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Preface

Influenza A viruses are divided into subtypes based on the
antigenicity of two envelope glycoproteins, hemagglutinin (HA) and
neuraminidase (NA). To date, H1-H16 HA and N1-N9 NA subtypes have
been identified in viruses isolated from wild aquatic birds, the natural
reservoir of influenza A viruses [1-3]. It is known that HA is the major
target of neutralizing antibodies against influenza A viruses [4], and
HA-specific antibodies are principally subtype-specific. Therefore, the
currently used inactivated influenza vaccines, which rely on the induction of
serum neutralizing antibodies, are not effective against viruses whose HA
antigenicities are different from those of the vaccine strains [5]. However,
infection with influenza A virus usually affords some protection against
reinfection with viruses having different subtypes [6]. It has been believed
that this heterosubtypic protection is mainly mediated by memory cytotoxic
T lymphocytes (CTL) recognizing conserved epitopes of viral internal
proteins presented with major histocompatibility complex class I on the
surfaces of infected cells [7,8]. Therefore, the contribution of virus-specific
antibodies to the heterosubtypic immunity has been thought to be limited
and has not been evaluated properly.

On the other hand, it has been reported that heterosubtypic
immunity was induced by intranasal immunization of mice with
formalin-inactivated influenza A viruses, whereas subcutaneous

immunization only protected mice from homologous viruses [6,9,10].



Interestingly, this cross-protection was dependent on B-cell, but not on CTL
activities [9]. It has been supposed that Immunoglobulin A (IgA) might
have major role in this cross-protection, since IgA antibodies are
predominantly present in mucosal tissues and well induced by mucosal
immunization. However, cross-neutralizing activity of antibodies was not
detected in the sera and respiratory secretions of intranasally or
subcutaneously immunized mice [10].

IgA antibodies are well documented to have unique properties in
mucosa. Polymeric IgA (p-IgA) antibodies are selectively transported to the
mucosal surface with a secretory component and resistant to proteolysis in
mucosal secretions [11-16], and p-IgA antibodies crossing through epithelial
cells via transcytosis are believed to inhibit wviral protein functions
intracellularly [11,13,15,17-19]. In addition, p-IgA does not induce an
inflammatory reaction in mucosa [11,13,16]. Therefore, it has been
suggested that induction of the mucosal immune response is more desirable
to prevent respiratory infection by influenza A viruses [20-23].

On the other hand, there have been some reports showing
HA-specific monoclonal antibodies (MAbs) that have cross-neutralizing
activity against multiple HA subtypes of influenza A virus strains [24-31].
Biological and structural analyses indicated that these antibodies had the
potential for either of the known neutralization mechanisms, preventing
viral attachment to host cells or conformational change/proteolytic cleavage
of HA, both of which are essential for virus entry into host cells. Although it

might be difficult to induce high levels of antibodies with heterosubtypic
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neutralizing activities since these antibodies are thought to recognize minor
epitopes, recent studies have suggested that such antibodies are indeed
produced in some individuals [32,33]. Thus cross-reactive antibodies could
be considered to play important roles in antibody-mediated cross-protection
against influenza A viruses of multiple HA subtypes.

In chapter I, I analyzed the -cross-reactivities of IgA and
Immunoglobulin G (IgG) antibodies induced by intranasal or subcutaneous
immunization. In chapter II, I compared the heterosubtypic antiviral
activity of IgA and IgG using MAbs recognizing the same HA epitope, which
have heterosubtypic neutralizing activity against multiple influenza A

viruses.



Chapter I
Heterosubtypic antiviral activity of hemagglutinin-specific antibodies

induced by intranasal immunization with inactivated viruses in mice

Introduction

Recent reports demonstrated that heterosubtypic immunity against
influenza A viruses was induced by intranasal immunization of mice with
formalin-inactivated influenza A  viruses, whereas subcutaneous
immunization only protected mice from homologous viruses [6,9,10].
Interestingly, this cross-protection was dependent on B-cell, but not on CTL
activity [9]. In some of these studies, antibodies induced in mice by
immunization showed cross-binding ability to viruses or recombinant HAs
(rHAs) of subtypes different from virus used for immunization. However,
cross-neutralizing activity of those antibodies could not be detected in vitro.
On the other hand, there have been some reports about HA-specific MAbs
that had cross-neutralizing activity against multiple HA subtypes of
influenza A virus strains [24-31], though it may be difficult to induce high
levels of such antibodies since these antibodies are thought to recognize
minor epitopes. These studies led to the hypothesis that HA-specific
antibodies, including nonneutralizing antibodies, might also play important
roles in heterosubtypic immunity against influenza A viruses.

In this study, I found that intranasal immunization of mice with

inactivated viruses induced high levels of IgA and IgG antibodies in mice
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that bound to HAs of multiple subtypes. On the other hand, though
subcutaneous immunization similarly induced high levels of cross-reactive
IgG, IgA antibodies were detected at very low levels. Though the
cross-neutralizing activity of these antibodies was not detected, I could find
reduced plaque formations of viruses with heterologous subtypes in the
presence of cross-reactive IgA antibodies. Here I discuss a possible role of
HA-specific nonneutralizing IgA antibodies in the heterosubtypic immunity

against influenza A viruses.



Materials and methods

Viruses and cells

Influenza A virus strains, A/Puerto Rico/8/1934 (H1N1),
A/Adachi/2/1957 (H2N2), A/Aichi/2/1968 (H3N2),
A/duck/Czechoslovakia/1956 (H4N6), A/rg Viet Nam AHA/1194/2004 (H5N1)
[31], A/shearwater/Australia/1/1972 (H6N5), A/seal/Massachusetts/1/1980
(H7N7), A/turkey/Ontario/6118/1968 (H8N4), A/Hong Kong/1073/1999
(H9N2), Alchicken/Germany/N/1949 (H10N7), A/duck/England/1/1956
(H11N6), A/duck/Alberta/60/1976 (H12N5), A/gull/Maryland/704/1977
(H13N®#), A/mallard/Astrakhan/263/1982 (H14N5),
A/duck/Australia/341/1983 (H15N8), and A/black-headed gull/Sweden/5/1999
(H16N3) were kindly provided by Dr. H. Kida, Graduate School of Veterinary
Medicine, Hokkaido University, Sapporo, Japan and used for immunization
of mice, construction of plasmid expressing recombinant HAs, and
plaque-reduction assays using Madin-Darby canine kidney (MDCK) cells.
MDCK cells were maintained in Eagle’s minimal essential medium (MEM)
(GIBCO) supplemented with 10% calf serum. Human embryonic kidney
(HEK) 293T cells were maintained in Dulbecco's modified Eagle's medium

supplemented with 10% fetal calf serum.

Immunogens
Virus strains of H1, H3, H5, H7, H9, and H13 HA subtypes were

propagated in the allantoic cavity in 10-day-old embryonated chicken eggs at
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35°C for 48 hours, then the infectious allantoic fluid was collected. Virus
particles were concentrated and purified by high-speed centrifugation of the
allantoic fluid passed through a 10-50% sucrose density gradient. Purified
viruses were resuspended in phosphate-buffered saline (PBS). The protein
concentration of each purified virus was measured based on the optical
density (O.D.) at 280 nm. All protein concentrations were standardized for
each immunogen as relative to each other based on O.D. at 280 nm. The
purified viruses were treated with 0.3% formalin at the concentration of 20
mg viral proteins per 1 ml at 4°C for one week. Inactivation of these viruses
was confirmed by the absence of detectable hemagglutination activity
following inoculation of the treated materials into embryonated eggs. Each
inactivated virus was diluted to adequate concentrations with PBS before

immunization of mice.

Immunization and sample collection

Six-week-old female BALB/c mice (Japan SLC, Inc.) were inoculated
intranasally with inactivated viruses (100 pg in 50 1l) or 50 pl of PBS under
anesthesia with i1soflurane, or injected subcutaneously with inactivated
viruses (100 pg in 200 pl) or 200 pl of PBS (Figure 1). Five or ten mice were
used for each group. Mice were immunized three times at three-week
intervals. One week after the last immunization, mice were euthanized
with isoflurane and serum, trachea-lung wash (TW), and nasal wash (NW)
samples were collected as described previously [34]. These samples were

stored at -80°C until use. Samples from each group were pooled in equal
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Figure 1. Immunization of mice with formalin-inactivated virus and sampling. Six-
week-old female BALB/c mice were inoculated with formalin-inactivated virus (100
ng’head) intranasally or subcutaneously. Five or ten mice were used for each group.
Mice were immunized three times at three-week intervals. One week after the last
immunization, mice were euthanized with isoflurane and serum, TW, NW samples
were collected.

10



volumes and used for the antibody assays described below. For
plaque-reduction neutralization tests, serum samples were pretreated with
receptor destroying enzyme (RDE), (RDE II, “SEIKEN”) (Denka Seiken
Ltd..) according to the manufacturer’s instructions. The TW and NW
samples were also pretreated with one-tenth volume of RDE. Animal
studies were carried out in strict accordance with the Guidelines for Proper
Conduct of Animal Experiments of the Science Council of Japan [35]. The
protocol was approved by the Hokkaido University Animal Care and Use
Committee. Three independent experiments were conducted using 5 or 10
mice/each group/experiments for immunization with HIN2, and in each of
these experiment the serum antibodies obtained from mice showed the same

spectrum of cross-binding ability to HAs (data not shown).

