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We previously reported that the macrolide antibiotic clarithromycin (CAM) enhanced the mucosal immune response in pediat-
ric influenza, particularly in children treated with the antiviral neuraminidase inhibitor oseltamivir (OSV) with low production
of mucosal antiviral secretory IgA (S-IgA). The aims of the present study were to confirm the effects of CAM on S-IgA immune
responses, by using influenza A virus (IAV) H1N1-infected mice treated with or without OSV, and to determine the molecular
mechanisms responsible for the induction of mucosal IgA class switching recombination in IAV-infected CAM-treated mice.
The anti-IAV S-IgA responses and expression levels of IgA class switching recombination-associated molecules were examined
in bronchus-lymphoid tissues and spleens of infected mice. We also assessed neutralization activities of S-IgA against IAV. Data
show that CAM enhanced anti-IAV S-IgA induction in the airway of infected mice and restored the attenuated antiviral S-IgA
levels in OSV-treated mice to the levels in the vehicle-treated mice. The expression levels of B-cell-activating factor of the tumor
necrosis factor family (BAFF) molecule on mucosal dendritic cells as well as those of activation-induced cytidine deaminase and
Ijo-Ce transcripts on B cells were enhanced by CAM, compared with the levels without CAM treatment, but CAM had no effect
on the expression of the BAFF receptor on B cells. Enhancement by CAM of neutralization activities of airway S-IgA against IAV
in vitro and reinfected mice was observed. This study identifies that CAM enhances S-IgA production and neutralizing activities
through the induction of IgA class switching recombination and upregulation of BAFF molecules in mucosal dendritic cells in

IAV-infected mice.

f nfluenza brings repeating global threats to humans through annual
i epidemics, and there have been several pandemics, with consider-
able morbidity and mortality. In order to prevent complications and
aggravation of the flu symptoms (25, 36), it is not uncommon, in
Japan, to prescribe clarithromycin (CAM), a macrolide antibiotic de-
veloped by modification of erythromycin (11), combined with osel-
tamivir (OSV) as an antiviral neuraminidase inhibitor. In this regard,
we have previously reported that administration of CAM in influenza
A virus (IAV)-infected mice resulted in suppression of tumor necro-
sis factor alpha and augmentation of interleukin- 12 production in the
blood, resulting in alleviation of the flu symptoms (18), while oral
treatment with OSV attenuated the induction of respiratory anti-IAV
specific secretory IgA (S-1gA) immune responses (39). Furthermore,
we have recently verified in JAV-infected children that oral CAM
augmented the nasopharyngeal mucosal immune responses, while
OSV suppressed the production of mucosal anti-IAV S-IgA (37). Of
interest, we have also reported that 75% of patients treated with the
combination of CAM and OSV showed increases in S-IgA produc-
tion to levels similar to those seen in patients treated with CAM alone
(37). Others have also reported that CAM acted on the viral replica-
tion cycles, resulting in inhibition of progeny virus production in
vitro (25, 26), and modulated airway inflammation in IAV infection
by reduction of the viral receptor, sialic acid with an «2,6 linkage on
the airway epithelial cells, through inhibition of nuclear factor kappa
B (NF-kB) expression and increase in intraendosomal pH (45).
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However, there is little information on the mechanisms of CAM-
boosted induction of mucosal anti-IAV S-IgA.
Nasopharyngeal-associated lymphoreticular tissue and Peyer’s
patches are known as mucosal inductive sites where IgA-commit-
ted B cells undergo p.- to a-isotype class switching recombination
(CSR). The IgA-committed B cells subsequently migrate to diffuse
mucosal effector tissues, including the nasal passages (NPs) and
intestinal lamina propria (iLP) (3, 22). In addition to these muco-
sal inductive tissues, T-cell-independent IgA CSR occurs in the
iLP (8,9, 12). Similarly, B cells of the isolated lymphoid follicles,
scattered throughout the intestine, can undergo IgA CSR either
from actual bacterial infection or from constant surveillance of
commensals (10, 40). In this regard, both in vitro and in vivo
studies have shown that B-cell-activating factor of the tumor ne-
crosis factor family (BAFF) and the proliferation-inducing ligand
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FIG 1 Experimental protocol for infection with TAV/PR8/34 virus. (A) At 20
h after infection with 25 PFU of IAV, mice were treated orally with 150 pg of
CAM, 50 pg of OSV, OSV (50 pg) plus CAM (150 pg) in 100 pl of sterilized
MC (n = 10), or 100 pl of MC as a control (1 = 10). The dose was given twice
daily for 5 days. (B) Changes in body weight in the four treatment groups. Data
are means = SEM (from day 0 to 7, n = 10; from day 8 to 12, n = 5).

