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The vaccine strains against influenza virus A/H3N2 for the 2010-2011 season and influenza virus B for the 2009-2010 and 2010-
2011 seasons in Japan are a high-growth reassortant A/Victoria/210/2009 (X-187) strain and an egg-adapted B/Brisbane/60/2008
(Victoria lineage) strain, respectively. Hemagglutination inhibition (HI) tests with postinfection ferret antisera indicated that
the antisera raised against the X-187 and egg-adapted B/Brisbane/60/2008 vaccine production strains poorly inhibited recent
epidemic isolates of MDCK-grown A/H3N2 and B/Victoria lineage viruses, respectively. The low reactivity of the ferret antisera
may be attributable to changes in the hemagglutinin (HA) protein of production strains during egg adaptation. To evaluate the
efficacy of A/H3N2 and B vaccines, the cross-reactivities of postvaccination human serum antibodies against A/H3N2 and B/Vic-
toria lineage epidemic isolates were assessed by a comparison of the geometric mean titers (GMTs) of HI and neutralization (NT)
tests. Serum antibodies elicited by the X-187 vaccine had low cross-reactivity to both MDCK- and egg-grown A/H3N2 isolates by
HI test and narrow cross-reactivity by NT test in all age groups. On the other hand, the GMTs to B viruses detected by HI test
were below the marginal level, so the cross-reactivity was assessed by NT test. The serum neutralizing antibodies elicited by the
B/Brisbane/60/2008 vaccine reacted well with egg-grown B viruses but exhibited remarkably low reactivity to MDCK-grown B
viruses. The results of these human serological studies suggest that the influenza A/H3N2 vaccine for the 2010-2011 season and B
vaccine for the 2009-2010 and 2010-2011 seasons may possess insufficient efficacy and low efficacy, respectively.

Protection from infection with influenza virus is largely medi-
ated by antibodies directed against the major viral surface gly-
coproteins, hemagglutinin (HA) and neuraminidase (NA) (12).
The antibodies can be elicited by vaccination with live attenuated
vaccine (6, 17, 41) or inactivated trivalent vaccine consisting of
influenza A viruses (HIN1pdm09 and H3N2 subtypes) and an
influenza B virus (12). To prepare effective vaccines, it is critical
that the vaccine viruses antigenically match the epidemic virus as
closely as possible. Fortunately, in the 2009-2010 and 2010-2011
seasons, the influenza A/HIN1pdm09, A/H3N2, and B viruses
that circulated worldwide were antigenically and genetically
closely related to the vaccine viruses (69, 70) and a high efficacy of
influenza vaccine was expected.

Embryonated hen eggs (here referred to as eggs) have been a
useful substrate for the propagation of virus used in influenza
vaccine production. Consequently, the high growth ability of vac-
cine viruses in eggs and the yield of the viral HA and NA antigens
are important issues. A high yield of viruses in eggs is achieved
through the use of reassortant viruses, which are prepared by si-
multaneously infecting eggs with a selected prevalent wild-type
virus and an egg-adapted donor virus, such as A/PR/8/34 virus for
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influenza A vaccine (4, 5, 31) and B/Lee/40 virus for influenza B
vaccine (68). The reassortant viruses must carry the HA and NA
genes of the prevalent wild-type virus and have the high-growth
phenotype of the donor virus. Propagation of influenza A and B
viruses in eggs, however, is known to select HA that differs anti-
genically and structurally from the original epidemic virus iso-
lated in mammalian cells, such as Madin-Darby canine kidney
(MDCK) cells (26, 27, 54, 55). The differences in the egg-grown
viruses are mainly attributable to amino acid substitutions around
the receptor binding site in HA (16). For influenza B virus, egg
adaptation is accompanied by the loss of the N-linked glycosyla-
tion site (N-X-T/S) from HA at amino acid residues 196 to 198
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(B/Yamagata/16/88 lineage) or 197 to 199 (B/Victoria/2/87 lin-
eage), resulting in a significant change in antigenicity (55, 56, 58).
Consequently, the antigenic change in the vaccine virus by egg
adaptation is a major obstacle in the production of effective influ-
enza vaccines, even if the vaccine viruses are properly selected by
the World Health Organization (WHO) on the basis of the anti-
genic and genetic characteristics of viruses circulating in the
world.