Expression of recombinant HA and NA

Viral RNAs were extracted using a QIAamp Viral RNA Mini Kit
(QIAGEN). After reverse transcription with Moloney murine leukaemia
virus reverse transcriptase (Invitrogen) using Unil2 primer
(5-AGCAAAAGCAGG), HA and NA genes were amplified by polymerase
chain reaction (PCR) using gene-specific primer sets [36]. PCR products
were purified with a Wizard SV Gel PCR Clean-up system (Promega) and
cloned into pCAGGS, the mammalian expression plasmid. HEK293T cells
(2 x 10%) were plated on 10-cm dish, and 24 hours later, cells were
transfected with pCAGGS expressing the recombinant HA or NA of each

subtype using TransIT-LT1 transfection reagent (Minus). At 48 hours after
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transfection, the recombinant HAs or NAs were extracted using a eukaryotic
membrane protein extraction reagent kit (Thermo Fisher Scientific),
according to the manufacturer's protocol. The extracted membrane proteins
were appropriately diluted (1:2000-1:8000) with PBS to give the highest O.D.
values at 450 nm for antisera or monoclonal antibodies (repository of our
laboratory) specific to the respective HA or NA subtypes and used as

antigens for enzyme-linked immunosorbent assay (ELISA).

ELISA

IgG and IgA antibodies in the serum, TW, and NW samples were
measured by ELISA as described previously [37]. Briefly, ELISA plates
(Nunc Maxisorp) were coated with the HA (H1-H16) or NA (N2 and N5)
antigens, and washed with PBS containing 0.05% Tween 20 (PBST), followed
by blocking with 3% skim milk in PBS. Serum, TW, and NW samples were
diluted at 1:100, 1:3.5, and 1:3.5, respectively, in PBST containing 1% skim
milk. The bound antibodies were detected using goat anti-mouse IgA (a)
and goat anti-mouse IgG (y) antibodies conjugated to horseradish peroxidase
(Kirkegaard & Perry Laboratories, Inc.) diluted in PBST containing 1% skim
milk. The reaction was visualized by adding 3,3’,5,5’-tetramethylbenzidine

(TMB) (Sigma-Aldrich) and the O.D. at 450 nm was measured.

NA inhibition (NI) assay
Serum NI activities of HIN2 virus-immunized mice were measured

by a standard colorimetric assay using fetuin (Calbiochem) as substrate [38].
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The absorbance was measured at 549 nm. Endpoint NI titers were
determined as the reciprocal of the highest serum dilution causing 50%
inhibition of neuraminidase activity given in the absence of the serum. NI

assay was conducted for HON2, H12N5, and H3N2 viruses.

Standard plaque-reduction test

The inhibition of viral entry into cells was evaluated by the standard
procedure of plaque-reduction neutralization tests using MDCK cells.
Serial dilutions of the samples (50 pl) were mixed with an equal volume of
diluted virus solution containing approximately 100 plaque-forming units
(pfu) of virus, and incubated for 1 hour at room temperature. Then the
mixture was inoculated onto a monolayer of MDCK cells on a 12-well tissue
culture plate. After 1-hour incubation at 35°C, the inoculum was aspirated
and cells were washed once with serum-free MEM and overlaid with MEM
containing 1% Bacto-agar and trypsin (5 ng/ml) (GIBCO). The plaques were

enumerated after incubation at 35°C for 2 days.

Modified plaque-reduction test

To further test the potential of antibodies to inhibit virus replication,
plaque-reduction tests were modified. In this test, viruses were first
inoculated onto MDCK cells without preincubation with antibodies and then
cultured in media containing appropriately diluted samples. MDCK cells
cultured in 12-well plates were inoculated with a virus solution (50-100

pfu/well), followed by incubation for 1 hour at 35°C. The inoculum was
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replaced with overlay medium (MEM with 1% Bacto-agar) containing the
serum, TW, or NW samples at final dilutions of 1:200, 1:5, or 1:5, respectively.
A higher concentration (15 pg/ml) of trypsin was used for the medium
containing serum samples. After incubation for 48 hours at 35°C, the
overlay medium was removed, and the cells were washed 2 times with PBS
and fixed with methanol. Plaques were stained with chicken antisera to the
respective HA subtypes (kindly provided by Dr. H. Kida), horseradish
peroxidase-conjugated rabbit anti-chicken Immunoglobulin Y (IgY) (IgG)
(H+L) (Jackson Immuno Research), and 3,3’ -diaminobenzidine (Wako). In
some experiments, to inhibit the interaction of IgA or IgG with target
molecules [39,40], goat anti-mouse IgA or IgG (polyclonal serum)
(SouthernBiotech) was added to the NW samples, and reacted for 1 hour at
room temperature. Then, the reaction mixture or same volume of PBS was
mixed with overlay medium. Anti-mouse IgA or IgG antibodies were used
at 1 ng/ml (final concentration in the medium). I confirmed preliminarily
that pretreatment with these anti-IgA or IgG antibodies efficiently inhibited
neutralizing activities of HA-specific monoclonal IgA or IgG in vitro (data not

shown). Each experiment was performed at least twice.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting

MDCK cells infected with viruses at a multiplicity of infection (MOI)
of 1.0 were maintained with MEM containing the sample for 7 hours, and

culture supernatants were collected and mixed with SDS-PAGE sample
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buffer. After 5-20% SDS-PAGE, separated proteins were blotted on a
polyvinylidene difluoride membrane (Millipore).
Anti-A/turkey/Wisconsin/1/1966 ~ (H9N2),  anti-A/duck/Alberta/60/1976
(H12N5), and anti-A/tern/South Africa/1961 (H5N3) hyperimmune chicken
sera were used as primary antibodies to detect viral H9, H12, and H5 HA
proteins, respectively. The bound antibodies were detected with
peroxidase-conjugated rabbit anti-chicken IgY (IgG) (H+L) (Jackson Immuno
Research), followed by visualization with Immobilon Western
chemiluminescent horseradish peroxidase substrate (Millipore). Band
intensities of the HA proteins were analyzed with a VersaDoc Imaging

System (Bio-Rad) and Image Lab software (Bio-Rad).

Phylogenetic analysis

Phylogenetic analysis was based on whole amino acid sequences of
HAs obtained from GenBank under accession numbers ABO21709.1 (H1),
BAG72216.2 (H2), BAF48361.1 (H3), BAF48478.1 (H4), ABP51976.1 (H5),
BAF36386.1 (H6), BAF02934.2 (H7), BAF43468.1 (H8), CAB95856.1 (H9),
BAF46908.1 (H10), BAF43435.1 (H11), BAF43416.1 (H12), BAF46906.1
(H13), BAF43460.1 (H14), BAF48363.1 (H15), and AAV91217.1 (H16). The
sequences were aligned by using GENETYX (Genetyx Corp.) for Windows,
version 10. A phylogenetic tree was constructed by wusing the

neighbor-joining method in MEGA 5.1 [41].
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Results

Both intranasal and subcutaneous immunizations of mice induced
heterosubtypic antibody responses to multiple HAs.

The virus strains of H1, H3, H5, H7, H9, and H13 HA subtypes were
selected for immunization as representatives of each cluster in a
phylogenetic tree based on HA amino acid sequences (Figure 2A). Mice
were immunized intranasally or subcutaneously with these viruses, and
HA-specific IgG and IgA antibodies in serum, NW, and TW samples were
analyzed by ELISA for the binding activity to HAs of H1-H16 subtypes
(Figure 3). In the serum samples of mice immunized subcutaneously with
the HIN1 virus, IgG cross-reactive to H2, H3, H5, H7, H8, H9, H10, H11,
H12, H14, and H15 HAs was detected (Figure 3A, upper right). Lower
levels of IgG were detected in mice immunized intranasally than in mice
immunized subcutaneously (Figure 3A, upper left). IgA was not detected
remarkably in any samples of mice immunized subcutaneously (Figure 3A,
upper left). The HA subtypes to which IgG or IgA showed cross-reactivity
were almost the same (G.e., H7, H10, H11, and H12) in all samples of mice
immunized intranasally or subcutaneously (Figure 3A). The spectrum of
heterosubtypic responses (i.e., the HA subtypes to which induced antibodies
showed cross-binding activity) varied depending on the HA subtypes of the
viruses used for immunization (Figures 3A-F); HA-specific serum antibodies
detected in mice immunized subcutaneously were cross-reactive to H7 in

H3N2 virus-immunized mice (Figure 3B), to H1, H2, and H3 in H5N1
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Immunogen: (O Cross-reactivity: [l I

Figure 2. Correlations between cross-binding activities of antibodies and
phylogenetic grouping of HA. (A) Phylogenetic relationships among 16 HA subtypes
of influenza A viruses based on amino acid sequences. The HA amino acid
sequences of the viruses used for ELISA antigens were used. (B) The subtypes of
HAs to which serum IgG antibodies of subcutaneously immunized mice showed
cross-binding activity (See also Figure 2). In each phylogenetic tree, the HA subtype
used for immunization is shown in a red circle. The HA subtypes to which serum
antibodies of mice immunized subcutaneously showed cross-binding activity are
shown in black (0.D. = 1.0) or gray (1.0 > O0.D. =20.3) background.
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Figure 3. Cross-binding activities of HA-specific antibodies. Mice were immunized
intranasally (in.) or subcutaneously (s.c.) with formalin-inactivated HIN1 (A),
H3N2 (B), H5N1 (C), H7N7 (D), HIN2 (E), or H13N6 (F) viruses. Serum, TW, and
NW samples were collected 7 days after the last immunization. Samples from each
group were pooled and diluted at 1:100 (serum), 1:3.5 (TW and NW) with 1% skim
milk in PBST. HA-specific IgG and IgA antibodies were detected by ELISA as

described in the Materials and Methods section.
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virus-immunized mice (Figure 3C), to H3, H10, and H15 in H7N7
virus-immunized mice (Figure 3D), to H1, H2, H6, H7, H8, H10, H11, and
H12 in HIN2 virus-immunized mice (Figure 3E), and to H1 and H16 HAs in
H13N6 virus-immunized mice (Figure 3F). As expected, there was a
common observation, irrespective of the subtype used for immunization, that
subcutaneous immunization induced IgG, but only slight IgA responses,
whereas intranasal immunization induced both IgG and IgA responses, but
IgG responses were generally lower than those of mice immunized

subcutaneously.