(APRIL), members of the tumor necrosis factor ligand superfam-
ily, promote T-cell-independent CSR of IgA via engagement of
BAFF receptor (BAFF-R), transmembrane activator and calcium
modulator cyclophilin ligand interactor (TACI), and B-cell mat-
uration antigen (Ag) (BCMA) (4, 5, 24). In addition, BAFF and
APRIL on dendritic cells (DCs) can induce the expression of acti-
vation-induced cytidine deaminase (AID) expression in murine B
cells (24,44). Recent studies have also reported that retinoic acid-
producing DCs from mucosa-associated lymphoreticular tissue
induce surface IgA and gut homing receptor expression on B cells
in a T-cell-independent manner (17, 29). BAFF and APRIL on
DCs interact with BAFF-R, BCMA, and TACI on B cells and in-
duce IgA CSR (2).

The aims of the present study were to confirm the effects of
CAM on $-IgA immune responses, by using IAV (H1N1)-infected
weanling mice, and to determine the cellular and molecular mech-
anisms responsible for the induction of IgA CSR in IAV-infected
mice treated with CAM.

MATERIALS AND METHODS

Animals and viral infection. All experiments were conducted in accor-
dance with the animal care committee guidelines of Tokushima Univer-
sity. Specific-pathogen-free 4-week-old weanling BALB/c female mice
were obtained from Japan SLC. The mice were nasally inoculated with 25
PFU of mouse-adapted TAV/PR8/34(HIN1) in 15 pl of saline under ket-
amine anesthesia at day 0. At 20 h after infection, the mice were divided
into the following four groups and treated orally daily for 5 days (Fig. 1A ):
the CAM group (n = 10; 150 pg/head, every 12 h), the OSV group (n =
10, 50 pg/head, every 12 h), the CAM-OSV group (n = 10, CAM, 150
pg/head/12 h; OSV, 50 pg/head/12 h), and the vehicle—0.5% methylcel-
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lulose 400 (MC) group (n = 10, 100 pl of MC/head). OSV and CAM were
dissolved in sterilized MC solution. The body weight was measured on the
morning of each day after viral infection (Fig. 1B) (mean * standard
deviation [SD] at day 0, 14.9 = 0.6 g).

For viral reinfection experiments, the mice were initially infected in-
tranasally with 5 PFU of IAV/PR8/34(HIN1) in 15 pl of saline and then
orally treated with OSV, CAM, OSV-CAM, and MC as described above
for 5 days at 20 h after infection. Two weeks after the initial infection, the
mice were infected again with 50X the 50% lethal dose (LDs,; 500 PFU) of
TAV/PR8/34(H1N1) in saline instilled into the nostril. After infection, Joss
of body weight and survival of animals were monitored. The effects of the
initial treatment of infected mice with OSV, CAM, OSV-CAM, and MC
were analyzed at day 14 after reinfection. The mice were euthanized, and
isolated lungs were fixed with 4% paraformaldehyde for histopathological
evaluatjon as described previously (35).

Cell isolation from mucosal lymphoid tissues. At days 6, 8, and 12
after infection, mononuclear cells were isolated from mucosal lymphoid
tissues (Fig. 1A ). Mononuclear cells from the mediastinal lymph nodes
(MeLNs) and spleen were isolated under aseptic conditions by the me-
chanical dissociation method as described previously (14,17). Nasal pas-
sages (NPs) were isolated using a modification of the dissociation method
described previously (14, 15, 17). Mononuclear cells were isolated from
the lungs by a combination of an enzymatic dissociation procedure using
collagenase type IV (0.5 mg/ml; Sigma-Aldrich, St. Louis, MO} followed
by discontinuous Percoll (Amersham Biosciences, Piscataway, NJ) gradi-
ent centrifugation. To obtain B cells or DCs from the mucosal lymph
nodes, mononuclear cells from the MeLNs, lungs, NPs, and spleen were
incubated with anti-B220-conjugated or anti-CD11c-labeled microbeads
(Miltenyi Biotec, Auburn, CA), based on the protocol supplied by the
manufacturer (16) and were then positively selected with AutoMACS.
The purified cell fraction consisted of >>97% B220™ or CD11c™ cells, with
>99% cell viability.