The components of trivalent inactivated ether-split vaccine
used in Japan are two egg-adapted, high-growth reassortant vi-
ruses, A/California/7/2009 (HIN1)pdm09 (X-179A) and A/Vic-
toria/210/2009 (H3N2) (X-187), for the 2010-2011 season and an
egg-adapted B/Brisbane/60/2008 (Victoria lineage) virus for the
2009-2010 and 2010-2011 seasons. We recently found that the
vaccine production strains of X-187 and B/Brisbane/60/2008 were
antigenically distinguishable from the original wild-type viruses
by hemagglutination inhibition (HI) tests with postinfection fer-
ret antisera, although the X-179A vaccine virus of A/HIN1pdm09
retained its original antigenicity to wild-type virus A/California/
7/2009. We anticipated that the antigenic changes of these vaccine
viruses would affect the vaccine efficacy. Therefore, we evaluated
the efficacy of A/H3N2 and B vaccines on the basis of the cross-
reactivity of human serum antibodies elicited by the vaccination
against epidemic A/H3N2 and B viruses isolated in MDCK cells
and eggs.

MATERIALS AND METHODS

Viruses. The influenza viruses used in the present study were egg-grown
viruses propagated in the allantoic cavities of 10-day-old embryonated
chicken eggs at 34°C for 48 h and MDCK-grown viruses propagated at 34°C
for 72 h. The egg-grown A/H3N2 viruses were A/Victoria/210/2009 (X-187),
A/Victoria/210/2009, A/Perth/16/2009, A/Rhode Island/01/2010, and A/Tai-
wan/839/2009. The MDCK-grown A/H3N2 viruses were A/Akita/10/2010,
A/Fukuoka-C/35/2010, A/Okinawa/72/2010, A/Mie/19/2010, A/Hiroshima/
49/2010, A/Kobe/357/2010, A/Yokohama/96/2010, A/Kanagawa/79/2010,
and A/Ehime/39/2010. The egg-grown B viruses were B/Brisbane/60/2008,
B/Hiroshima/9/2010, B/Mie/6/2010, B/Taiwan/9/2010, B/Taiwan/71/2010,
and B/Chonggqing-Yuzhong/1362/2010. The MDCK-grown B viruses were
B/Brisbane/60/2008, B/Hiroshima/9/2010, B/Hiroshima/10/2010, B/Mie/6/
2010, B/Hiroshima-C/2/2010, B/Kobe/406/2010, and B/Saitama/7/2011.

Pre- and postvaccination human sera. For A/H3 vaccine evaluation,
we collected pre- and postvaccinated human sera administered with the
2010-2011 season vaccine [A/California/7/2009 (HIN1)pdm09 (X-
179A), A/Victoria/210/2009 (H3N2) (X-187), and B/Brisbane/60/2008]
from an adult group (n = 24; age range, 21 to 40 years; mean, 30.8 years),
amiddle-aged group (n = 24; age range, 41 to 61 years; mean, 51.5 years),
and an elderly group (n = 24; age range, 61 to 98 years; mean, 86.0 years).
For B vaccine evaluation, we collected pre- and postvaccinated human
sera administered with the 2009-2010 season vaccine [A/Brisbane/59/
2007 (IVR-148), A/Uruguay/716/2007 (X-175C), and B/Brisbane/60/
2008] from an adult group (n = 24; age range, 20 to 38 years; mean, 28.4
years), a middle-aged group (n = 21; age range, 42 to 60 years; mean age,
51.4 years), and an elderly group (n = 24; age range, 69 to 103 years; mean,
87.3 years). All individuals had been vaccinated with one dose of a stan-
dard commercial trivalent influenza split vaccine, containing 15 g each
of the hemagglutinin proteins of vaccine viruses.

