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Abstract

Secretory immunoglobulin (Ig) A (SIgA), comprised of dimeric IgA and secretory component (SC), is believed
to provide a defense mechanism on the mucosal surface. Influenza A virus (IAV) hemagglutinin (HA)-specific
SIgA is thought to play an important role in the prevention of IAV infection. However, the topical application of
preformed IAV-specific SIgA has not been shown to prevent IAV infection. This is due to the difficulty in the
production of antigen-specific IgA monoclonal antibodies (mAbs) and monoclonal SIgA. Here, a recombinant
hybrid IgA (HIgA) was established that utilizes variable regions of an HA-specific mouse IgG mAb and the
heavy chain constant region of a mouse IgA mAb. We expressed the dimeric HIgA in Chinese hamster ovary-
K1 (CHO-K1) cells. When in vitro IAV infection of Madin–Darby canine kidney (MDCK) cells was tested, 10
times lower concentrations of HIgA were able to inhibit it as compared with an HA-specific IgG with the same
variable regions. A functional hybrid secretory IgA (HSIgA) was also produced through incubation of the
dimeric HIgA with recombinant mouse SC in vitro. It was demonstrated that HSIgA could be separated from
the dimeric HIgA on size exclusion chromatography. This study provides a basic strategy for investigating the
role of SIgA upon IAV infection on the mucosal surface.

Introduction

Influenza A virus (IAV) is responsible for annual
worldwide epidemics. Seasonal influenza kills many people

annually (28). To control seasonal influenza infections, an IAV
vaccine is administered. Hemagglutinin (HA) is a major en-
velope protein of IAV and is involved in the initiation of IAV
infection (24). When an IAV vaccine is administered subcu-
taneously, HA-specific immunoglobulin (Ig) G is induced in
the serum, but IgA production on the mucosal surface is not
sufficient (43). Because IAV infects individuals through the
mucosal surface of the upper respiratory tract, the efficacy of
intramuscular or subcutaneous inactivated influenza vaccines
is thought to be limited. On the other hand, an intranasal live-
attenuated seasonal influenza vaccine, FluMist�, which has
been approved since 2003 in the United States, likely provides
protection through secretory IgA (SIgA) not by serum IgG.
Protection was shown to correlate with the level of IAV-spe-
cific IgA in nasal washes but not with that of serum hemag-
glutination inhibition antibodies (1,3,4).

Animal models have revealed the importance of IgA.
When IAV-HA vaccine was subcutaneously administered to
mice, HA-specific IgG was induced in the serum. On the
other hand, when IAV-HA vaccine was intranasally ad-
ministered to mice, HA-specific SIgA on the mucosal sur-
face was produced in addition to IgG in the serum. Upon
IAV challenge, mice that received intranasal IAV-HA vac-
cine remained in a good state compared with ones that re-
ceived the subcutaneous IAV-HA vaccine (37). For these
reasons, HA-specific SIgA is thought to play an important
role in the prevention of IAV infection. In addition, when a
polymeric form of IAV-specific IgA monoclonal antibodies
(mAbs) was intravenously administered to mice, IAV-specific
IgA was secreted in nasal washes (30). This passive IgA mAb
immunization protected mice from intranasal challenge of
IAV. However, topical treatment with preformed SIgA has not
been examined.

IgA is the most abundant immunoglobulin on the mucosal
surface (45). SIgA, which comprises dimeric IgA (dIgA)
and secretory component (SC), is thought to serve as a
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defense mechanism against invasion by bacteria (8,9,44)
and pathogens on the mucosal surface (6,22,25,31,42). By
association with SC, IgA acquires resistance to proteases
and the ability to be localized on the mucosal surface
(18,26). For these reasons, SIgA is thought to be suitable for
inhibiting pathogens on the mucosal surface.

Methods for the production of antigen-specific IgG mAbs
have been established. It is still difficult, however, to pro-
duce antigen-specific IgA mAbs to any given antigen. Re-
garding HA, there have been two reports on the production
of IgA mAbs that bind to HA (33,40). In the first study, IgA
mAbs were produced by conventional methods generally
used for IgG mAbs (33). Among many clones producing
IgG, only one IgA-producing hybridoma was established. In
other words, the probability of obtaining an IgA-producing
hybridoma is considerably low compared with IgG ones.
Although there have been several reports of the use of HA-
specific IgA since 1983, the same clone was used, including
in studies that involved intravenous injection of IgA
(29,30,32). IgA mAbs were previously established that are
specific for Shiga toxin 1 B subunit (Stx1B) (11) or oval-
bumin (39). However, this particular Stx1B-specific IgA did
not neutralize the toxin activity (38). Although repeated
attempts were made to produce Stx1B-specific IgA mAbs,
no clone was obtained that could neutralize the toxin.