The spectrum of cross-reactive antibodies correlated with phylogenetic
classification of HAs.

Influenza virus HAs are phylogenetically divided into two groups
(groups 1 and 2) consisting of 5 clusters (H1a, H1b, H9, H3, and H7 clusters)
based on their amino acid sequences [42,43] (Figure 2A). On the
phylogenetic tree, I mapped the HA subtypes that were recognized by
cross-reactive antibodies induced by each immunogen (Figure 2B). I found
that the spectrum of the HA-specific cross-reactive antibodies was directed to
particular HA subtypes that were closely related to the viruses used for
immunization. However, it was noted that broader cross-reactivity beyond
the clusters and groups was found for the antibodies of HIN1 and H9N2
virus-immunized mice. For example, in mice immunized subcutaneously
with HON2 virus, the serum IgG was cross-reactive to H12 and H8 HAs, both

of which belonged to the same cluster, but also to other HAs such as H6, H7,
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and H11 which belonged to different clusters or groups (Figure 2B). On the
other hand, it was also noteworthy that the cross-reactivity did not
necessarily cover all subtypes belonging to the same clusters to which each
immunogen belonged (e.g., H1-, H3-, and H13-induced antibodies did not

bind to H6, H4, and H11 HAs, respectively).

Cross-reactive antibodies showed no heterosubtypic neutralizing activity in
a standard plaque-reduction test.

To evaluate whether the induced cross-reactive antibodies had the
ability to inhibit virus entry into cells (i.e., so called neutralizing activity), I
focused on H9-induced antibodies that showed remarkable cross-reactivity
(Figures 2B and 3E), and a standard plaque-reduction test was carried out
using the serum, TW, and NW samples of HIN2 virus-immunized mice. In
this test, viruses were mixed with antibodies prior to inoculation onto MDCK
cells and the reduction of infectivity was estimated by plaque counts.
Viruses having H1, H2, H7, H8, H11, and H12 HAs, to which HI9N2
virus-induced antibodies bound, HIN2 as a positive control, and H5N1 as a
negative control to which HI9N2 virus-induced antibodies are little
cross-reactive in ELISA, were selected as challenge viruses. The
heterosubtypic neutralizing activity of antibodies was not detected in any
samples even at the lowest sample dilutions tested, although the
neutralizing activity against the homologous virus (G.e., H9) was clearly
detected in the serum, TW and/or NW samples of immunized mice (Figure

4A). Tt was noted that the TW and NW samples of subcutaneously
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Figure 4. Neutralizing activities of the samples of mice immunized with the HIN2
virus in a standard plaque-reduction test. Appropriately diluted viruses were mixed
at indicated dilutions with the serum (A), TW (B), or NW (C) sample of mice
immunized with HON2 intranasally (in.) or subcutaneously (s.c.). Neutralizing
activities were evaluated by counting the number of plaques formed on MDCK cells.
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immunized mice did not show neutralizing activity even against the
homologous virus though these samples appeared to contain high levels of

anti-H9 IgG (Figure 3E, upper).

Plaque formation of H12N5 virus was reduced in the presence of HIN2
virus-induced cross-reactive IgA antibodies.

To further examine the antiviral activities of the cross-reactive
antibodies, I modified the procedure of the plaque-reduction test. In the
assay applied here, viruses were first inoculated onto MDCK cells without
preincubation with antibodies and then cultured in media containing
appropriately diluted samples. This assay might enable us to detect
antibodies that inhibit budding or extracellular release of virus particles
from infected cells, even if antibodies do not inhibit HA-mediated entry of
viruses into host cells [44,45]. I selected viruses of 4 different subtypes as
challenge viruses for this assay; HIN2 as a positive control, H12N5, which
was most effectively bound by H9-induced cross-reactive antibodies in ELISA
(Figure 3E), H5N1 as a negative control to which HIN2 virus-induced
antibodies are little cross-reactive, and H3N2, whose NA subtype is the same
as that of the virus used for immunization (HON2) in order to test the
inhibitory effects of NA-specific antibodies. In the presence of serum
antibodies of mice immunized intranasally or subcutaneously with HINZ2,
the homologous virus formed no visible plaques (Figures 5A and D).
Interestingly, plaque sizes and numbers of H12N5 were reduced to some

extent in the presence of serum antibodies containing both IgG and IgA, of
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mice immunized intranasally, but the reduction was minimally found in the
presence of high levels of serum IgG of mice immunized subcutaneously
(Figures 5A and D). Antibodies in the TW and NW samples exhibited more
substantial differences in heterosubtypic plaque-reduction activity between
intranasally and subcutaneously immunized mice. The TW and NW
samples of mice immunized intranasally that contained cross-reactive IgG
and IgA remarkably reduced the number and/or size of plaques of the H12N5
virus (NW samples showed plaque size reduction, however, there were still
small plaques), whereas the samples of subcutaneously immunized mice did
not show such inhibitory effects (Figures 5B, C, and D). It was noted that
the TW and NW samples of subcutaneously immunized mice contained high
levels of IgG (Figure 2E), but gave much less plaque reduction of even the
homologous virus (.e., H9) than those of intranasally immunized mice
(Figures 5B and D). Actually, the extent of plaque reduction seemed to be
associated with the presence of cross-reactive anti-HA IgA in the samples.
No apparent plaque reduction was observed for H3N2 and H5N1 viruses in
the presence of HIN2-induced antibodies, regardless of the sample origin
(G.e., serum, TW, or NW). To confirm the role of IgA antibodies in
heterosubtypic plaque reduction, I pretreated the NW samples of HINZ2
virus-immunized mice with goat anti-mouse IgA or anti-IgG antibodies and
mixed with overlay medium in the modified plaque reduction test. As
expected, the heterosubtypic plaque reduction of H12 virus was interfered

with anti-mouse IgA but not anti-IgG antibodies (Figure 6).
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Figure 5. Reduced plaque formation in the presence of antibodies of mice immunized
with HO9N2. After being inoculated with HO9N2, H12N5, H5N1, or H3N2, MDCK
cells were cultured in the presence of antibodies in the serum (1:200) (A), TW (1:5)
(B), or NW (1:5) (C) samples of mice immunized intranasally (i.n.) or subcutaneously
(s.c.). Numbers of plaques were counted and the infectivity was calculated relative
to the number of plaques formed in the presence of the samples of mice given PBS
intranasally or subcutaneously for i.n. or s.c. immunized mice, respectively (D).
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Figure 6. Heterosubtypic plaque reduction interfered by anti-mouse IgA antibodies.
NW samples of mice immunized with HON2 virus intranasally (i.n.) were pretreated
with anti-mouse IgA or anti-mouse IgG antiserum (1 pg/ml). MDCK cells infected
with H12N5 virus were incubated in the presence of or without (w/o) the NW

samples treated or nontreated with the antiserum.
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Budding and release of H12N5 from infected cells were impeded in the
presence of HIN2 virus-induced cross-reactive antibodies.

To gain insight into the mechanism of antibody-mediated inhibitory
effects on the plaque formation, I examined extracellular release of virus
particles in the presence of antibodies. MDCK cells infected with HINZ2,
H12N5, or H5N1 were cultured with the TW of mice immunized with HIN2
virus intranasally or subcutaneously, and then the amounts of virus particles
released into the culture supernatants were estimated by detecting viral HA
proteins in Western blotting with anti-H9, H12, or H5 chicken serum,
respectively (Figure 7). I found that significantly lower amounts of HAs of
HO9N2 and H12N5 were detected in the supernatants of infected cells
cultured with TW antibodies of mice immunized intranasally with HONZ2,
compared with those seen in samples from subcutaneously immunized mice.
No remarkable decrease of the viral particle formation was appreciable for
H5N1, regardless of the immunization route. Taken together, these data
suggested that cross-reactive nonneutralizing antibodies, most likely IgA,
induced by HIN2 effectively inhibited the budding and release of H12N5

virus particles from infected cells.

No cross-reactive NI activity was detected in the serum of HINZ2-virus
immunized mice.