Hemagglutination inhibition assays. Serum samples were treated
with RDEII (Denka Seiken Co.) to remove nonspecific inhibitors. A 1:10
dilution of treated sera was prepared with phosphate-buffered saline
(PBS). Twofold serial dilutions of sera were mixed with 4 HA units of
antigen virus per well and preincubated for 60 min in 96-well plates at
room temperature. Because recent A/H3N2 viruses do not agglutinate
blood cells of avian species (chicken and turkey), guinea pig red blood

898 cvi.asm.org

cells were used for HI tests of A/H3N2 viruses. The guinea pig red blood
cells (1%) were added, and the plate was incubated for 60 min at room
temperature. For HI tests of B viruses, 0.5% turkey red blood cells were
added, and the plate was incubated for 45 min at room temperature. HI
titers of sera were determined as the highest dilution that did not
display hemagglutinating activity.

Neutralization assay. Human serum samples were treated with RDEII
to remove inhibitors of influenza virus replication. One hundred 50%
tissue culture infectious doses (TCID5,) of A/H3N2 and B viruses were
preincubated with 2-fold serial dilutions of treated sera for 30 min and
then inoculated into MDCK cells. Cytopathic effects on the MDCK cells
were measured on day 4 to determine the neutralizing activity of the test
sera.

Statistical analysis. In the HI and NT tests, differences between pre-
and postvaccination sera were determined using the two-sided Student ¢
test. P values of < 0.05 were considered statistically significant.

Molecular modeling of influenza virus HA. The crystal structures of
influenza A virus [A/X-31(H3N2)] HA at a resolution of 2.50 A (PDB
code, 2VIU [15]) and influenza B virus (B/Hong Kong/8/1973) HA ata
resolution of 2.80 A (PDB code, 3BT6 [67]) were retrieved from the RCSB
Protein Data Bank (14). Three-dimensional (3-D) models of influenza
A/H3 virus HA [A/Victoria/210/2009 and A/Victoria/210/2009 (X-187)]
and influenza B virus HA (B/Brisbane/60/2008 E4/E4 and B/Brisbane/60/
2008 MDCKx/1) were constructed by the homology modeling technique
using “MOE-Align” and “MOE-Homology” in Molecular Operating En-
vironment (MOE) version 2008.1002 (Chemical Computing Group Inc.,
Quebec, Canada) as previously described (59, 60). We obtained 25 inter-
mediate models per homology model in MOE, and we selected the 3-D
models with the best scores according to the generalized Born/volume
integral methodology (32). In the case of influenza B virus HA, a high-
mannose-type asparagine-linked sugar chain was attached at 197N. The
final 3-D models were thermodynamically optimized by energy minimi-
zation with an AMBER99 force field (51) combined with the generalized
Born model of aqueous solvation implemented in MOE (48). Physically
unacceptable local structures of the optimized 3-D models were further
refined on the basis of evaluation by a Ramachandran plot using MOE.

RESULTS

Antigenicity of the A/H3N2 and B vaccine viruses. (i) A/H3N2
X-187. A/H3N2 vaccine virus X-187 is a high-growth reassortant
virus with HA and NA genes from A/Victoria/210/2009, which
possesses antigenicity similar to that of the WHO-recommended
vaccine virus A/Perth/16/2009 (70), and internal genes derived
from the high-growth donor strain A/PR/8/34 virus. To confirm
that the X-187 virus retains antigenicity similar to that of the orig-
inal wild-type A/Victoria/210/2009 virus and that of the prototype
A/Perth/16/2009 virus, which represent the majority of current
epidemic viruses, HI tests with postinfection ferret antisera raised
against A/Victoria/210/2009, A/Perth/16/2009, and A/Niigata/
403/2009 (A/Perth/16-like reference virus of Japan) were per-
formed (Table 1). The X-187 virus reacted well with the three
antisera with the same or within-2-fold-different HI titers from
the homologous titers of each antiserum, indicating that the
X-187 vaccine virus retained antigenicity similar to those of the
original wild-type and prototype viruses by one-way HI test.