An Stx1B-specific hybrid-IgG/IgA was previously pro-
duced, of which the heavy chain consisted of a variable region,
the Ch1 domain and the hinge region from Stx1B-specific IgG,
and the Ch2 and Ch3 domains from IgA (41). The light chain
was from the IgG (41). Here, an HA-specific hybrid IgA
(HIgA) was produced using the methods previously described
for Stx1B-specific hybrid IgG/IgA. HIgA inhibited IAV in-
fection of Madin–Darby canine kidney (MDCK) cells. Hybrid
secretory IgA (HSIgA) was also produced by incubating HIgA
with SC. HSIgA was shown to bind to HA of IAV as well as to
IAV particles. This study will lead to the development of a new
tool for examining the role of SIgA through topical application
on the mucosal surface.

Materials and Methods

Reagents

2-[(4-Hydroxyethyl)-1-piperazine]-ethanesulfonic acid
(HEPES), Tween-20, kanamycin sulfate, hygromycine B,
methanol, 4-chloro-1-naphthol, ortho-phenylenediamine,
and 2,2¢-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
were purchased from Wako Pure Chemicals; Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F12 (F12)
from Nissui Pharmaceuticals; Hybridoma-SFM, Eagle’s
Minimum Essential Medium, zeocin, and MagicMark� XP
Western Protein standards from Life Technologies; G418
from Nacalai Tesque; HyClone fetal bovine serum (FBS)
from GE Healthcare; and a DNA size marker kit (100-bp
DNA Ladder) from Takara. Horseradish peroxidase (HRP)-
rabbit antimouse IgG, goat antimouse IgG, rabbit antimouse
IgA (a chain-specific), and HRP-goat antirabbit IgG were
purchased from Zymed; HRP-goat antimouse IgA (a chain-
specific), HRP-goat antimouse kappa, goat antimouse kap-
pa, and HRP-donkey antigoat IgG (H + L) from Southern
Biotech; TEPC 15, MOPC 21, and bovine serum albumin
(BSA) from Sigma; rabbit antimouse J chain and HRP-
donkey antigoat IgG from Santa Cruz Biotechnology; goat

antimouse polymeric Ig receptor (pIgR) and recombinant
mouse pIgR from R&D Systems; rabbit antimouse pIgR
from Sino Biological, Inc.; and HRP-goat antimouse IgG +
M from Jackson Immuno Research. Can Get Signal Solution
1, Can Get Signal Solution 2, and PVDF Blocking Reagent
were purchased from TOYOBO; and N,N-diethyl-para-
phenylendiamine from Kanto Chemicals. Mouse 4E6 mAb,
which recognizes the nucleoprotein (NP) of IAV, was es-
tablished as previously described (36).

Cell culture

Chinese hamster ovary-K1 (CHO-K1) cells were obtained
from the American Type Culture Collection. CHO-K1 cells
were cultured in DMEM/F12 supplemented with 10 mM
HEPES (pH 7.4), 10% FBS, and 60 lg/mL kanamycin.
Mouse mAb-producing hybridomas were cultured in Hy-
bridoma-SFM containing 60 lg/mL kanamycin. HEK293T
cells were cultured in DMEM containing 10 mM HEPES (pH
7.4), 4.5 mg/mL glucose, 10% FBS, and 60 lg/mL kanamy-
cin. MDCK cells were cultured in Eagle’s Minimum Essen-
tial Medium containing 10 mM HEPES (pH 7.4), 5% FBS,
and 60 lg/mL kanamycin. All cell cultures were performed at
37�C under a humidified atmosphere of 5% CO2/95% air.

Production of antibodies

Mouse anti-HA (H3 specific) mAb 2E10 (IgG1, j) (36) and
mouse anti-Stx1B mAb G2G7 (IgA, j) (11) were established
as previously described, respectively. A cDNA fragment of the
2E10 heavy chain variable region and the full-length light
chain were isolated by the 5¢-rapid amplification of cDNA
ends (5¢-RACE) method using a Gene Racer� kit (Life
Technologies), and the following primers: GeneRacer�
5¢primer forward, 5¢-CGA CTG GAG CAC GAG GAC ACT
GA-3¢; IgG1CH1RACE reverse, 5¢-GGA TAG ACA GAT
GGG GGT GTC GTT TTG G-3¢ (heavy chain variable re-
gion); or ALC-RACE1 reverse, 5¢-CTA ACA CTC ATT CCT
GTT GAA GCT C-3¢ (light chain). cDNA for the G2G7 heavy
chain was isolated as previously described (41). Anti-HA
HIgA heavy chain was produced using the recombinant
polymerase chain reaction (PCR) method as previously de-
scribed (10,41). In brief, the cDNA fragment corresponding to
the 2E10 heavy chain variable region and that to the G2G7
constant region were joined using the following primers:
2E10-Hc-F-KpnI, 5¢-ACG GTA CCC AGG ACC TCA CAA
TGG-3¢; 2E10-Hc-R-rPCR, 5¢-ATT TCT CGC AGA CTC
TGA GGA GAC GGT GAC C-3¢ (variable region); IgA-Hc-F-
rPCR, 5¢-GGT CAC CGT CTC CTC AGA GTC TGC GAG
AAA TCC-3¢; and IgA-Hc-R-BamHI, 5¢-CTG GGA TCC
TCA GTA GCA GAT GCC AT-3¢ (constant region). The
cDNAs encoding the hybrid heavy, light, and J chains were
subcloned into pcDNA3.1 ( + ), pcDNA3.1 ( + )/Hygro and
pcDNA3.1 ( + )/Zeo (Life Technologies), respectively. CHO-
K1 cells were transfected with these three expression vectors
by means of FuGENE6 (Roche Diagnostics). Stable trans-
fectants were selected in the presence of G418, hygromycine
B, and zeocin, and the best producing clone was isolated by
limiting dilution. The best producing clone was cultured in
DMEM/F12 supplemented with 10 mM HEPES (pH 7.4), 10%
FBS, 60 lg/mL kanamycin, 800 lg/mL G418, 400 IU/mL
hygromycin B, and 1,000 lg/mL zeocin. Under subconfluent
conditions, the medium was replaced with a serum-free
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BMpro medium (Cell Science & Technology Institute) sup-
plemented with 60 lg/mL kanamycin, and then the culture was
continued for 3 days. The culture supernatant was recovered
and concentrated with Viva Flow 50, Viva Spin 20, and Viva
Spin 500 (MWCO: 100 kDa; Sartorius Stedim Biotech). The
concentrated HIgA was purified on a column of Sephacryl S-
300 HR (1.5 cm · 60 cm; GE Healthcare) equilibrated with
phosphate-buffered saline (PBS) containing 0.02% NaN3. For
further purification, TSK gel G3000SWXL (7.8 mm · 30 cm;
TOSOH) equilibrated with 0.1 M phosphate buffer (pH 6.7)
containing 0.1 M sodium sulfate was used. For the TSK gel,
proteins were monitored at UV280 nm (UV/VIS-151; Gilson).
The purified HIgA was filtrated using a Milex GV 0.22lm
(Millipore) and stored at 4�C.