To test the possibility that the cross-reactive NI activity was
correlated with the reduced viral replication and budding of the HIN2 virus,

I examined NI activity in the serum samples of HIN2 virus-immunized mice
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Figure 7. Detection of viral proteins in the supernatants of cells infected with HON2,
H12N5, or H5N1. MDCK cells were infected with viruses and cultured with the TW
samples of intranasally (i.n.) or subcutaneously (s.c.) immunized mice as described
in the legend of Figure 6. Supernatants were collected 7 hours after infection, and
virus particles released into the supernatants was detected by Western blotting (A).
The relative intensity of the HA bands compared to each of the control (PBS i.n. and
s.c.) samples was obtained using Image Lab version 3.0 (BIO RAD) (B).
Experiments were performed 3 times, and averages and standard deviations are
shown. Student rtest was used for statistical analysis. Asterisks indicate
statistically significant differences in band densities compared to each of the control
(PBS i.n. and s.c.) (**p<0.01, *p<0.05).
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against H12N5 and H3N2 viruses (Table 1). Serum of mice immunized
intranasally or subcutaneously with HON2 showed high NI titers against the
homologous HIN2 virus, while there was no detectable inhibition against
H12N5. A slight NI activity was detected in the serum of mice immunized

intranasally with the H3N2 virus.
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Table 1. Serum NI activities of HIN2 virus-immunized mice against
HO9N2, H12N5, and H3N2 viruses.

Virus Immunization NI titer
HON2 Subcutaneous 320
Intranasal 320
H12N5 Subcutaneous <20
Intranasal <20
H3N2 Subcutaneous <20
Intranasal 20
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Discussion

It has been shown that intranasal immunization with an inactivated
virus confers heterosubtypic protection from influenza A viruses in mice,
whereas subcutaneous immunization is only effective against viruses with
homologous HA subtypes [9,10,21,46]. Such heterosubtypic protection was
shown to be B-cell-dependent [9]. In these previous studies,
cross-neutralizing antibodies were consistently undetectable in a standard
neutralization test, while HA-specific antibodies with cross-binding activity
were often induced [47]. Thus, this study aimed to clarify whether
intranasal immunization of mice with an inactivated influenza virus
generally induces HA-specific nonneutralizing antibodies reactive to
multiple HA subtypes and to elucidate the potential roles of these antibodies
in the heterosubtypic immunity against influenza A viruses.

I first analyzed cross-binding activities of HA-specific antibodies
induced by intranasal or subcutaneous immunization with viruses having
different HA subtypes G.e., H1, H3, H5, H7, H9, or H13), and found that
substantial amounts of cross-reactive IgG antibodies to multiple HA
subtypes, which were predominantly related to each immunogen
phylogenetically, were indeed detectable in the sera and respiratory
secretions of immunized mice. There was no fundamental difference in the
overall spectrum of the cross-reactivity between the antibodies produced by
intranasal and subcutaneous immunizations. Importantly, however, both

IgA and IgG antibodies, which are principal isotypes of mucosal immunity
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and systemic immunity, respectively [11,39], were produced by intranasal
Immunization; whereas only the IgG antibody response was induced by
subcutaneous immunization. These results suggest that the IgA antibodies
may play a major role in the B-cell-dependent heterosubtypic immunity
induced by intranasal immunization of mice.

In a standard neutralization test, neutralizing activities of the
antibodies induced in HOIN2 virus-immunized mice were only targeted to the
homologous virus, regardless of the immunization route and sample origin,
which was consistent with previous studies [9,10,21,46]. This results
indicates that majority of the cross-reactive antibodies detected in ELISA do
not recognize the so-called neutralizing epitopes that are typically located on
functionally important sites of HA (e.g., the receptor binding sites). It was
also noted that antibodies in the TW or NW samples of mice immunized
subcutaneously did not neutralize even the homologous HIN2 virus (Figures
4B and C), while these samples contained similar or even higher levels of
IgG than in those from intranasally immunized mice (Figure 3E). Instead,
neutralizing activities of the TW and NW samples were associated with the
presence of IgA, suggesting that IgA antibodies neutralized virus infectivity
more efficiently than IgG.

In the modified plaque-reduction test, the plaque formation of H12N5,
but not H5N1 and H3N2, was suppressed in the presence of antibodies in the
serum, TW, and NW samples from mice immunized with HON2 intranasally
(Figure 5), although these antibodies did not display “classical” neutralizing

activity against the H12N5 virus (Figure 4). No plaque reduction of H12
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virus was seen in the presence of serum or TW samples of negative control
and H13N6 virus-immunized mice (data not shown), in which antibodies
cross-reactive to H12 HA were not detected, suggesting that unlikelihood
that the plaque reduction of H12 virus was due to nonspecific inhibitors in
the samples. The extent of plaque reduction indeed seemed to reflect the
concentration of cross-binding anti-HA IgA in each sample (Figure 3E). By
contrast, no significant plaque reduction of H12N5 was observed in the
serum samples of mice immunized with HI9N2 subcutaneously. It is
noteworthy that the serum, TW, and NW samples from mice immunized
subcutaneously with HIN2 contained higher amounts of IgG antibodies
cross-reactive to H12 HA than those of intranasally immunized mice (Figure
3E), but did not show inhibitory activity to reduce the plaque number and
size of the H12N5 virus (Figure 5). Furthermore, the plaque reduction
activity of the samples of mice immunized with H9 virus intranasally was
decreased when the samples were pretreated with anti-mouse IgA antibodies
but not anti-mouse IgG antibodies (Figure 6). Taken together, these results
suggested that cross-reactive IgA antibodies had the ability to reduce plaque
formation, likely by preventing the budding or extracellular release of virus
particles from infected cells (Figure 7), whereas these antibodies did not
block HA-mediated entry of viruses into host cells (Figure 4).

It is known that nonneutralizing antibodies against NA or M2
protein, which are the other envelope proteins of influenza A viruses, inhibit
the extracellular release of progeny viruses from host cells, and thus play a

role in protective immunity [48]. These antibodies do not prevent virus
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entry into host cells, but significantly inhibit plaque formation of influenza
viruses when infected cells are cultured in the presence of the antibodies
[49,50]. Such antibodies are thought to produce a crosslink between
virus-associated NA or M2 and those expressed on the cell surface, leading to
reduced budding of the virus [44,51-53]. In this study, antibodies induced
by immunization with HIN2 did not reduce the plaque formation of H3N2,
despite having the same NA subtype. In a neuraminidase inhibition test,
the serum samples of mice immunized intranasally with HON2 showed only
slight inhibition of H3N2 but not H12N5 viruses (Table 1). Furthermore, in
ELISA using recombinant NA antigens, cross-reactive antibodies to N5 were
undetectable in the serum of HIN2-immunized mice (data not shown).
These data suggest that NA-specific antibodies did not mainly contribute to
the heterosubtypic plaque reduction observed in this study. M2-specific
antibodies were also unlikely to be involved in the heterosubtypic plaque
reduction seen in this study since no plaque reduction by H9-induced
antibodies was observed for H3N2 and H5N1, despite the highly conserved
antigenicity of the M2 protein among influenza A viruses [48]. Overall, our
data suggest that some of the cross-reactive nonneutralizing anti-HA IgA
antibodies induced by intranasal immunization may have similar inhibitory
effects on the virus particle formation and play a role in the heterosubtypic
immunity against influenza A viruses. Accordingly, it may be reasonable to
assume that subcutaneous immunization induces only subtype-specific
immunity since it does not induce sufficient amounts of IgA.

Indeed, I found that the budding and extracellular release of H12N5
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virus particles were inhibited in the presence of cross-reactive IgA induced in
HO9N2 virussimmunized mice (Figure 7). Thus, the most plausible
explanation for the mechanism underlying the inhibitory effects of
cross-reactive nonneutralizing IgA antibodies on virus particle budding is
that the antibodies crosslink multiple HA molecules expressed on the
infected cell surface before initiation of the budding process or on the budded
virus and, consequently, this intricate cross-linkage via antibodies and HA
molecules interferes with the virus pinch-off of virus particles or release of
budded particles. Accordingly, the accumulation of unreleased virus
particles on the cell surface was partially observed in electron microscopy,
although a quantitative analysis could not be carried out (data not shown).
As mentioned above, the viral budding process is an important target
for some antibodies that have protective properties. In addition, IgA
antibodies have been shown to bind newly synthesized viral proteins in
infected cells and to inhibit virus protein functions intracellularly [17-19,54].
This mechanism may allow cross-reactive anti-HA IgA antibodies to interfere
with the maturation of HA (e.g., glycosylation, molecular folding, and
proteolytic processing) in infected cells. It might also be possible that IgA
antibodies contribute to the antibody-dependent cell-mediated cytotoxicity,
which may reduce the production of progeny viruses by readily clearing
infected cells. These results emphasize the idea that the “classical”
neutralizing activity is not the only indicator of antibody function
contributing to heterosubtypic immunity. A detailed analysis of the precise

mechanism by which IgA antibodies interfere with the virus replication may
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provide new insights into the development of universal mucosal vaccines

against multiple subtypes of influenza viruses.
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Summary