Analysis of mucosal immune responses to [IAV by ELISA or
ELISPOT assay. At days 8 and 12 after infection, nasal washes (NWs),
bronchoalveolar fluids (BALF), and plasma were collected as described
previously (27,45) and subjected to enzyme-linked immunosorbent assay
(ELISA) to determine anti JAV-specific S-IgA and IgG levels (27, 33, 39).
Mononuclear cells isolated from the MeLNs, lungs, NPs, and spleen were
subjected to an enzyme-linked immunosorbent spot (ELISPOT) assay to
determine the numbers of IgA and IgG antibody (Ab)-forming cells
(AFCs), as described previously (15,17, 39).

Measurement of BAFF expression in BMDCs treated with or with-
out CAM and poly(I-C). Bone-marrow-derived dendritic cells (BMDCs)
from naive mice were prepared as described previously (28). BMDCs were
stimulated with CAM (15 uM) or poly(I-C) (Amersham Bioscience, Pis-
cataway, NJ) (20 pg/ml) for 6 hat 37°C. A concentration of 15 uM CAM
is the maximum serum concentration of CAM in clinical use (500 mg of
oral administration) (13). The expression levels of BAFF were measured
by quantitative reverse transcription (RT)-PCR (43).

RT-PCR and quantitative RT-PCR assays. Total RNAs were extracted
from mononuclear cells isolated from the MeLNs, lung, NPs, spleen, and
BMDCs. The proliferation-inducing ligand (AID; 349 bp), [n-Ca (267
bp), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 355 bp)
transcripts in mucosal B cells were amplified using specific primers as
described previously (9, 20,30, 34,38). The following primers were used:
AID, sense, 5'-GGCTGAGGTTAGGGTTCCATCTCAG-3', and anti-
sense, 5'-GAGGGAGTCAAGAAAGTCACGCTGGA-3"; Iu-Ca, sense,
5"-CTCTGGCCTGCTTATTGTTG-3', and antisense, 5'-GAGCTGGTG
GGAGTGTCAGTG-3"; and GAPDH, sense 5'-CATCACCATCTTCCAG
GA-3', and antisense, 5'-GAGGGGCCATCCACAGTCTTC-3'. In order
to examine the expression ot BAFF and APRIL on mucosal DCs or
their receptors on B cells, the cDNAs purified from DCs and B cells
were amplified with a pair of specific primers for BAFF (285 bp),
APRIL (597 bp), BAFF-R (521 bp), TACI (172 bp), and BCMA (167
bp) and by an RT-PCR method (16). The following primers were used:

jviasm.org 10925

VINIHSNMOL 40 ALISHIAINN Ag €102 ‘| @unr uo /Bio wse Alj/:dpy woiy pspeojumoq



Takahashi et al.

>

NWs

- »
l .

Reciprocal log,
PR8-specific lgA Titer
N

o

os)
6
o

Numbers of
PR8-specific IgA AFCs/10
[+
o o .
EE:l*;

00—

MC CAM  OSV  OSV
+
CAM
o 150— m— MelNs
[=}
< |
]
B I “
6 < | —
)
8575 t .
ES [ —
35
Z 0 {
Q.
9 |
[}
£ i A
MC CAM  OsV osv
4
CAM

