ. In addition, neonates develop di-
arrhea following oral inoculation with murine rotavirus EC,,
whereas the adults used in this study only shed virus subclini-
cally.

In summary, the data presented here show that IL-6 is a
dispensable cytokine for control of rotavirus infection and de-
velopment of Thl cells and IgA in adult mice. Knowledge of
the regulation of mucosal IgA B cells and Th1 cells is of crucial
importance for a better understanding of the behavior of these
cells in the immune response to human rotavirus vaccines, as
well as for optimal use of the Th cell arm of the immune system
in the development of new antirotavirus vaccine modalities.
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