We next examined the reactivity of X-187 ferret antiserum
against representative A/H3N2 epidemic viruses isolated in
MDCK cells and in eggs (Table 1). The antiserum poorly inhibited
most test viruses except for high and broad reactors A/Kobe/357/
2010, A/Akita/10/2010, and A/Fukuoka-C/35/2010, and the HI
titers of test viruses were 32- to 128-fold lower than the homolo-
gous titer of X-187 virus. For HI tests of A/H3N2 viruses in the
present study, we used guinea pig red blood cells rather than tur-
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TABLE 1 Cross-reactivities of postinfection ferret antisera raised to A/Victoria/210/09 (X-187) and reference viruses (H3N2)

HI titer® of postinfection ferret antisera

Passage Uruguay/716/07 Victoria/210/09 Victoria/210/09 (X-187) Perth/16/09 Niigata/403/09
Influenza A virus strains history” (egg) (egg) (egg) (egg) (cell)
Reference antigens
A/Uruguay/716/2007 Cl1E3+2 1,280 80 20 40 40
A/Victoria/210/2009 E2+2 10 640 640 160 320
A/Victoria/210/2009 (X-187)¢ E7/E2 + 1 10 1,280 2,560 320 640
A/Perth/16/2009 E3+2 10 320 80 160 320
A/Niigata/403/2009 C2+2 20 640 80 320 640
Test antigens
A/Kobe/357/2010 Cl+1 10 1,280 640 1,280 1,280
A/AKkita/10/2010 Co+1 20 1,280 320 160 640
A/Fukuoka-C/35/2010 Cl+1 20 640 640 640 1,280
A/Rhode Island/01/2010 E3+1 40 640 80 160 160
A/Taiwan/839/2009 E3/E1 + 1 20 320 40 160 160
A/Yokohama/96/2010 C2+1 40 320 40 80 160
A/Hiroshima/49/2010 C2+1 20 320 40 80 160
A/Ehime/39/2010 Cl+1 20 160 40 80 80
A/Kanagawa/79/2010 C2+1 20 160 40 80 80
A/Okinawa/72/2010 Cl+1 20 160 20 40 80
A/Mie/19/2010 Cl+1 10 160 20 40 80

@ C and E, passage in MDCK cells and eggs, respectively; numbers indicate the numbers of passages.
b 1% guinea pig red blood cells were used for the HI test. Underlining indicates the homologous titers of antisera.

¢ Vaccine production virus.

key red blood cells, which are widely used for HI tests of influenza
A and B viruses, because recent A/H3N2 isolates do not aggluti-
nate the blood cells of avian species due to changes in the receptor-
binding properties (37, 45, 46). In the test viruses that were still
able to agglutinate turkey red blood cells, similar results were ob-
tained from HI tests performed with turkey red blood cells and HI
tests performed with guinea pig red blood cells (data not shown).
Therefore, the decreased HI titers of isolates with X-187 ferret
antiserum were not caused by the use of guinea pig red blood cells
for the HI test. These data raised concerns that the antibody in-
duced by X-187 vaccine may not efficiently inhibit epidemic vi-
ruses; therefore, we anticipated that the efficacy of X-187 vaccine
would be low.