BALF

Reciprocal log,
PR8-specific IgA Titer

0 : :
MC CAM osv osv
+ R
CAM
[] Days
E Day 12
*
o 150 " | Lung
3 !
(8] { :
- ##
o< ! [ ——
a2
oD i
'g o 75—
& | !
35 —
20 {
<%
o0
© {
0 ! LB

osv
+
CAM

FIG 2 Anti-IAV-specific S-1gA immune response in external secretions and mucosal lymphoid tissues. Mice infected with IAV at day 0 were treated on five (from
day 1 to 5) consecutive days with CAM, OSV, OSV-CAM, or MC. (A) At days 8 and 12, IAV-specific S-IgA levels were determined in nasal washings (NWs) and
bronchoalveolar lavage fluid (BALF) by ELISA. Data are means = SEM (n = 5). %, P < 0.05, versus MC; # and ##, P < 0.05 and P < 0.01, respectively, versus OSV.
(B) At days 8 and 12, mononuclear cells isolated from the nasal passages (NPs), mediastinal lymph nodes (MeLNs), and lung were subjected to IAV-specific
ELISPOT assay to determine the numbers of IgA AFCs. Data are means * SEM (n = 5). *, P < 0.05 versus MC; # and ##, P < 0.05 and P < 0.01, respectively,

versus OSV.

BAFF, sense, 5 -GAGAACAAAATAGTGGTGAGGCA-3', and antisense,
5'-GTCGTCTCCGTTGCGTGAA-3'; APRIL, sense, 5'-ACCCTCCCTG
CTACCTCTTGG-3', and antisense, 5'-TCCTTCCCGAGATACCACCT
G-3'; BAFF-R, sense, 5'-GACATGGGCGCCAGGAGACTCCGGGTCC
GA-3', and antisense, 5'-TGGGCCAGCTGTCTTGGTGGTCACCACCA
GCTC-3"; TACI, sense, 5'-CCAGGATTGAGGCTAAGTAGCG-3’, and
antisense, GGGGAGTTTGCTTGTGACC-3"; and BCMA, sense, 3’ -CAA
GCGTGACCAGTTCAGTGA-3', and antisense, 5'-CGATCCGTCAAGC
TGACCTG-3".

Neutralizing activities for IAV. To assess IAV neutralization by mu-
cosal S-IgA, Madin-Darby canine kidney (MDCK) cells were incubated
with mixtures of IAV and S-IgA purified from NWs and BALF, as de-
scribed previously (1). The S-IgA from N'Ws and BALF was purified with
the Kaptiv-AE IgA affinity column according to the protocol provided by
the manufacturer (Tecnogen S.p.A., Piacenza, Italy). Anti-influenza virus
nucleoprotein monoclonal antibody (MAb) (QED Bioscience, San Diego,
CA) and horseradish peroxidase-labeled anti-mouse [gG were used to

10926 jviasm.org

detect the infected cells. The viral protein was visualized using the True-
Blue peroxidase substrate (KPL, Inc., Gaithersburg, MD), and the num-
bers of cell foci/well were counted under a stereomicroscope.

Statistical analysis. The results are expressed as means * 1 standard
error of the mean (SEM). Data from the treatment groups were compared
with those from the control, using an unpaired Mann-Whitney U'test with
Statview software (StatView 5.0 software (SAS Institute, Cary, NC). AP
value of <0.05 was considered significant.

RESULTS

CAM significantly enhances airway S-IgA immune responses in
the early stage of IAV infection, but not systemic IgG immune
responses. After IAV infection, mice given OSV with or without
CAM showed a slight but continuous increase in body weight
during the 12-day experimental period (Fig. 1B). On the other
hand, mice treated with CAM alone or MC as a control exhibited

Journal of Virology
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FIG 3 Systemic IAV-specific immune responses in mice after infection. Mice infected at day 0 were treated for five consecutive days (from days 1 to 5) with CAM,
OSV, OSV-CAM, or MC. (A) IAV-specific IgA and IgG levels in plasma determined by ELISA. Data are means = SEM (1 = 5). There were no significant
differences between CAM and MC and between OSV and OSV-CAM. (B) Mononuclear cells isolated from the spleen were subjected to the ELISPOT assay to

determine the numbers of IgA and 1gG AFCs. Data are means = SEM (n = 5).

and OSV-CAM.

continuous loss of body weight from day 0 up t0 26.7 to 27.4% loss
at day 9 or 10 postinfection, followed by slow recovery (Fig. 1B).
None of the mice died during the experimental period. These
results suggest that OSV treatment for 5 days in the early stage of
infection lessens the rate of complications and aggravation of flu
symptoms in mice by suppression of viral replication.