Preparation of SC

Mouse pIgR cDNA was kindly provided by Dr. C. S.
Kaetzel (University of Kentucky, College of Medicine) (27).
A cDNA fragment corresponding to SC that consists of the
extracellular domain of pIgR was amplified using the fol-
lowing primers: SC-F-XhoI forward, 5¢-CCT CTC GAG TCT
CTT TAG TTG GCA AAA GGC-3¢; SC-R-HindIII reverse,
5¢-CCC AAG CTT CAC AAG CAA TGA GGC TCT-3¢. The
SC cDNA was subcloned into pcDNA3.1 ( + ). CHO-K1 cells
were transfected with this expression vector by means of
FuGENE6. Stable transfectants were selected with G418, and
the best producing clone was isolated by limiting dilution.
The best producing clone was cultured in DMEM/F12 sup-
plemented with 10 mM HEPES (pH 7.4), 10% FBS, 60 lg/
mL kanamycin, and 800 lg/mL G418. Under subconfluent
conditions, the medium was replaced with a serum-free CD
CHO-A medium (Life Technologies), and then the culture
supernatant was harvested after 3 days. The supernatant was
concentrated with Viva Spin 20 (MWCO: 30 kDa; Sartorius).
The concentrated SC was purified on a column of Sephacryl
S-300 HR (1.5 cm · 60 cm) equilibrated with 0.02% NaN3-
PBS. For further purification, Sephacryl S-200 (1.5 cm · 60
cm) equilibrated with PBS, and TSK gel G3000SWXL

(7.8 mm · 30 cm) equilibrated with 0.1 M phosphate buffer
(pH 6.7) containing 0.1 M sodium sulfate were used. In some
experiments, the concentration of SC was calculated with a
BCA protein assay kit (Thermo Scientific) using BSA
(Thermo Scientific) as a standard. The purified SC was fil-
trated using a Milex GV 0.22 lm and stored at 4�C.

Virus

Human influenza virus A/Memphis/1/71 (H3N2) used in
this study was propagated in 10-day-old embryonated
chicken eggs. The virus particles were purified by sucrose
density gradient centrifugation as previously described (34).

Enzyme-linked immunosorbent assay

A human influenza virus A/Memphis/1/71 (H3N2) sus-
pension (2 hemagglutinin units [HAU]) in PBS was added
(50 lL/well) to and dried on the wells of a 96-well flat-
bottomed plate (Maxisorp NUNC-Immunoplate; NUNC).
The wells were washed with PBS and then blocked with
PBS containing 1% BSA for 2 h at room temperature.
Samples containing immunoglobulins were added to the
wells, followed by incubation for 1 h at room temperature.

After the wells had been washed, HRP-goat antimouse IgA
(1:1,000 dilution) was added to the wells, and incubated for
1 h at room temperature to detect the IgA heavy chain. To
detect SC on HSIgA using antimouse pIgR antibodies, the
wells were incubated with goat antimouse pIgR (1:400)
followed by HRP-donkey antigoat IgG (1:500). All anti-
bodies were diluted in PBS containing 0.1% BSA and 0.1%
Tween-20. As a substrate, 0.4 mg/mL ortho-phenylenedia-
mine dissolved in 0.1 M citrate phosphate buffer (pH 5.6)
containing 0.03% H2O2 was added. After incubation for
15 min at room temperature, absorbance readings were made
with a microplate reader (InfiniteM200-SPHOS; TECAN).