Influenza A virus subtypes are classified on the basis of the
antigenicity of their envelope glycoproteins, HA and NA. Since HA-specific
neutralizing antibodies are predominantly specific for a single HA subtype,
the contribution of antibodies to the heterosubtypic immunity is not fully
understood. In this study, mice were immunized intranasally or
subcutaneously with viruses having the H1, H3, H5, H7, H9, or H13 HA
subtype, and cross-reactivities of induced IgG and IgA antibodies to
recombinant HAs of the H1-H16 subtypes were analyzed. I found that both
subcutaneous and intranasal immunizations induced antibody responses to
multiple HAs of different subtypes, though IgA was detected remarkably
only in mice immunized intranasally. Using serum, NW, and TW samples of
H9 virus-immunized mice, cross-antiviral activities of antibodies were then
evaluated. No heterosubtypic neutralizing activity was detected by a
standard neutralization test. Interestingly, however, the extracellular
release of the HI12 wvirus, to which H9-induced antibodies showed
cross-binding activity, was remarkably surpressed when infected cells were
cultured in the presence of HA-specific cross-reactive IgA. These results
suggest that the majority of HA-specific cross-reactive IgG and IgA
antibodies produced by immunization do not block cellular entry of viruses,
but cross-reactive IgA may have the potential to inhibit viral egress from
infected cells and thus to play a role in heterosubtypic immunity against

influenza A viruses.
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Chapter II
Comparison of antiviral activity between IgA and IgG specific to influenza

virus hemagglutinin: Increased potential of IgA for heterosubtypic immunity

Introduction

It is known that both IgA and IgG antibodies play important roles in
protection against influenza virus infection [11,39]. While IgG is the major
1sotype of antibodies important for systemic immunity, IgA is predominantly
present in mucosal tissues, including the upper respiratory tract, providing
the first line of defense with unique properties in mucosal immunity at the
primary site of influenza virus infection. p-IgA antibodies bind to polymeric
1mmunoglobulin receptors expressed at the basolateral surface of epithelial
cells, and are selectively transported to the mucosal surface. While crossing
through epithelial cells, p-IgAs are believed to inhibit viral protein functions
intracellularly. Following transcytosis, p-IgAs are released with a secretory
component to mucosal surface, and are resistant to proteolysis in mucosal
secretions [11-19]. In addition, p-IgA does not induce an inflammatory
reaction in mucosa [11,13,16]. Therefore, it has been suggested that
induction of the mucosal immune response is more desirable to prevent
respiratory infection by influenza A viruses [20-23].

Since HA-specific IgG antibodies induced by subcutaneous or
intramuscular injection with inactivated influenza vaccines are principally

subtype-specific, protective effects are limited to viruses whose antigenicity
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is closely related to those of the vaccine strains [5,55]. However, previous
studies experimentally demonstrated that B-cell-dependent heterosubtypic
immunity was induced by intranasal immunization of mice with
formalin-inactivated viruses, whereas systemic immunization only protected
mice from viruses with homologous HA subtypes [6,9,10].

In chapter I, I showed that both subcutaneous and intranasal
immunization of mice with inactivated viruses induced antibodies that
bound to HAs of multiple subtypes, but IgA antibodies might show greater
ability than IgG antibodies to reduce plaque formation of viruses with
heterologous subtypes [56], suggesting different antiviral potentials for IgA
and IgG antibodies in heterosubtypic immunity. Yoshida et al (2009)
previously reported an HA-specific MAb S139/1 (IgG) that originated from
mice immunized with a virus of subtype H3 showed broad cross-reactivity to
viruses with multiple HA subtypes, including H1, H2, H3, and H13 [31,57].
MADb S139/1 binds to a conformational epitope located on the globular head of
the HA, adjacent to the receptor-binding domain, and shared among a
variety of HA subtypes. In this study, a cell line producing p-IgA was
subcloned from an S139/1 IgG-producing hybridoma with spontaneous class
switching in vitro. By using these S139/1 MAbs recognizing the same
epitope, I compared antiviral activities of IgA and IgG antibodies against

influenza A viruses of the H1, H2, H3, and H13 HA subtypes in vitro.
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Materials and methods

Viruses and cells

Influenza A virus strains, A/Aichi/2/1968 (H3N2) (Aichi/H3),
A/WSN/1933 (HIN1) (WSN/H1), A/Adachi/2/1957 (H2N2) (Adachi/H2), and
A/gull/Maryland/704/1977 (H13N6) (Maryland/H13), were kindly provided
by Dr. H. Kida, Graduate School of Veterinary Medicine, Hokkaido
University, Sapporo, Japan. These viruses were propagated in the allantoic
cavity of 10-day-old embryonated chicken eggs at 35°C for 48 hours. Virus
particles were concentrated and purified by high-speed centrifugation of the
allantoic fluid passed through a 10-50% sucrose density gradient. Purified
viruses were disrupted with 50 mM Tris-HCI (pH 7.8) containing 0.5% Triton
X-100 and 0.6 M KCl, and used as antigens for ELISA [31,58]. MDCK cells
were maintained in MEM (GIBCO) supplemented with 10% calf serum.
Hybridoma cells producing MAb S139/1 IgG, which were previously
generated by immunization of BALB/c mice with formalin-inactivated
purified Aichi/H3, were used [31]. Hybridoma cells were cultured in
Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal

bovine serum.

Generation of hybridoma variants producing p-IgA
To obtain hybridoma variants producing p-IgA antibodies recognizing
the same epitope as S139/1 IgG, we modified a sib selection/ELISA method

that relied on spontaneous class-switching of the cells [59,60]. Hybridoma
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cells were first grown in 96-well microplates at 1,000 cells per well and
incubated at 37°C in the presence of 5% COsz. At 70% to 90% confluence,
culture supernatants were screened for IgA production by sandwich ELISA
using immunoplates previously coated with goat anti-mouse IgA (BETHYL).
Cells from positive wells were harvested and replated at 10-100 cells per well.
Screening for IgA and replating were repeated several times and
IgA-producing cells were finally established from a single cell clone.
Messenger RNA was extracted from the variant hybridoma clone using an
RNeasy Mini Kit (QIAGEN). The variable region gene was amplified by
reverse transcription and PCR using a One-Step PCR Kit (QIAGEN) with
primers 5-GAT GGT GGG ATT TCT CGC AGA CTC-3 and 5- SAR GTN
MAG CTG SAG SAG TC-3’ for the heavy chain, and 5- GGA TAC AGT TGG
TGC AGC ATC-3’ and 5- GAY ATT GTG MTS ACM CAR WCT MCA-3’ for the
light chain, followed by direct sequencing. I confirmed that the amino acid
sequence of the variable region of S139/1-derived IgA was identical to that of
the original S139/1 IgG [57]. S139/1 IgA and IgG interfered each other in a
competitive antibody binding assay (Figure 8 and did not show
hemagglutination-inhibition (HI) activities against WSN/H1 and Aichi/H3
escape mutants obtained previously [31], confirming the same epitope

recognition of S139/1 IgA and IgG.

Purification of MAbs
Hybridoma cells producing S139/1 IgA and IgG antibodies were

cultured in BD Cell MAb Medium (BD Bioscience), Serum Free using
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Figure 8. Competitive antibody binding assay using S139/1 IgA and IgG. ELISA
plates were coated with the disrupted virus antigens (Aichi/H3), followed by blocking
with 3% skim milk in PBS. Tenfold serially diluted 3139/1 IgG and IgA were plated
as competitive antibodies, followed by incubation with $139/1 IgA and IgG (1 ng/ml),
respectively. Bound IgA and IgG were detected using goat anti-mouse IgA (a) and
goat anti-mouse IgG (y) antibodies conjugated to horseradish peroxidase. The
reaction was visualized by adding TMB and the absorbance at 450 nm was
measured.
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CELLine Flask (BD Bioscience). S139/1 IgA and IgG antibodies were
purified from culture supernatants using KAPTIV-AE (TECNOGEN) and
Protein G Sepharose 4 Fast Flow (GE Healthcare), respectively, according to
the manufacturers’ instructions. MADb concentrations were measured by
O.D. at 280 nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific). Purified MAbs were analyzed by SDS-PAGE under reducing or
nonreducing conditions. For reducing conditions, MAbs were mixed with
SDS-PAGE sample buffer with 2-mercaptoethanol (2-ME) (Wako) and heated
at 98°C for 5 minutes. For nonreducing conditions, MAbs were mixed with
SDS-PAGE sample buffer without 2-ME and incubated at room temperature
for 30 minutes. Protein bands stained with Quick-CBB PLUS (Wako) were
quantified using a VersaDoc Imaging System (Bio-Rad) and Image Lab

software (Bio-Rad).

Binding assay

Binding of MAbs was measured by ELISA as described previously
[37]. Briefly, ELISA plates (Nunc Maxisorp) were coated with the disrupted
influenza A virus antigens (Aichi/H3, WSN/H1, Adachi/H2, and
Maryland/H13), and washed with PBS containing 0.05% Tween 20 (PBST),
followed by blocking with 3% skim milk in PBS. Fourfold serially diluted
MAbs in PBST containing 1% skim milk were plated in duplicate, and bound
MAbs were detected using goat anti-mouse IgA (a) and goat anti-mouse IgG
(y) antibodies conjugated to horseradish peroxidase (Kirkegaard & Perry

Laboratories, Inc.) diluted in PBST containing 1% skim milk. The reaction
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was visualized by adding TMB (Sigma-Aldrich) and the absorbance at 450
nm was measured. MAb concentrations required to give half-maximal
binding (50% effective concentration: ECs0) to influenza A virus antigens

were determined using SoftMax Pro 6.2.1 software (Molecular Devices)

[61,62].