To investigate the effect of the 5-day CAM treatment on anti-
gen (Ag)-specific mucosal and systemic immune responses, we
measured Ag-specific S-IgA levels in NWs and BALF as well as IgA
and IgG levels in serum of mice at days 8 and 12 postinfection.
CAM significantly increased anti-IAV-specific S-IgA levels in
NWs and BALF of OSV-treated mice at days 8 and 12, compared
with the levels in mice treated only with OSV (Fig. 2A). CAM also
significantly increased S-IgA levels in NWs and BALF compared
with the levels in MC-treated mice at day 12, the maximal phase of
mucosal S-IgA induction (19, 37), although the effect was not
significant at day 8, the intermediate phase (Fig. 2A). Further-
more, these findings were confirmed by Ag-specific ELISPOT as-
says. CAM significantly increased the numbers of Ag-specific IgA
AFCs in respiratory effector tissues compared with MC and OSV
treatment at day 8 and/or 12. On the other hand, there were no
significant differences in the total numbers of S-IgA AFCs in these
lymphoid tissues among the groups (data not shown). These re-
sults indicate that CAM upregulates Ag-specific S-IgA responses
in mucosal effector tissues. However, CAM did not have a signif-
icant effect on the elevated levels of systemic Ag-specific IgA and
IgG responses in serum of infected animals, compared with the

October 2012 Volume 86 Number 20

There were no significant differences between CAM and MC and between OSV

control, such as MC or OSV treatment, although OSV treatment
tended to suppress slightly the production of Ag-specific 1gG and
AFCs (Fig. 3A and B). Ag-specific Abs in airway secretions and
serum at day 0 were below the detection levels. These experiments
confirmed our previous findings of attenuated induction of anti-
viral S-IgA at days 8 and 12 in OSV-treated mice, compared with
the vehicle-treated mice (39). Taken together, these findings indi-
cate that CAM predominantly enhances mucosal immunity of both
the attenuated antiviral S-IgA production in the OSV-treated mice
and the S-IgA production in the MC-treated mice.

CAM induces IgA CSR in airway-associated lymphoid tis-

sues. We next examined CSR from the - to a-chain in B cells
from MeLNs, lung, NPs, and spleen (i.e., effector lymphoid tis-
sues) of IAV-infected mice treated with CAM. The mRNA levels of
AID and IpnCo transcripts in mucosal B cells were analyzed by
semiquantitative RT-PCR. Importantly, CAM significantly in-
creased the levels of CSR-associated molecule-specific mRNAs in
B cells from MeLNs, lung, and NPs, compared with the levels from
MC- and OSV-treated mice, respectively (Fig. 4A), but had no
such effect on in B cells from the spleen (Fig. 4B).

OSV significantly suppressed the expression levels of CSR-as-
sociated molecule-specific mRNAs in B cells from MeLNs, lung,
and NPs, compared with the MC group (Fig. 4AA. In addition,
OSV-CAM significantly increased the expression of AID- and
InCa-specific mRNAs in B cells from MeLNs, lung, and NPs com-
pared with the OSV group (Fig. 4A). These results indicate that
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FIG 4 Preferential presence of AID, In-Ce transcripts in B cells from the nasopharyngeal-tracheal effector sites in IAV-infected-mice treated with CAM, O8V,
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subjected to RT-PCR analysis. The left panels show representative results, and the graphs on the right show the expression level of the respective CSR-associated
molecules relative to the density of GAPDH expression, calculated as 100 with ChemiDoc XRS Quantity One Analysis software (Bio-Rad). Data are means = SEM

from 5 mice for each group and represent a total of five separate experiments. ¥,

CAM predominantly enhances the recovery of reduced IgA CSR
by OSV in mucosal effector tissues of IAV-infected mice.

CAM increases BAFF molecule expression on DCs from
MeLNs, lung, and NPs, but not that of BAFF receptors on B cells.
It is known that IgA CSR occurs through both a T-cell-dependent
engagement with CD40-CD40 ligand and a T-cell-independent
pathway (6, 12, 24). We have also shown that the APRIL molecule
on oral-nasopharyngeal DCs mediates the T-cell-independent

10928 jviasm.org

P <0.05 versus MG; # and ##, P < 0.05 and P << 0.01, respectively, versus OSV.