To determine the total recombinant immunoglobulin con-
centrations in samples, a sandwich enzyme-linked immuno-
sorbent assay (ELISA) was performed (41). Appropriately
diluted samples containing HIgA were captured with rabbit
antimouse IgA that had been coated onto the wells of an ELISA
plate at 1:500 dilution in PBS (Costar #9018; Corning). The
captured antibodies were detected with HRP-goat antimouse
kappa chain (1:500). In some experiments, goat antimouse
kappa (1:1,000) was used for capture and HRP-goat antimouse
IgA (a-chain specific; 1:1,000) for detection. To detect IgG,
rabbit antimouse IgG (1:1,000) was used for capture and HRP-
goat antimouse IgG (1:1,000) for detection. To determine re-
combinant SC concentrations, rabbit antimouse pIgR (1:2,000)
was used for capture, and goat antimouse pIgR (1:1,000) plus
HRP-donkey antigoat IgG (1:4,000; Santa Cruz) for detec-
tion. All antibodies except those immobilized on the wells were
diluted in PBS containing 0.1% BSA and 0.1% Tween-20.
As a substrate, 1 mM 2,2¢-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid) dissolved in 0.1 M citrate buffer (pH 4.2) con-
taining 0.03% H2O2 was added. After incubation for 20 min at
room temperature, absorbance readings were made with a mi-
croplate reader (SUNRISE Rainbow RC-R; TECAN) at
405 nm. As standards, IgA myeloma proteins (TEPC 15) or IgG
myeloma proteins (MOPC 21) were used for each immuno-
globulin class, and recombinant mouse pIgR for SC.

In vitro preparation of HSIgA

Partially purified HIgA (2.5 lg of IgA) was incubated
with partially purified SC (0, 0.5, or 1 lg of SC) in 50 lL of
PBS for 2 h at 37�C. The reaction mixture was analyzed by
SDS-PAGE and Western blotting. In some experiments,
HIgA and SC were incubated in 50 mM sodium phosphate
buffer (pH 7.2). The resultant HSIgA preparation was used
for binding assays involving cell surface HA or IAV parti-
cles, and further separation by TSK gel G3000SWXL.

Western blotting

Proteins separated by SDS-PAGE on 7.5% or 12%
polyacrylamide gels were transferred to 0.22 lm poly-
vinylidene difluoride (PVDF) membranes (Bio-Rad). The
membranes were blocked with PVDF blocking reagent. The
membranes were then incubated with HRP-conjugated an-
tibodies in Can Get Signal Solution 2 and washed with PBS
containing 0.05% Tween-20. For the indirect method, the
membranes were incubated with primary antibodies in Can
Get Signal Solution 1 and washed with PBS containing
0.05% Tween-20. The membranes were then incubated with
HRP-conjugated antibodies in Can Get Signal Solution 2
and washed with PBS containing 0.05% Tween-20. The
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antibody dilutions are specified in the figure legends. As a
substrate, SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo) was added. Bands were observed using an
imaging analyzer (LAS3000UV mini; Olympus). Magic-
Mark� XP Western Protein standards were used as mo-
lecular weight standards.

Expression of HA on the cell surface

cDNA for HA of A/Memphis/1/71 (H3N2) was subcloned
into a plasmid expression vector, pCAGGS/MCS, to construct
pCAGGS/HA (35). HEK293T cells on a Millicell EZ Slide
(Millipore) were transiently transfected with pCAGGS/HA by
means of FuGENE6. Cells were used after 24 h of culture.

Immunostaining

HA-expressing HEK293T cells were fixed in methanol
and then blocked with PBS containing 3% BSA. The cells
were incubated with an HA-specific immunoglobulin at
1 lg/mL for 1 h at room temperature, and then washed with
PBS. The cells were then incubated with HRP-goat anti-
mouse IgA (1:1,000) for 1 h at room temperature. To detect
SIgA using anti-pIgR antibodies, goat anti-pIgR (1:100)
followed by HRP-donkey antigoat IgG (H + L) (1:500) were
used. All antibodies were diluted in PBS containing 1%
BSA. To visualize antibody binding, 0.06 M N,N-diethyl-
para-phenylendiamine and 0.11 M 4-chloro-1-naphthol in
50 mM citrate buffer (pH 6.0) containing 0.03% H2O2 were
added. After incubation for 10 min at room temperature, the
cells were washed with PBS. The cells were then observed
under a microscope (IX71; Olympus).

Virus neutralization test

A human influenza virus strain A/Memphis/1/71 (H3N2)
suspension (0.5 HAU) in Hybridoma-SFM medium (270 lL)
was mixed with serially diluted antibodies (30 lL), followed
by incubation for 30 min at room temperature. Confluent
MDCK cells in the wells of a 24-well plate were incubated
with the virus antibody mixture for 30 min at 37�C and then
washed with PBS. The monolayers were cultured for 7 h at
37�C in Hybridoma-SFM, and then the production of viral
proteins was assessed by immunostaining using mouse anti-
NP mAb (undiluted supernatant of 4E6), followed by HRP-
goat antimouse IgG + M (1:3,000) in PBS. Infected cells were
observed and counted under a microscope. The cells pro-
ducing NP were designated as infected cells.