(ii) B/Brisbane/60/2008. Since the vast majority of influenza B
viruses that circulated worldwide in the 2009-2010 and 2010-2011
seasons consisted of B/Victoria/2/87 lineage virus, the influenza B
vaccine virus was selected from this lineage (69, 70). The majority
of circulating viruses from this lineage consisted of B/Brisbane/60/
2008-like viruses (69, 70). Therefore, the egg-adapted B/Brisbane/
60/2008 virus, whose growth ability and yield of HA protein were
improved by multiple passages in eggs, was selected for vaccine
production in Japan. Antigenically changed variant virus is se-
lected when influenza B virus is passaged in eggs, whereas virus
propagated in mammalian cells is structurally and antigenically
identical to circulating epidemic viruses (26, 27, 54, 55). To con-
firm whether B/Brisbane/60/2008 vaccine virus retained the orig-
inal antigenicity, we compared the cross-reactivities of ferret an-
tisera raised to egg- and MDCK-grown B/Brisbane/60/2008
viruses against epidemic B viruses isolated in eggs and MDCK cells
(Table 2). The antiserum to egg-grown B/Brisbane/60/2008 virus
reacted well to egg-grown epidemic viruses with the same HI titers as
the homologous titer; however, it poorly inhibited MDCK-grown
viruses, including MDCK-grown original B/Brisbane/60/2008 virus,
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with 4- to 32-fold-reduced HI titers from the homologous titer. The
most strikingly different reactivity was seen between two paired vi-
ruses of egg- and MDCK-grown B/Hiroshima/9/2010 and B/Mie/6/
2010. In contrast, antiserum to MDCK-grown B/Brisbane/60/2008
broadly reacted to both MDCK- and egg-grown viruses, although
some of the egg-grown viruses, B/Taiwan/9/2010, B/Chongqing-Yu-
zhong/1362/2010, and B/Mie/6/2010, had 4-fold-reduced HI titers
compared to the homologous titer. From the HI data, it was obvious
that the antigenicity of B vaccine virus was greatly changed from the
original wild-type virus by egg adaptation, so that the efficacy of in-
fluenza B vaccine was anticipated to be remarkably decreased.

Comparison of three-dimensional (3-D) molecular models
of the HA proteins of A/H3 and B viruses. To understand the
structural differences in HA proteins from egg-adapted vaccine
virus and original wild-type virus, the spatial locations of amino
acid changes on 3-D models of the HA protein were determined
based on multiple alignments of the deduced amino acid se-
quences of vaccine and wild-type viruses, as described in Materials
and Methods.

Between the HAs of A/Victoria/210/2009 and X-187 vaccine
virus, one amino acid change from Ser to Thr at residue 228
(Ser228Thr) was observed. The Ser228Thr substitution in X-187
virus was located in the receptor-binding site of the HA molecule
(Fig. 1) and was deduced to cause structural change in the recep-
tor-binding pocket. This change may result in the production of
antiserum with altered reactivity to the original wild-type virus
and epidemic viruses (Table 1).

A comparison of amino acid alignments between the HAs of
MDCK-grown and egg-adapted B/Brisbane/60/2008 viruses re-
vealed one amino acid difference from Asn to Ser at residue 197.
Residues 197 to 199 of MDCK-grown B/Brisbane/60/2008 virus
were Asn-Glu-Thr, so that the site was N-glycosylated as reported
previously (55, 56). The change from Asn to Ser at residue 197 of
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TABLE 2 Cross-reactivities of postinfection ferret antisera raised to egg- and MDCK-grown B/Brisbane/60/2008

HI" titers of postinfection ferret antisera

Passage Malaysia/2506/04 Brisbane/60/08 Brisbane/60/08 Fujian Gulou/1272/08
Influenza B virus strains history” (egg) (egg) (cell) (egg)
Reference antigens
B/Malaysia/2506/2004 E3/E1 + 2 1,280 320 <10 160
B/Brisbane/60/2008° E4+1 640 320 80 160
B/Brisbane/60/2008 Cx/1+ 2 10 20 160 10
B/Fujian Gulou/1272/2008 E1/E2 + 1 640 320 10 320
Test antigens
B/Hiroshima/9/2010 El +1 320 320 80 80
B/Taiwan/71/2010 E3+1 320 320 80 80
B/Taiwan/9/2010 E3+1 160 320 40 40
B/Chongqing-Yuzhong/1362/2010 El1+1 320 320 40 80
B/Mie/6/2010 El+1 640 320 40 160
B/Mie/6/2010 Cl+1 40 80 80 40
B/Hiroshima/10/2010 Cl+1 10 20 160 10
B/Kobe/406/2010 Cl+1 10 20 160 10
B/Hiroshima/9/2010 Cl+1 20 10 80 <10
B/Saitama/7/2011 C2+1 20 10 80 <10

@ C and E, passage in MDCK cells and eggs, respectively; numbers indicate the numbers of passages.
¥ 0.5% turkey red blood cells were used for HI test. Underlining indicates the homologous titers of antisera.