IgA CSR for innate immunity by interaction with the TACI mol-
ecule on B cells of mucosal effector tissues (16). In this regard, we
next examined whether CAM induces the expression of BAFF and
APRIL molecules on DCs from MeLNs, lung, and NPs at the early
phase of JAV infection. Although the expression levels of BAFF
and APRIL on DCs from MeLNs, lung, and NPs of I[AV-infected
OSV-treated mice were similar to those of the MC-treated mice, a
significantly higher expression level of BAFF, but not APRIL, was

Journal of Virology
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FIG 5 Expression of B-cell-activating factor (BAFF) and proliferation-inducing ligand (APRIL) in CD11c™ DCs on mucosal effector sites. The day after the last
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(NPs) of IAV-infected mice, and mucosal DCs were purified with AutoMacs using anti-CD11c MAb-labeled microbeads, as described in Materials and Methods.
Total RNA extracted from CD11C" DCs was subjected to RT-PCR analysis. The left panels show representative results, and the graphs on the right show the
results of quantitative analysis. DData are means = SEM from 5 mice for each group and represent a total of five separate experiments. *, P < 0.05 versus MC; #,

P << 0.05 versus OSV.

noted on DCs from MeLNs, lung, and NPs of IAV-infected OSV -
CAM-treated mice and CAM-treated mice compared with OSV-
and MC-treated mice, respectively (Fig. 5).

We next analyzed by quantitative RT-PCR whether the effect
of CAM on upregulation of BAFF on DCs is direct or indirect
(Table 1). Although treatment of BMDCs with 20 pg/ml of
poly(I-C) as a positive control (43) significantly increased BAFF
expression on the cells, treatment with 15 uM CAM, the maxi-
mum serum concentration in clinical use (13), did not increase
the expression. These results suggest that CAM indirectly en-
hances BAFF expression on DCs in the airway-associated lym-
phoid tissues and that BAFF-expressing mucosal DCs induce 1gA
CSR in the airway effector tissues.

October 2012 Volume 86 Number 20

TABLE 1 Quantitative RT-PCR analyses of BAFF expression in BMDCs

Relative mRNA expression rate at’:

Treatment 0Oh 6h

Vehicle (0.05% DMSO)” 0.30 = 0.04 0.40 = 0.16

CAM (15 pM) 0.25 = 0.02 0.24 £ 0.07

Poly(1-C) (20 pg/ml) 0.30 = 0.10 1.47 £ 0.37F

* After the cells had been treated with each reagent for 0 and 6 h, total RNA was
isolated, and the expression levels of BAFF mRNA normalized to GAPDH mRNA were
detected. Data are means & SEM from four independent experiments. *, P < 0,05
versus vehicle at 6 h.

 DMSO, dimethy! sulfoxide.
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FIG 6 Expression of B-cell-activating factor (BAFF) and proliferation-inducing ligand (APRIL) receptor molecules (BAFF-R, transmembrane activator and
calcium modulator cyclophilin ligand interactor [TACI], and B-cell maturation antigen [BCMA]) in mucosal B220 * B cells. The day after the last dose of CAM,
OSV, OSV-CAM, or MC, mononuclear cells were isolated from the mediastinal lymph nodes (MeLNs), lung, and nasal passages (NPs) of IAV-infected mice. The
mucosal B cells were purified with AutoMacs using anti-B220 MAb-conjugated microbeads. Total RNA extracted from B220 ™ B cells was subjected to RT-PCR
analysis. The left panels show representative results, and the graphs on the right show the results of quantitative analysis. Data are means * SEM of 5 mice for each

group and represent a total of five separate experiments.

We also examined B cells from the MeLNs, lung, and NPs for
their expression of BAFF-R, TACI, and BCMA, representing re-
ceptors for BAFF molecules on mucosal B cells. The results
showed no significant change in the expression levels irrespective
of the treatment (Fig. 6).