HI and neutralization tests

HI activities of the purified MAbs were tested by the standard
method using 0.5% chicken erythrocytes. Neutralizing activities of MAbs
were evaluated by the standard procedure of plaque-reduction tests using
MDCK cells. Fourfold serial dilutions of MAbs (50 pl) were mixed with an
equal volume of diluted virus solution (approximately 50-100 plaque-forming
units), and incubated for 1 hour at room temperature. Then the mixture
was inoculated onto a monolayer of MDCK cells on 12-well tissue culture
plates. After 1-hour incubation at 35°C, the inoculum was aspirated and
cells were washed once with serum-free MEM and overlaid with MEM
containing 1% Bacto-agar and trypsin (5 pg/ml) (GIBCO). Plaques were
counted after incubation at 35°C for 1 day (WSN/H1 and Adachi/H2), 2 days

(Aichi/H3), or 3 days (Maryland/H13).

Viral release inhibition assay
MDCK cells on 24-well plates were first inoculated with viruses at an
MOI of 1-2, followed by incubation for 1 hour at 35°C. The inoculum was

aspirated, and the cells were washed three times and cultured with MEM
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containing S139/1 IgG or IgA antibodies (0.1 or 1 pg/ml) for 12 hours.
Culture supernatants were collected at 0, 6, and 12 hours after infection, and
mixed with SDS-PAGE sample buffer with 2-ME and treated at 98°C for 5
minutes. After 10% SDS-PAGE, separated proteins were blotted on a
polyvinylidene difluoride membrane (Millipore). Chicken antiserum to
Aichi/H3 was used as the primary antibody to detect viral proteins. The
bound antibody was detected with peroxidase-conjugated rabbit anti-chicken
IgY Ig®) (H+L) (Jackson Immuno Research), followed by visualization with
Immobilon Western (Millipore). Band intensities of the M1 protein were
analyzed with a VersaDoc Imaging System (Bio-Rad) and Image Lab

software (Bio-Rad).

Electron microscopy

Transmission electron microscopy (TEM) was carried out as
described previously [63]. For ultrathin sections, MDCK cells infected with
viruses at an MOI of 1-2 were cultured with MEM containing S139/1 IgA or
IgG antibodies (1 pg/ml) for 8 or 12 hours and fixed for 20 minutes with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The cells were scraped
off the plate, pelleted by centrifugation, and then fixed for 30 minutes with
the same fixative. Small pieces of the fixed pellet were washed with
cacodylate buffer, postfixed with 2% osmium tetroxide in the cacodylate
buffer for 1 hour at 4°C, dehydrated with a series of ethanol gradients
followed by propylene oxide, embedded in Epon 812 Resin mixture (TAAB

Laboratories Equipment Ltd.), and polymerized at 60°C for 2 days. Ultrathin
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sections (70 nm) were stained with uranyl acetate and lead citrate and

examined with a Hitachi H-7650 electron microscope at 80 kV.
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Results

Polymeric structure of S139/1 IgA

I first analyzed the purity and the molecular weight of purified
S139/1 IgA and IgG antibodies by SDS-PAGE (Figure 9). Two protein bands
corresponding to the light and heavy chains were exclusively visible in
reducing conditions, thus confirming that the presence of impurities was
negligible in the MAb preparations. In nonreducing conditions, while
monomeric IgG antibodies of approximately 150 kilodaltons (kD) [13] were
predominant, only a small amount of the monomeric form of IgA, which was
expected to be an approximately 170-kD protein [64], was visible. Instead,
three bands with molecular weights corresponding to dimeric, trimeric, and
tetrameric IgA antibodies, were observed. Accordingly, these bands were
also detected by immunoblotting with anti-mouse IgA (data not shown).
Based on the quantified band intensities, I estimated that the relative
amounts of monomeric, dimeric, trimeric, and tetrameric forms of IgA were
approximately 1, 5, 1, and 3, respectively. These data indicated that the
majority of S139/1 IgA produced from the hybridoma cells were considered to

be p-IgA antibodies.

Binding activities of S139/1 IgA and IgG antibodies to HAs of multiple
subtypes
I then investigated the binding activities of S139/1 IgA and IgG

antibodies to the homologous HA antigen (Aichi/H3, which was used for
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Figure 9. SDS-PAGE analysis of purified S139/1 IgA and IgG antibodies. Equal
amounts (2.5 pg) of purified 8139/1 IgA and IgG antibodies were analyzed by SDS-
PAGE under reducing conditions (5%-20% gradient gel) (A). Polymeric forms of

purified S139/1 IgA and IgG antibodies (5 ng) were analyzed under nonreducing
conditions (3%-10% gradient gel) (B).

48



production of this MAb) and heterologous HA antigens (WSN/H1, Adachi/H2,
and Maryland/H13) by ELISA (Figure 10), and determined the ECso values
(Table 2). ECso is generally used as a reasonable approximation of the
dissociation constant (Kd) [61,62]. I found that both S139/1 IgA and IgG
antibodies showed similar binding curves for the Aichi/H3 antigen and that
there was no significant difference in their ECs values (0.0013 pg/ml and
0.0017 pg/ml, respectively). In contrast, there were remarkable differences
between S139/1 IgA and IgG antibodies in reactivities to the WSN/HI1,
Adachi/H2, and Maryland/H13 antigens. IgA bound to these heterologous
antigens at an extent similar to that with the homologous H3 antigen, and
the ECso values for WSN/H1, Adachi/H2, and Maryland/H13 were only 2- to
5-fold lower than that for the Aichi/H3 antigen. However, IgG reactivities
to the heterologous HAs were uniformly much lower than that to the H3
antigen as indicated by the considerably larger ECso values for WSN/H1,
Adachi/H2, and Maryland/H13 (0.0777, 0.144, and 0.670 png/ml, respectively)

than for Aichi/H3 (0.0017 pg/ml).

HI activities of S139/1 IgA and IgG antibodies against influenza A viruses of
different HA subtypes

I next compared HI activities of S139/1 IgA and IgG antibodies (Table
3). Consistent with their binding activities shown in ELISA (Figure 10),
both S139/1 IgA and IgG antibodies exhibited the highest HI activity to
Aichi/H3 and their endpoint concentrations were only slightly different. In

contrast, although IgA showed lower HI activities to WSN/H1, Adachi/H2,
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Figure 10. Comparison of binding activities of S139/1 IgA and IgG antibodies.
Binding activities of S139/1 IgA (continuous lines) and IgG (dashed lines) were
tested in ELISA. Disrupted viral particles of Aichi/H3, WSN/H1, Adachi/H2, and
Maryland/H13 were used as antigens. Data are mean values of duplicate wells.
EC;o values calculated based on the ELISA data are shown in Table 2.

Table 2. Comparison of binding abilities of S139/1 IgA and IgG to
influenza A viruses.

ECso (pg/ml)*

Virus I[gG/IgA
IgA IeG

Aichi/H3 0.0013 0.0017 1.3

WSN/H1 0.0039 0.0777 19.9

Adachi/H2 0.0029 0.144 49.7

Maryland/H13 0.0063 0.67 106.4

“The concentrations of MAbs giving 50% of maximal binding (EC5y) to
influenza A viruses were determined according to regression curves
obtained from ELISA. The assays were performed three times and
the representative data are shown.

50



and Maryland/H13 than to Aichi/H3, endpoint concentrations of IgA were
much lower than those of IgG. As clearly indicated by the IgG/IgA ratios of
endpoint concentrations, IgA showed significantly higher HI activity against

heterologous viruses than IgG.

Neutralizing activities of S139/1 IgA and IgG antibodies against influenza A
viruses of different HA subtypes

I further compared the neutralizing activities of S139/1 IgA and IgG
antibodies by the standard plaque reduction test (Figure 11) and the 50%
inhibitory concentrations (ICs0) of S139/1 IgA and IgG were determined
(Table 4). Consistent with the similar binding and HI activities to Aichi/H3
(Tables 2-3 and Figure 10), both S139/1 IgA and IgG antibodies showed
similar neutralization curves for this H3 virus and their ICs0 values were
almost indistinguishable. As was the case with HI activities, IgA showed
remarkably higher heterosubtypic neutralizing activities to WSN/H1,
Adachi/H2, and Maryland/H13 than IgG, as indicated by 4- to 23-fold
differences of ICso values (.e., IgG/IgA), although both S139/1 IgA and IgG
antibodies exhibited less neutralizing activity for heterologous viruses than

for Aichi/H3.

Different potentials of S139/1 IgA and IgG antibodies to inhibit viral release
from infected cells
To compare the abilities of S139/1 IgA and IgG antibodies to suppress

the extracellular release of virus particles from infected cells [56], MDCK
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Table 3. Comparison of HI activities of 3139/1 IgA and IgG antibodies.

HI endpoint (ng/ml)”

Virus I[gG/IgA
IgA IeG
Aichi/H3 0.0244 0.0488 2
WSN/H1 0.0488 0.1953 4
Adachi/H2 0.1953 3.125 16
Maryland/H13 0.1953 6.25 32
*The lowest MAb concentration that completely inhibited
hemagglutination of each virus is shown. The assays were

performed three times and the representative data are shown.
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Figure 11. Comparison of neutralizing activities of S139/1 IgA and IgG antibodies.
Appropriately diluted viruses were mixed with S139/1 IgA (continuous lines) or IgG
(dashed lines) at the indicated concentrations. Neutralizing activities were
evaluated by counting the number of plaques formed on MDCK cells. IC;p values
calculated based on the neutralization curves are shown in Table 4.