¢ Vaccine production virus.

egg-adapted B/Brisbane/60/2008 virus resulted in the loss of the
N-glycosylation site (Fig. 2). Because residue 197 is in antigenic
site B (42, 43, 64), the loss of the N-glycan would be expected to
greatly influence antigenic change in the egg-grown B/Brisbane/
60/2008 virus (Table 2).

Cross-reactivity of human serum antibodies elicited by
A/Victoria/210/2009 (H3N2) (X-187) vaccine. To assess the
cross-reactivity of human serum antibodies elicited by the X-187
vaccine, the geometric mean titers (GMTs) evaluated by HI and
neutralization (NT) tests against vaccine virus X-187, its wild-type
virus A/Victoria/210/2009, and epidemic A/H3N2 viruses isolated
in eggs and in MDCK cells were compared. In HI tests, the X-187
vaccine satisfied one of the criteria specified by the Committee for
Medicinal Products for Human Use (CHMP) (11) that are re-
quired for vaccine licensing so that a sufficient level of immuno-

AJH3N2

AlVictoria/210/2009 E2/E1

genicity can be achieved (Table 3). Since hemagglutination-inhib-
iting (HI) antibody titers of 40 are associated with at least a 50%
reduction in the risk of influenza infection in a population (3), we
assessed how many test viruses had GMTs that exceeded the GMT
of 40. In the adult group (Fig. 3A and D), only one virus (A/
Fukuoka-C/35/2010) had a GMT greater than 40. Most test vi-
ruses showed relatively low GMTs, especially A/Perth/16/2009,
A/Rhode Island/1/2010, and A/Taiwan/839/2009 egg-grown vi-
ruses, even though most viruses tested were antigenically sim-
ilar to vaccine virus A/Victoria/210/2009 (Table 1). The serum
samples of the middle-aged (Fig. 3B and E) and elderly (Fig. 3C
and F) groups showed GMT profiles for each test virus essen-
tially similar to the profiles observed with adults, suggesting
that the X-187 vaccine may not induce broadly reactive serum
HI antibody.

AlVictoria/210/2009 (X-187) Ex/E2

Receptor-binding site

FIG 1 3-D models of the receptor-binding site of the HA molecules of A/Victoria/210/2009 (vaccine original virus) and X-187 (vaccine virus). The 3-D model
structures of the virus HAs were constructed by homology modeling as described in Materials and Methods. Between the A/Victoria/210/2009 and X-187 viruses,
only one amino acid at residue 228 located in the receptor-binding site was different.
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B/Brisbane/60/2008 MDCKx/1 :
MDCK Cell grown virus

N-linked glycan

Receptor-binding site

FIG 2 Comparison of 3-D models of the potential N-glycosylation site in the HA molecules of egg- and MDCK-grown Brisbane/60 viruses. The Brisbane/60
E4/E4 (egg-grown) virus had one amino acid substitution at residue 197 in the HA protein by egg adaptation, resulting in the loss of an N-glycosylation site that

exists in the original MDCK-grown wild-type virus.