Results

To produce recombinant SIgA, it was considered that IgA
and SC are produced by different types of cells. Although
IgA is produced by B-cells, SC is the product of epithelial
cells. Thus, cDNAs were expressed for HIgA and SC in
different CHO-K1 cells. As for HIgA, CHO-K1 cells were
stably transfected with vector constructs for the HIgA hea-
vy, light, and J chains to produce dimeric HIgA.

As for HIgA heavy chain, the cDNA of the IgG mAb
2E10 heavy chain variable region and that of the IgA heavy
chain constant region were joined by means of recombinant
PCR. The cDNA products corresponding to the 2E10 heavy
chain variable region (lane 1), the IgA heavy chain constant
region (lane 2), and the recombinant HIgA heavy chain

(lane 3) were observed by means of agarose gel electro-
phoresis (Fig. 1A). The nucleotide sequence of the HIgA
variable region was identical to that of the original RACE
PCR product obtained from the 2E10 hybridoma cell line.
Full-length cDNA was also prepared encoding the 2E10
light chain by means of the 5¢-RACE PCR method.

CHO-K1 cells were co-transfected with expression vectors
harboring the hybrid heavy chain, the 2E10-associated light
chain, and the J chain, respectively. The best producing clone
was isolated by limiting dilution. Production of HIgA pro-
teins was checked by Western blotting. Anti-IgA heavy
chain, anti-kappa chain, and anti-J chain antibodies detected a
band (lane 1) corresponding to a molecular mass > 220 kDa,

FIG. 1. Production of hybrid immunoglobulin (Ig) A
(HIgA). (A) Polymerase chain reaction (PCR) products of
the variable region (lane 1), constant region (lane 2), and
hybrid heavy chain (lane 3) were detected by agarose gel
electrophoresis. A 100 base pairs (bp) DNA ladder was used
as DNA size markers. On the left, the electrophoretic mo-
bility of markers is shown in bp. (B) and (C) The hybrid IgA
(lane 1) and IgA mAb G2G7 (lane 2) were subjected to
SDS-PAGE on 7.5% gel under nonreducing conditions (B)
or on 12% gel under reducing conditions (C), and visualized
by Western blotting, on which the heavy chain (alpha), light
chain (kappa), or J chain ( J) was detected. HRP-goat anti-
mouse IgA (1:1,000), HRP-goat antimouse kappa (1:1,500),
and rabbit antimouse J chain (1:1,000) plus HRP-goat an-
tirabbit IgG (1:5,000) were employed. G2G7 represents
mouse dimeric IgA as a control. The positions of the mo-
lecular weight standards are shown on the left in kDa.
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which is located at the same position as an IgA mAb G2G7
(lane 2) under nonreducing conditions (Fig. 1B). Due to the
difference in sensitivity as to detection on Western blotting,
2 ng/lane, 10 ng/lane, and 10 ng/lane of protein were elec-
trophoresed to detect the heavy, light, and J chains, respec-
tively, under nonreducing conditions. There is essentially no
monomeric HIgA that would be electrophoresed to a position
around 160–180 kDa. Under reducing conditions, HIgA gave
a band of IgA heavy, light, and J chains with similar mobility
to that of IgA mAb (Fig. 1C). Under reducing conditions,
2 ng/lane, 10 ng/lane, and 20 ng/lane of protein were elec-
trophoresed to detect heavy, light, and J chains, respectively.
These data indicate that HIgA forms a dimer composed of
heavy, light, and J chains.

The virus neutralization activity of the dimeric HIgA
in vitro was then determined. The virus neutralization ac-
tivity of 2E10 was determined previously (unpublished re-
sults). Because HIgA was designed to have the same
paratope as that of 2E10, it was expected that HIgA could
neutralize IAV infection (Fig. 2). IAV was pretreated with
various doses of antibodies, and then each mixture was
added to MDCK cells. During cell culture, infected cells
synthesized viral proteins such as NP protein. Thus, the
infected cells were identified by means of viral NP proteins
using anti-NP antibodies. Pre-incubation with HIgA inhibited
IAV infection of MDCK cells in vitro. Dose–response curves
revealed that a 10 times lower concentration of HIgA than that
of IgG mAb 2E10, which only forms monomers, gave rise to
the same level of inhibition (Fig. 2).

An attempt was then made to produce HSIgA in vitro by
the incubation of HIgA with recombinant SC. First recom-
binant mouse SC was expressed in CHO-K1 cells. cDNA
was prepared for SC, which consists of the extracellular
domain of pIgR, using a cDNA for pIgR as a template, by
means of PCR. The cDNA fragment corresponding to the

SC was subcloned into an expression vector, pcDNA3.1( + ),
and CHO-K1 cells were transfected with this vector con-
struct. Recombinant SC proteins were partially purified from
a supernatant of the CHO-K1 cells stably expressing SC by
means of gel filtration on Sephacryl S-300. Based on com-
parison of the results on sandwich ELISA and those of
protein determination, 30% of the protein was estimated to
be recombinant SC in this preparation. Dimeric HIgA was
also partially purified from a supernatant of the CHO-K1
cells expressing HIgA by means of gel filtration on Sepha-
cryl S-300. In this preparation, 90% of the protein was es-
timated to be recombinant HIgA.