Table 4. Comparison of neutralizing activities of 3139/1 IgA and IgG

antibodies.
Virus 1C50 (ng/ml) ToG/IgA
IgA IeG
Aichi/H3 0.0015 0.0016 1.1
WSN/H1 0.0113 0.0445 3.9
Adachi/H2 0.0305 0.7117 23.3
Maryland/H13 0.4461 6.1585 13.8

*IC5p values were calculated according to the neutralization curves
shown in Figure 3. The assays were performed three times and the
representative data are shown.
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cells infected with Aichi/H3, WSN/H1, Adachi/H2, or Maryland/H13 were
subsequently cultured in the presence of S139/1 IgA or IgG antibodies, and
the amounts of virus particles released into the culture supernatants were
estimated by detecting the viral matrix (M1) protein in Western blotting
(Figures 12A-D). I detected significantly lower amounts of the M1 protein
of Aichi/H3 in the supernatants of infected cells cultured with S139/1 IgA (1
pg/ml) at both 6 and 12 hours after infection, whereas IgG had a smaller
inhibitory effect only at 6 hours after infection (Figure 12A). At a lower
concentration (0.1 pg/ml) of S139/1 IgA and IgG antibodies, no significant
reduction was observed. Next, I performed the same assay for WSN/H1,
Adachi/H2, and Maryland/H13 at the MAb concentration of 1 pg/ml and
found that S139/1 IgA significantly suppressed the extracellular release of
all tested viruses both at 6 and 12 hours after infection (Figures 12C and D).
On the other hand, IgG showed limited activity only against WSN/H1 at 6
hours after infection. These data suggested that S139/1 IgA had greater
potential to inhibit viral release from infected cells than IgG, which might be

particularly important for the heterosubtypic antiviral potential.

Aggregation of unreleased virus particles on the surface of infected cells
cultured in the presence of S139/1 IgA

To gain insight into the mechanism of IgA-mediated inhibitory effects
on the viral release from infected cells, I used electron microscopy to examine

Aichi/H3-infected MDCK cells cultured with S139/1 IgA or IgG. After

8-hour incubation, tight aggregation and abnormal accumulation of
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Figure 12. Viral release from infected cells cultured in the presence of 3139/1 IgA or IgG
antibodies.  After inoculation with Aichi/H3 (A and B), WSN/H1, Adachi/H2, or
Maryland/H13 (C and D), MDCK cells were cultured in the presence of S139/1 IgA or IgG
antibodies at the concentrations of 1.0 or 0.1 pg/ml (A and B) and 1.0 pg/ml (C and D).
Supernatants were collected 6 and 12 hours after infection, and M1 protein of influenza
viruses released into the supernatants were detected by Western blotting (B and D). The
relative quantity of the M1 protein was calculated based on the band intensity by using
Image Lab version 3.0 (Bio-Rad) (A and C). The intensity of the M1 protein bands
detected in the control supernatants collected from infected cells cultured without a MAb
(w/o MAD) was set to 100%. Experiments were performed 3 times, and averages and
standard deviations are shown (A and C). Statistical significance was analyzed by
Student’s rtest (**p < 0.01, *p < 0.05). Asterisks placed directly above the bars indicate
significant differences compared to respective controls, and asterisks placed between the
bars show significant differences between S139/1 IgA and IgG antibodies.
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unreleased virus particles were found on the virus-infected cells cultured in
the presence of S139/1 IgA (Figures 13A and D), which was quite similar to
the well-known phenomenon for the effect of dysfunction of the NA activity
[65-68]. On the other hand, lower numbers of virus particles in less
proximity were found on the infected cells cultured with IgG (Figures 13B
and E). Only limited numbers of virus particles were seen on the surfaces
of cells incubated without MAbs, suggesting efficient virus release from
infected cells (Figures 13C and F). These data indicated that S139/1 IgA
deposited newly produced viral particles on the cell surface more efficiently
than S139/1 IgG. Interestingly, I observed that heavily accumulated and
aggregated virus particles were likely incorporated into cytoplasmic vesicles
in the cells incubated with S139/1 IgA at 12 hours after infection (Figures
14A and B). A similar observation was reported for MDCK cells infected
with an NA-deficient influenza A virus [66]. The accumulation of densely
aggregated virus particles in the cellular vesicles was hardly seen in infected

cells cultured with S139/1 IgG (Figures 14C and D).
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S139/1 IgA S139/1 IgG w/o MAb

Figure 13. Viral particles deposited on the surface of infected cells cultured with 3139/1
IgA. MDCK cells were infected with Aichi/H3 and incubated for 8 hours in the presence of
S8139/1 IgA (A and D), IeG (B and E), or in the absence of antibodies (w/o MAb) (C and F).
TEM images of the cell surface are shown at high (A to C) and low (D to F) magnifications.
Scale bars represent 1 pm (A to C) and 2 pm (D to F).
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Figure 14. TEM images of Aichi/H3-infected MDCK cells cultured in the presence of
MAD S139/1 IgA. MDCK cells infected with Aichi/H3 at a multiplicity of infection of
1-2 were incubated for 12 hours in the presence of S139/1 IgA (A and B) or IgG (C
and D). Ultrathin sections were examined by TEM. TEM images are shown at low

(A and C) and high (B and D) magnifications.
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Discussion

It has been reported that intranasal immunization induces a more
efficient cross-protective immune response against influenza virus than
systemic immunization, and IgA antibodies are suggested to play a major
role in antibody-mediated heterosubtypic immunity [9,10,20-22,69]. On the
other hand, the currently used inactivated influenza vaccines, which rely on
the induction of serum IgG antibodies, are believed to be effective only
against viruses whose HA antigenicities are closely related to those of the
vaccine strains. In this study, I directly demonstrated distinct differences
in the heterosubtypic antiviral activities of IgA and IgG antibodies by using
cross-reactive S139/1 IgA and IgG antibodies that had originally been
produced against Aichi/H3 but recognized the same epitope shared among
multiple HA subtypes (e.g., H1, H2, H3, and H13) [31,57].

In ELISA, while S139/1 IgG bound strongly to the homologous
Aichi/H3 HA, its cross-binding activity to heterologous HAs (.e., WSN/H1,
Adachi/H2, and Maryland/H13) was appreciably lower, in accord with
previous studies [31,57]. Interestingly, however, the difference between the
S139/1 IgA reactivity to Aichi/H3 and to the heterologous viruses tested was
much less prominent. The different antiviral activities of S139/1 IgA and
IgG antibodies were directly confirmed by standard HI and plaque reduction
neutralizing tests. Consistent with the binding assay, S139/1 IgA had much
higher HI and neutralizing activities against WSN/H1, Adachi/H2, and

Maryland/H13 than S139/1 IgG, whereas S139/1 IgA and IgG antibodies
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showed similar activities against Aichi/H3 virus. These results may
suggest the increased avidity conferred by the polymeric form of S139/1 IgA
due to its multivalent binding. Since bivalent binding of the whole S139/1
IgG molecule was shown to be important for its avidity to HAs other than the
H3 subtype [57], this might be an important feature for heterosubtypic
reactivities of S139/1 IgA and IgG antibodies. Alternatively, it might also be
possible that class-switching from IgG to IgA itself might enhance the
affinity of monomeric antibody molecules (.e., the Fab fragment) to a single
epitope by altering the flexibility of constant heavy chain of IgA, as
suggested by a previous study by others [70].

As evidenced by the well-known protective efficacy of influenza virus
NA inhibitors, the viral budding/release process is a promising target for
antiviral development [65,67,71]. Kajihara et al. previously reported that
some antibodies to viral surface proteins inhibited the budding or release of
virus particles from infected cells in vitro [45,56]. In chapter I, the
extracellular release of influenza A viruses from infected cells was
suppressed in the presence of cross-reactive IgA, but not IgG antibodies,
induced by immunization of mice [56]. To directly confirm the differential
abilities of IgA and IgG antibodies to inhibit influenza virus release from
infected cells, I used anti-HA monoclonal IgA and IgG antibodies G.e., S139/1
IgA and IgG) recognizing the same epitope in this study. I found that
S139/1 IgA efficiently inhibited the release of progeny viruses of all tested
subtypes (.e., H1, H2, H3, and H13), but the effects of S139/1 IgG were

significantly weaker than those of IgA and limited to the homologous subtype
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(.e., H3) (Figure 12). It was also noted that, unlike HI and neutralizing
activities against the H3 virus that were similar for S139/1 IgA and IgG
antibodies, appreciable differences in the inhibition of viral release were
observed between S139/1 IgA and IgG antibodies even against Aichi/H3.
Electron microscopy also revealed a notable difference between S139/1 IgA
and IgG antibodies in the ability to trap newly produced virus particles on
the cell surface (Figures 13A, B, D, E, and 14). Taken together, these
results suggest that the polymeric structure of IgA is particularly important
for this virus release inhibitory effect, since cross-linking and tethering
activities are likely required for depositing virus particles on the cell surface
[11,45,72,73]. The proposed underlying mechanisms of these antiviral
activities are shown in Figure 15.