In NT tests, serum samples of the three age groups exhibited
statistically significantly increased GMTs after vaccination (Fig.
4), although the overall GMTs of test viruses in the elderly group
(Fig. 4C) were relatively lower than the GMTs in the adult (Fig.
4A) and middle-aged (Fig. 4B) groups. As observed by HI tests,
three egg-grown viruses, A/Perth/16/2009, A/Rhode Island/1/
2010, and A/Taiwan/839/2009, showed remarkably low GMTs by
NT test in all age groups, whereas three MDCK-grown viruses,
A/Akita/10/2010, A/Fukuoka-C/35/2010, and A/Kobe/357/2010,
showed 1.1- to 2.6-fold-higher GMTs than the GMTs of X-187.
A/Fukuoka-C/35/2010 virus also exhibited higher GMTs by HI
tests in all age groups (Fig. 3). Since there is no cutoff value for
protection for neutralizing antibody titers, unlike the serum HI
antibody titer of 40 (3), we evaluated the percent reduction of
GMT of each test virus compared with the GMT of X-187. Five of
13 test viruses showed greater than 50% decreased GMTs in all age
groups, while 3 of 13 and 1 of 13 test viruses showed 30% to 50%
decreased GMTs in the adult and middle-aged groups, respec-
tively (Fig. 4). The results of NT tests together with those of HI
tests suggest that human serum antibodies induced by the X-187
vaccine did not have broad reactivity to epidemic viruses and that
the X-187 vaccine would possess insufficient efficacy.

Cross-reactivity of human serum antibodies elicited by
B/Brisbane/60/2008 vaccine. Similarly, the cross-reactivity and

efficacy of the B/Brisbane/60/2008 vaccine were evaluated by HI
and NT tests (Fig. 5 and 6). In HI tests, the GMTs to homologous
vaccine virus B/Brisbane/60/2008 as well as to all test viruses were
remarkably low; in particular, the GMTs of most test viruses in the
middle-aged and elderly groups were below the marginal level of
1:10 (Fig. 5B and C). Moreover, the B/Brisbane/60/2008 vaccine
did not satisfy any of the three criteria of CHMP in the adult and
middle-aged groups, and it barely satisfied one criterion, a 2.0
GMT increase between pre- and postvaccination, in the elderly
group (Table 3). There were no test viruses, including the B/Bris-
bane/60/2008 vaccine virus, that exceeded the GMT of 40. Because
of the poor ability of the B/Brisbane/60/2008 vaccine to induce
serum HI antibodies, the efficacy of the vaccine could not be pre-
cisely evaluated by HI tests.

By NT test, on the other hand, GMTs to homologous vaccine
virus and epidemic test viruses were high enough for evaluation
(Fig. 6), although the middle-aged and elderly groups had 1.5-
fold-lower GMTs than the adult group (Fig. 6B and C). Unlike
GMTs induced by A/H3N2 vaccine, GMTs of egg-grown viruses
were relatively high; the viruses induced 63% to 106% GMTs of
B/Brisbane/60 vaccine virus in the adult group, 88% to 110%
GMTs in the middle-aged group, and 77% to 100% GMTs in the
elderly group. In contrast, GMTs of MDCK-grown test viruses
were remarkably low, and most viruses, except for the original

TABLE 3 Human serum HI antibody responses induced by vaccines used in the 2009-2010 and 2010-2011 seasons against homologous vaccine

antigens”
% of HI tests
MT ith GMT =4
Mean G with G 0 % of HI titers with

Age group No. of sera age (yr) Antigen Pre Post Pre Post 4-fold rise
Adult 24 30.8 A/Victoria/210/2009 (X-187) 18.3 49.0 29.2 79.2 41.7

24 28.4 B/Brisbane/60/2008 9.4 17.0 9.5 19.0 23.8
Middle-aged 24 51.5 A/Victoria/210/2009 (X-187) 31.7 56.6 41.7 70.8 29.2

21 51.6 B/Brisbane/60/2008 9.4 17.0 9.5 19.0 23.8
Elderly 24 86.0 A/Victoria/210/2009 (X-187) 17.8 41.2 20.8 66.7 33.3