HSIgA was then produced by in vitro incubation of the
partially purified HIgA with SC. The quantities of HIgA and
SC used were based on the determination by sandwich
ELISA using appropriate standard proteins. HIgA was in-
cubated with increasing amounts of SC for 2 h at 37�C.
Western blotting was performed to determine the associa-
tion between HIgA and SC (Fig. 3). Under nonreducing

FIG. 2. Neutralizing activity of hemagglutinin (HA)-
specific antibodies in vitro. Inhibition of influenza A virus
(IAV) infection by 2E10 (filled squares) and the hybrid IgA
(open circles). IAV was pretreated with various concentrations
of antibodies (abscissa: final concentrations), and then added
to Madin–Darby canine kidney cells. Cells were infected with
IAV for 30 min at 37�C and then washed with phosphate-
buffered saline. After 7 h of culture, cells were immunostained
with antibodies specific for viral nucleoprotein proteins (mAb
4E6). The infected cells were counted under a microscope.
Control represents when IAV was added without antibody
pretreatment, and the data were expressed as the relative
numbers of infected cells compared with the control (ordinate).
Data are expressed as means – standard deviation (SD).

FIG. 3. Production of hybrid secretory IgA (HSIgA)
through in vitro association of the HIgA with SC. Partially
purified dimeric HIgA and SC were incubated for 2 h at 37�C
at a ratio of 5:2 (lane 1), 5:1 (lane 2), or 5:0 (lane 3) on a weight
basis. In each lane, the amount of HIgA was 100 ng. The
concentrations of HIgA and SC were determined by enzyme-
linked immunosorbent assay (ELISA). The reassociated pro-
teins were visualized by Western blotting after SDS-PAGE on
a 7.5% gel under nonreducing (A) or reducing (B) conditions.
The left panels (alpha) show the presence of heavy chains,
while the right ones (pIgR) show that of SC. HRP-goat anti-
mouse IgA (1:1,000) was used in the left panels, and goat anti-
pIgR (1:1,000) plus HRP-donkey antigoat IgG (H + L;
1:3,000) in the right ones. The arrow indicates the band of
HSIgA and the arrowhead the band of HIgA. The positions of
molecular weight standards are shown on the left in kDa.
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conditions, a high molecular weight band (arrow) was ob-
served with anti-IgA (Fig. 3A, left) only in the presence of
SC. The band intensity was higher when the ratio of HIgA to
SC was 5:2 as compared with when it was 5:1. This band
was also revealed by anti-pIgR antibodies, indicating the
incorporation of SC (Fig. 3A, right). A band representing
HIgA (arrowhead) with a little smaller molecular mass was
observed only with anti-IgA antibodies, that is, not with
anti-pIgR. Under reducing conditions, HIgA heavy chains
were observed with anti-IgA (Fig. 3B, right), and SC was
observed with anti-pIgR (Fig. 3B, left). With increasing
amounts of SC added, the signal for SC increased, while
there was no signal in the absence of added SC.

To test the binding ability of in vitro produced HSIgA, an-
tibodies were employed against mouse pIgR. The binding of
2E10 mAb to HA of IAV was determined previously (35,36).
First, it was examined whether HSIgA bind to immobilized
IAV by ELISA. Anti-IgA antibodies revealed that HSIgA as
well as HIgA bound to IAV with similar dose–response rela-
tionships (Fig. 4A). On the other hand, anti-pIgR antibodies
detected the binding of antibodies only with the HSIgA
preparation, that is, not with the HIgA one (Fig. 4D). Despite
the fact that the HSIgA preparation comprised a mixture of
HSIgA and HIgA (Fig. 3), the results indicated that the binding

of HSIgA to IAV could be verified with specific antibodies
reactive to SC. These data indicated that not only HIgA but
also HSIgA retained the ability of binding to IAV.

Because complete IAV particles were used as an antigen
in this study, it is not clear whether the binding activity was
directed to HA or other virus components. To determine
whether the specificity is directed to HA, the binding of
antibodies to HEK293T cells transiently expressing HA was
examined. Cells were allowed to express HA for 24 h cul-
ture, and then were immunostained with the HSIgA (Fig. 4B
and E) or HIgA (Fig. 4C and F) preparation. The binding of
HSIgA was detected not only with anti-IgA (Fig. 4B), but
also with anti-pIgR (Fig. 4E). In contrast, the binding of
HIgA was detected with anti-IgA (Fig. 4C), but not with
anti-pIgR (Fig. 4F). Collectively, these data suggest that
HSIgA bound to HA of IAV.