Based on this hypothesis, the epitope may also be an important factor,
since efficient crosslinking is likely done by antibodies that target the
globular head region of HA.  Accordingly, S139/1 recognizes highly
conserved residues in the receptor binding site of the HA molecule, and thus
has strong neutralizing activity [31,57]. However, I assume that the
neutralizing activity that blocks viral entry into cells is not necessarily
required for the inhibition of viral release from infected cells. Interestingly,
in chapter I, it was suggested that HA-specific non-neutralizing IgA
antibodies induced by intranasal immunization of mice might have such
potential [56]. Conversely, it is also conceivable that not all neutralizing
antibodies have cross-linking and tethering activities if their epitope

locations do not fit the required conditions. Thus, the “classical”
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neutralizing activity is not the only indicator of a protective antibody that
may play a role in heterosubtypic immunity against influenza A viruses.

The present study demonstrates that anti-HA S139/1 IgA has greater
antiviral potential against influenza A virus infection in vitro than IgG, and
the advantage of IgA for interaction with viruses is more prominent in
heterosubtypic cross-reactivity. The polymeric structure might be
important for the enhanced ability of IgA antibodies. In addition, our data
suggest that tethering and depositing newly budded virus particles on the
infected cell surface may generally be one of the antibody-mediated
protective mechanisms against enveloped viruses and emphasize the

importance of p-IgA in mucosal immunity.
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Figure 15. Proposed mechanisms of antiviral activities of HA specific p-IgA
antibodies. Influenza A viruses attach sialic acid receptors on cell surface and enter
into cells (A). In HI and neutralization tests, IgA (B) and IgG (C) antibodies bind to
HAs of virus and inhibit virus attachment to the receptors or entry into cells. After
the replication in host cells, newly produced viral particles are released from cell
surface (D). In viral release inhibition assay, p-IgA (E) but not IgG antibodies (F)
are considered to bind to HAs and form cross-linkage efficiently with neighboring

virus particles.
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Summary

Both IgA and IgG antibodies are known to play important roles in
protection against influenza virus infection. Although IgA antibodies are
believed to have unique advantages in mucosal immunity, information on
comparisons of the in vitro antiviral activities of IgA and IgG antibodies is
limited. In this study, I demonstrated differences in antiviral activities
between these isotypes using MAb S139/1 IgA and IgG antibodies, which
recognize the same epitope on H3 HA, and have cross-neutralizing activities
against the H1, H2, and H13 subtypes. I found that, to the homologous H3
virus, both antibodies showed strong binding activity in ELISA, and there
were no significant differences in their HI and neutralizing activities. In
contrast, S139/1 IgA showed remarkably higher cross-binding to and
antiviral activities against H1, H2, and H13 viruses than S139/1 IgG. It
was also noted that S139/1 IgA, but not IgG, drastically suppressed the
extracellular release of the viruses from infected cells. Electron microscopy
revealed that S139/1 IgA deposited newly produced viral particles on the cell
surface, most likely by tethering the particles. These results suggest that
anti-HA IgA has greater potential to prevent influenza A virus infection than
IgG antibodies, likely due to increased avidity conferred by its multivalency,
and that this advantage may be particularly important for heterosubtypic

Immunity.
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Conclusion

Both IgA and IgG antibodies are known to play important roles in
protection against influenza A viruses. In this research, I analyzed the
properties of IgA and IgG antibodies cross-reactive to influenza A viruses of
multiple HA subtypes and discussed the potential roles of IgA antibodies in
heterosubtypic immunity.

In chapter I, I found that both intranasal and subcutaneous
immunization induced IgA and IgG antibodies cross-reactive to multiple HA
subtypes, whereas IgA was not detected remarkably in mice immunized
subcutaneously. There was no fundamental difference in the overall
spectrum of cross-reactivity between the antibodies produced by intranasal
and subcutaneous immunization. Though cross-neutralizing activities of
those antibodies were not detected, a remarkable inhibition of virus budding
or release from infected cells was observed in the presence of cross-reactive
IgA antibodies. These results suggest that the majority of HA-specific
cross-reactive antibodies do not block cellular entry of wviruses, but
non-neutralizing IgA may have the potential to inhibit viral release from
infected cells.

In chapter II, I demonstrated the difference in antiviral activity
between IgA and IgG, using MAbs S139/1 IgA and IgG which recognized the
same epitope on HA. These MAbs were originated from mice immunized
with a virus of H3 subtype, and had cross-neutralizing activity against

viruses of H1, H2, and H13 subtypes. Against the homologous H3 virus,
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S139/1 IgA and IgG antibodies similarly showed strong binding activities
and there was no significant difference in their HI and neutralizing activities.
On the other hand, S139/1 IgA showed higher cross-binding, HI, and
neutralizing activities against the heterologous H1, H2, or H13 viruses than
S139/1 IgG.  Furthermore, S139/1 IgA significantly suppressed the
extracellular release of the heterologous viruses from infected cells, but
S139/1 IgG did not. Electron microscopy of cells infected with the H3 virus
and then cultured in the presence of S139/1 MAbs, revealed that S139/1 IgA
deposited newly produced viral particles on the cell surface, most likely by
tethering the particles. The polymeric structure of IgA is considered to be
important for this tethering activity.

Taken together, anti-HA IgA showed greater potential in antiviral
activities against influenza A viruses than IgG antibodies. The advantage
of IgA is likely due to increased avidity and cross-linking activity conferred
by its multivalency. Particularly, the results obtained in the present study
suggest that tethering and depositing newly budded virus particles on the
infected cell surface may be one of the IgA-mediated protective mechanisms

important for heterosubtypic immunity against influenza A viruses.
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7olz, RAEMABDED LIVZHATRX, HAO T I/ BRELANIC H-S 7= R s
ECfgE R LR AR S\ MEA AR DT, TeMIRRRBERERE TOAE
FHEPRO LN, RIZ, ZNHOY TV OHRFIHURD A %2~ 72725,
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TR L TR 72 DM D 7 A L AT D AP RNENEILRE O B o7z,

W E OB TRl SN D HUERIT Y A VA DOIRAZLET S b
DTH DD ARWFIETIT Y A /L ARLT O RG> B O F R & BT 23 pHLE
T HAREMEICHE H LT, HURIZ K D 7 A v 2R P 2 7E 9~ 2 72812,
THOTANAEG S E - MRE SV TAFETTHEEL, 77 v 7 BRM
PRE SN BN TN, EORR, REMAGMEIGMEE R TT T v 7 B
FLESND ZENHLNE RS2, 2O T v 7 TERRLENRITEE M
Bl L il bm<RO B, VTN PO G EIgAR & FHEEA
OB, 7277 v 7 EBAENRIT Y X~ U R TgAFURZ TIN5 & i)
filS7ce ULEDORERND . ZERMATEMEZ AT 2 DA REE TR 2720
1gAZN HL [ A8 72K G B S | S B 7 A 2 FH o T D ATREME DS R STz,

BRI, B 7 e —F AHURE FWT 1A & 1g6 OHLY A L ATEME
LT, &/ 7 a—FUPiR S139/1 (Ig6) 1E, H3 A NAZEGRERE L
TYEM L7 HA FR AR FIPUR T A 23, HI, H2 B8 X OV HI3 BB D & A /L AT %}
L CaRZERmEEE /R~ S139/1 (1g6) HUAPELE NA 7'V F—~% TgA PEAM
falzmofb &8, FAl—ox b h—7Zi#% 3 5 [gA (FIZ 8K 2/, b
DHFUERZ AW T H3 7 A L 26 KOS AP RIEVEDRR® b LTz 570 2 s (HI,
H2 B L OHI3 #AY) DU AV RITKT 2500 A )V ATEM A g L7z,

PR DREGTEME, AR MLEREERMBENTEVER L O REEZ T & 2 A,
TIEIRTHDLHI TANARIZK L TIT A VYV EZA TICX L EITRB D bR o T2
D3, OO 7 A L ATHK LTI Tgh 28 1g6 L0 b@EWIEEEZ R LTz, &5
2, TOTANARIEG S 72 MDCK Mifla % IgAFIE N TR LI L 2 A, HIE
HICR SN D 7 A VAR &I, HWTE2TO U A LRI W TEHEICHD
Uiz, —H 1g6 77 F I, U3 WA L AITK LT A L AR T Hie B 2 5
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1T IgA LHI L THREICAD L, RO Y A L ATH LTI E A LR
O BRI T, TR E T BMETEIE DR R D HIE, TeA fF7E T TITAIEA 5
HEF LU ANV AR EE L, MEREIZHE O DL TV DR 2R S
7o

AWFFEDRER KV HA Ry BEYAZ ARG TeA 13 1g6 KV bmngiaf 7
NI OANATEEER LTSI ERRENT, R, @O F iR C
(TEM S A2 T A L R R O RN ETE ML TgA HUATHFE ISR O b,
TR ZZRG A E IZ TS LTV A b D LB X bz, LU AV ATEMEICE
T2 TgA DEMMEIE. ZEIK [gA BX—0F 5712V OHURKE SN 22 <Ff o T
WA T2DIT affinity (FUEME &AL OBANME) 2MEWHURIZH LT
avidity (U FREOHFMEORTN) Nisfbsnd 2 &, DL EEE LT
DEMEREINIRESERT L EEZ X BN,
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