Reinforcement of anti-virus S-IgA by CAM exhibits neutral-
izing activities. Since mucosal S-1gA acts as a neutralizing Ab to
pathogens and exotoxin, we determined in vitro the effects of
treatment on the neutralizing activities of S-IgA. Incubation of
MDCK cells with mixtures of IAV and S-IgA purified from NWs
of the MC- and CAM-treated groups resulted in significant reduc-
tions in the numbers of infected-cell foci, compared with that
from uninfected mice (Fig. 7, top). In contrast, similar in vitro
experiments using S-IgA from the OSV-treated group showed sig-
nificantly lower neutralizing activities than the MC- and CAM-
treated groups. Even under the suppressed neutralizing activities
in the OSV-treated mice, it is noted that additional combination
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of CAM with OSV significantly enhanced the neutralization activ-
ities of S-IgA fractions purified from BALF (Fig. 7, bottom). The
combined treatment with CAM and OSV also tended to increase
the neutralization activities of S-IgA fractions from NWs, but this
was not significant (Fig. 7, top). These results indicate that CAM
predominantly boosts mucosal S-IgA neutralization activities in
BALF of [AV-infected OSV-treated mice.

We next confirmed reinforcement of protective immunity by
CAM in reinfection experiments in vivo (Fig. 8). After initial IAV
infection of mice followed by treatment with OSV, CAM, OSV-
CAM, and MC for 5 days, the mice were reinfected with a lethal dose
(50X LDyy; 500 PFU) of IAV at day 14 after the initial infection. All
preinfected animals in the four treatment groups, such as the OSV
group, the CAM group, the OSV-CAM group, and the MC group,
survived with continuous increases in body weight (Fig. 8A). Al-
though all mice (n = 10) in the four treatment groups showed resis-
tance against a lethal dose of virus challenge, inflammatory cell mi-
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FIG 7 Neutralization activities of S-IgA in nasal washings (NWs) and bronchoalveolar lavage fluid (BALF) against IAV/PR8/34(H1N1) infection in MDCK cells.
At day 12 postinfection, S-IgA was purified from NWsand BALF of mice treated with CAM, OSV, OSV-CAM, or MC or from naive mice (uninfected), and 2 pg
of purified $-IgA from each group was then preincubated with IAV (1,450 PFU, 100 wl) for 1 h at 37°C. Each mixture was subsequently incubated with confluent
monolayers of MDCK cells at 37°C for 1 h for infection. Sixteen hours after infection, the cells were fixed with 4% paraformaldehyde—phosphate-buffered saline
(PBS), permeabilized with 0.3% Triton X-100-PBS, and then visualized by TrueBlue peroxidase substrate. NWs and BALF from uninfected mice were used as
the control. Original magnification, X40. The values in the graph are mean numbers of infected cells = SEM (11 = 4). *, P < 0.01 versus uninfected; # and ##, P <
0.05 and P < 0.01, respectively, versus MC or CAM; 1, P < 0.05 versus OSV-CAM.

gration in the lungs was most severe in the OSV -treated group at day
14 after reinfection (Fig. 8B). Lung inflammation was mild in the
CAM-OSV-treated group, the CAM-treated group, and the MC-
treated group compared with the lungs of noninfected mice.

DISCUSSION

Mucosal immunity works as the body’s frontline of defense against
invasion of pathogens. Against variant virus infections, mucosal S-
IgA confers cross-protection, and thus may provide an overall higher
protective activity than systemic IgG (23, 33). Furthermore, mucosal

October 2012 Volume 86 Number 20

S-IgA is known as a noninflammatory Ab (21). Although heterosub-
typic protection from influenza is not only mediated by cytotoxic T
cells (31), mucosal S-IgA and respiratory B cells induced by nasal
vaccination and natural infection (7, 32) are crucial in protecting
against IAV infection. In addition, humoral and protective immunity
associated with antithemagglutinin specific IgA elicited by primary
infection or vaccination is important for the prevention of secondary
infection with different virus subtypes (41). Therefore, we consider
that induction of mucosal S-IgA is critical for immune protection
against IAV infection.
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FIG 8 Reinforcement of protective immunity by CAM in reinfected mice. (A)
At 20 h after infection with 5 PFU of IAV, mice were treated orally with CAM,
OSV, OSV-CAM, or MC as described in the legend to Fig. 1. (A) Changes in
body weight in the four treatment groups (# = 10). Data are means = SEM.
(B) Hematoxylin-and-eosin-staining sections in the lungs of four groups of
mice at day 14 after reinfection and noninfection control mice. Each result is
representative of 10 animals in each group. Bar, 100 pm.