Incubation of HIgA with SC gave rise to HSIgA, but the
preparation comprised a mixture of HIgA and HSIgA. For
better separation of HSIgA and HIgA on HPLC, an attempt
was made to obtain a cleaner preparation as a starting ma-
terial. That is, HIgA was prepared by means of Sephacryl S-
300 followed by TSKG3000 HPLC, and SC by means of
Sephacryl S-300, Sephacryl S-200, and then TSKG3000
HPLC. After incubation of HIgA with SC in the ratio of 5:2

FIG. 4. Both anti-IgA and anti-pIgR can detect the binding of HSIgA to IAV and HA. As a control, HIgA was used. (A)
Binding to immobilized IAV was detected with anti-IgA by ELISA. Varying concentrations of HSIgA (filled squares) or
HIgA (open circles) were allowed to bind to immobilized IAV. (B) and (C) Binding to cell surface HA was im-
munohistochemically detected with anti-IgA. HSIgA (B) or HIgA (C) was allowed to bind to HEK293 cells expressing HA.
(D) Binding to immobilized IAV was detected with anti-pIgR by ELISA. Binding of HSIgA (filled squares) but not HIgA
(open circles) was detected with anti-pIgR. (E) and (F) Binding to cell surface HA was immunohistochemically detected
with anti-pIgR. Again, the binding of HSIgA (E) but not HIgA (F) to HEK293 cells expressing HA was detected with anti-
pIgR. Data are expressed as means – SD in (A) and (D). The bars represent 200 lm in (B), (C), (E), and (F).
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(w/w) in 50 mM sodium phosphate buffer (pH 7.2) for 2 h at
37�C, an attempt was made to separate HSIgA from HIgA
by means of size exclusion chromatography HPLC on
TSKG3000. The chromatogram contained two high molec-
ular weight peaks (fractions 13 and 14) and a small lower
molecular weight peak (fraction 18; arrowhead) (Fig. 5A).
These fractions were examined by Western blotting (Fig.
5B). Frs. 13 and 14 each gave a high molecular weight band
(arrow) that could be detected with anti-IgA (left panel) and
anti-pIgR (right panel), respectively. Fraction 15 gave a
dimeric HIgA band (arrowhead) that was detected with anti-
IgA but not with anti-pIgR. Fraction 18 contained free SC
(data not shown). Although the separation of the peaks is not
perfect, fraction 13 contained only HSIgA. These data
suggest that HSIgA could be prepared through in vitro as-
sociation between HIgA and SC.

Discussion

The critical role of SIgA against IAV infection was
challenged by a study using IgA knockout mouse (IgA–/–)
model. In that model, IgA–/– mice were immunized with an
IAV subunit vaccine together with cholera toxin B subunit
and holotoxin. They exhibited a similar level of protection
from IAV infection as wild-type mice, despite the absence
of IgA (20). It was concluded that IgA is not required for the

prevention of IAV infection. However, it was pointed out
that leakage of serum IgG through irritated mucosal surface
lining and secretory IgM in place of SIgA may compensate
for the lack of SIgA (5). On the other hand, pIgR knockout
mice (pIgR–/–) were utilized to test the roles of SIgA (2).
After intranasal immunization with IAV vaccine, pIgR–/–

mice exhibited a reduced degree of protection from IAV
infection as compared with wild-type mice, despite the
leakage of IgG, and some IgA from serum into mucosal
surface was observed.

It is still not easy to produce antigen-specific IgA mAbs
and monoclonal SIgA specific for given pathogens. In this
study, an attempt was made to produce an antigen-specific
monoclonal SIgA by means of a practical method. To de-
termine which class of immunoglobulin is suitable for top-
ical application on the mucosal surface in vivo, it is
necessary to produce IgG, IgA, and SIgA specific for the
same epitope. To produce an IgA specific for the same
epitope as that recognized by IgG mAbs, HIgA was pro-
duced using the recombinant PCR method (10). HSIgA was
also produced by incubating HIgA with SC in vitro. HIgA as
well as HSIgA were found to form dimeric immunoglobu-
lins (Figs. 1B and 5B) such as native IgA and SIgA. HIgA
and HSIgA bound to HA of IAV as well as complete IAV
particles (Fig. 4). Because the HSIgA preparation comprised
a mixture of HSIgA and HIgA, two detection antibodies,
anti-IgA and anti-pIgR, were used. The binding of HIgA
was detected with anti-IgA but not with anti-pIgR. On the
other hand, HSIgA was detected with both of them. These
data suggest that both HIgA and HSIgA are functional.

HIgA inhibited IAV infection of MDCK cells in vitro.
Sialic acid expressed on the cell surface constitutes the re-
ceptor for IAV. Human influenza viruses preferentially bind
to a-2,6-linked sialic acids, whereas avian influenza viruses
bind to a-2,3-linked ones (12). Because MDCK cells express
both types of sialic acid moiety, almost all strains of IAV
can infect these cells. Although the cleavage of HA into
HA1 is critical for the process of IAV infection (21), trypsin
was not added to this system. In addition, MDCK cells
produce only a marginal level of intrinsic trypsin-like ac-
tivity that can be utilized by IAV. Thus, MDCK cells were
infected with IAV only once, and no virus progeny was
produced in this study. Therefore, the inhibition of the initial
step of virus infection by HIgA was demonstrated.

Although functional HSIgA can be generated through
in vitro association of HIgA and SC, it is still challenging to
obtain a sufficient amount of purified HSIgA to determine
whether HSIgA inhibits IAV infection. Although HSIgA can
be separated from HIgA by size exclusion chromatography,
sufficient separation has not been achieved so far. In an
HSIgA-enriched fraction (Fig. 5; fraction 14), there was also
a large amount of HIgA. This result suggested the loss of
HSIgA into the mixture fraction, leading to the reduced
recovery of HSIgA in the preparation. The method of pu-
rification of HSIgA needs to be improved to examine its
biological activity without the influence of HIgA.

In this study, in vitro IAV infection of MDCK cells was
inhibited by HIgA at 10 times lower concentrations than
those of IgG specific for the same epitope (Fig. 2). Renegar
et al. established monomeric IgA, dIgA, and SIgA specific
for the same epitope of IAV (29). In that study, the SIgA
was composed of mouse IgA and rat SC because it was

FIG. 5. Separation of HSIgA from HIgA. (A) Chromato-
gram of size exclusion chromatography on TSK gel
G3000SWXL. Proteins were detected at UV280 nm. The
peaks containing HSIgA (fraction 13), HSIgA and HIgA
(fraction 14), and free SC (arrowhead; fraction 18) are in-
dicated. (B) Analysis of purified HSIgA by Western blot-
ting. The number above each lane corresponds to the
fraction number. Anti-IgA (left panel) or anti-pIgR (right
panel) was used. SDS-PAGE was carried out on 7.5% gels
under nonreducing conditions. The arrows indicate the band
of HSIgA and the arrowheads the band of HIgA. The po-
sitions of molecular weight standards are shown on the left.
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produced in vivo by the injection of mouse dIgA into rats.
They showed that dIgA and SIgA neutralized the infectivity
of IAV more effectively than monomeric IgA in vitro. Re-
cently, toxin neutralization activity was examined using a
recombinant IgG/IgA specific for Shiga toxin (13). A mo-
nomeric and a dimeric form were examined in different
CHO-K1 cells. In this case, the dimeric IgG/IgA was more
than 10 times more effective than the monomeric one in
terms of toxin neutralization.

There have been many reports showing that SIgA is
produced through the in vitro association of IgA and SC
(14,17,19). Although it has not been determined whether the
three-dimensional structure is the same for both in vitro as-
sociated SIgA and in vivo secreted SIgA, all reports dem-
onstrated that the in vitro associated SIgA was functional.
Because IgA and SC were joined by a disulfide bond, it was
thought that an association might not be achieved by simple
incubation of IgA with SC (15). As thought, when crude
HIgA and SC were used without purification in advance, only
a small amount of HSIgA was obtained (data not shown).
This problem was solved by the presence of glutathione and
glutathione disulfide (GSH/GSSG), as reported in the litera-
ture (14). However, the purified HIgA efficiently bound to SC
in the absence of GSH/GSSG. These results indicate that
purification of IgA and SC is a critical factor for the efficient
production of in vitro associated SIgA.

It was shown that SIgA can be produced using antigen-
specific IgG. Although more detailed functional analyses of
HSIgA are needed, it was shown that SIgA can be produced
by an available method. This method can be applied to SIgA
specific for various pathogens that enter through mucosa
other than the influenza virus. It is expected that HSIgA will
become a useful tool for studying the role of SIgA in
adaptive immunity on the mucosal surface. The authors are
planning to perform studies on in vivo efficacy of topically
applied HSIgA in the future. These plans will be focused on
studies for in vivo protection from IAV infection, compar-
ison of the efficacy of HSIgA, HIgA, and IgG upon topical
application, and half-life of topically applied HSIgA.

IAV is responsible for annual influenza epidemics,
sometimes on a worldwide scale. Antigenic changes of HA
contribute to the epidemics and even to pandemics (24,28).
Due to such antigen changes, the same IAV vaccine cannot
be used every year. Unfortunately, 2E10 mAb cannot bind
to HA of the current seasonal influenza virus (unpublished
results). Regarding therapeutic antibodies, ones with the
ability to bind to the epitopes shared by many virus strains
will be useful. Virus neutralizing activity of such anti-
bodies is also required. Recently, some groups reported
HA-specific antibodies that can bind to various subtypes of
HA (7,16,23). Although all of them are IgG, it is thought
that a recombinant IgA with the variable regions of these
cross-reactive antibodies may contribute to the prevention
of seasonal influenza.

In conclusion, a recombinant dimeric IgA specific for HA
of IAV was produced. The dimeric IgA neutralized in vitro
IAV infection at 10 times lower concentrations than those of
IgG that has the same variable regions as the dimeric IgA.
SIgA produced through association between the dimeric IgA
and SC in vitro was found to bind to target antigens. Size
exclusion chromatography was shown to be applicable to
the separation of the SIgA from dimeric IgA.
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