In the present study, using the IAV-infected mice model, we
demonstrated that CAM boosted the induction of sufficient
mucosal S-IgA for protection against IAV infection in the re-
spiratory tract (Fig. 2 and 7). As shown in the results in Fig. 2
and our recent animal (45) and human (3) studies, OSV treat-
ment attenuated S-IgA production in the airway. In contrast,
CAM enhanced respiratory S-IgA responses in OSV-treated
mice and naive mice. However, no significant differences were
seen between the OSV- and OSV-CAM-treated mice with re-
gard to the percentages of CD11c¢”™ DCs on NPs and MeLNs at
day 6 (data not shown). The findings of reinforcement of neu-
tralizing activities of S-IgA by CAM (Fig. 7) were supported by
the results of reinfection experiments. The lung inflammation
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of IAV-infected OSV-CAM-treated mice was definitely mild in
reinfection compared with that of IAV-infected OSV-treated
mice (Fig. 8). These results support boosting of protective im-
munity by CAM in IAV-infected mice.

Previous studies indicated that AID is essential for CSR, which
specifically occurs in activated B cells (4, 12, 24), and that Ip-Cat
transcript is a hallmark for active IgA CSR in vivo (20). To study
the mechanisms of CAM-enhanced S-IgA production, we inves-
tigated the expression of AID and Iu-Ca molecules involved in
the induction of mucosal IgA CSR by B cells of the MeLNs, lung,
and NPs. The results showed higher expression of AID and Ip.-Ca
molecules in B cells from the mucosal lymph nodes in the CAM-
and OSV-CAM-treated groups, but surprisingly low expression in
the OSV-treated group, compared with the MC vehicle-treated
group. These findings indicate that CAM induces T-cell-indepen-
dent IgA CSR at the respiratory effector sites. In this regard, pre-
vious studies described a T-cell-independent IgA CSR pathway, in
addition to the classical T-cell-dependent CSR in the intestinal
mucosa (6), and we have also recently reported the upregulation
of T-cell-independent .- to a-isotype CSR on B-1 B cells of oral-
nasopharyngeal effector tissues following the use of naive cholera
toxin as a nasal adjuvant, with T-cell-independent Ag (16). Fur-
thermore, the present study showed that OSV inhibited the induc-
tion of T-cell-independent IgA CSR in respiratory effector sites,
whereas OSV-CAM restored the suppressed induction. These
findings suggest that the combination of CAM and OSV enhances
anti-IAV S-IgA production, whereas OSV suppresses such pro-
cesses.

It has been reported that both intestinal DCs and epithelial
cells induce CD40-independent IgA CSR through BAFF and
APRIL molecules (12, 24). In addition, we have also reported that
APRIL-expressing DCs in oral-nasopharyngeal mucosal effector
tissues induced IgA CSR on mucosal B-1 B cells following the use
of naive cholera toxin with T-cell-independent Ag as a nasal adju-
vant (16). We also studied the cellular and molecular mechanisms
of T-cell-independent IgA CSR in the MeLNs, lung, and NPs in
CAM-treated mice by focusing on DCs from these mucosal lymph
nodes of mice treated with CAM and their potential roles in the
induction of T-cell-independent - to a-isotype CSR. The results
showed that CAM increased the expression of BAFF molecules on
DCs of the mucosal lymphoid tissues, compared with the other
treatment groups (Fig. 5). However, CAM did not increase the
expression of APRIL on DCs of the mucosal lymph nodes. These
results suggest that BAFF-expressing DCs play a key role in IgA
CSR by B cells in respiratory effector tissues. In this regard, a
recent study reported that intestinal DCs activated through
Toll-like receptor 5 signaling produce retinoic acid and induce
IgA production by peritoneal B cells (42). Thus, it is possible
that CAM stimulates virus-specific S-IgA responses through
the production of retinoic acid by activated DCs in the MeLNs,
lung, and NPs.

Although it is important to identify the receptors for the BAFF
molecule on B cells that are responsible for the induction of IgA
CSR, stable expression of BAFF-R, TACI, and BMCA molecules
was noted on B cells from the MeLNs, lung, and NPs in IAV-
infected mice treated with CAM, OSV, OSV-CAM, or MC, and no
significant differences in BAFF-R, TACIL, and BCMA expression
were evident among these groups. Taken together, the results in-
dicate that CAM stimulates DCs in the mucosal lymphoid tissues
and plays an important role in IgA CSR by upregulation of expres-
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