24 87.3 B/Brisbane/60/2008 9.4 20.6 0.0 37.5 25.0

“ Pre, prevaccination; Post, postvaccination.
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FIG 3 Cross-reactivity of postvaccination human serum antibodies elicited by X-187 vaccine against various A/H3N2 viruses analyzed by HI test.
Geometric mean titers (GMTs) of HI tests to egg-grown (black bars) and MDCK-grown (white bars) viruses are shown. The broken line indicates an HI
GMT of 40. Numbers above the columns indicate percentages compared with the GMTs of the vaccine virus. Human serum samples were collected from
the adult group (n = 24; age range, 21 to 40 years; mean, 30.8 years) (A and D), middle-aged group (n = 24; age range, 41 to 60 years; mean, 51.5 years)
(Band E), and elderly group (n = 24; age range, 61 to 98 years; mean, 86.0 years) (C and F). The HI tests of panels D, E, and F were performed on different

days from those of panels A, B, and C.

wild-type B/Brisbane/60 virus, exhibited 50% to 70% decreased
GMTs from the GMT of B/Brisbane/60 vaccine virus in all age
groups. Although B/Hiroshima/10/2010 showed the highest GMT
in MDCK-grown viruses, its GMT in each age group was 59% to
84% of the GMT of B/Brisbane/60 vaccine virus. It is noteworthy
that the paired viruses B/Mie/6/2010 and B/Hiroshima/9/2010
isolated from eggs or MDCK cells showed dramatically different
GMTs, as observed in the HI test with ferret antisera (Table 2).
These findings by NT test clearly demonstrate that human serum
NT antibodies induced by the B/Brisbane/60 vaccine were less
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cross-reactive to epidemic B viruses isolated from MDCK cells
than to those from eggs.

DISCUSSION

The assessment of vaccine efficacy is generally based on the Euro-
pean regulatory requirements for annual licensing of influenza
vaccine, i.e., >40% seroconversion (4-fold increase of HI titer),
>70% seroprotection (HI titer, =40), and >2.5 GMT increase of
HI titer between pre- and postvaccination sera (11). These criteria
mainly cover the immunogenicity of vaccines against the homol-
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FIG 4 Cross-reactivity of postvaccination human serum antibodies elicited by the X-187 vaccine against various A/H3N2 viruses analyzed by NT test. GMTs of
NT tests to egg-grown (black bars) and MDCK-grown (white bars) viruses are shown. Numbers above the columns indicate percentages compared with the
GMTs of vaccine virus. The serum samples used were the same as those described in the legend for Fig. 3. (A) Adult group; (B) middle-aged group; (C) elderly

group.

ogous vaccine viruses, but not the cross-reactivity or protective ~maximum total viral protein content (less than 240 g/ml), and
efficacy of serum antibodies against circulating epidemic viruses. —some safety assessments of the vaccine. However, neither immu-
The most important criterion in the assessment of vaccine efficacy  nogenicity testing nor preclinical studies of vaccines in volunteers
is the evaluation of whether the vaccine can produce high titers of  are required for vaccine licensing in Japan. Consequently, low-
broad-spectrum HI and NT antibodies against circulating epi- immunogenic B vaccine, which cannot satisfy any of the CHMP
demic viruses, including antigenically variant viruses. In Japan, criteria required for use in European countries (Table 3), can be
the licensing process for the clinical use of influenza vaccine is  distributed in Japan and has been used in clinics. Moreover, we
based on the antigen protein contents; the requirements includea  have recently observed by HI tests that the ferret antisera immu-
minimum content of HA protein (greater than 15 pg/dose), a  nized by X-187 (A/H3N2) and egg-adapted B/Brisbane/60/2008
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FIG 5 Cross-reactivity of postvaccination human serum antibodies elicited by the B/Brisbane/60/2008 vaccine against various B/Victoria lineage viruses
analyzed by HI test. GMTs of HI tests to egg-grown (black bars) and MDCK-grown (white bars) viruses are shown. The broken line indicates an HI GMT of 40.
Numbers above the columns indicate percentages compared with the GMTs of the vaccine virus. Human serum samples were collected in 2009 from an adult
group (1 = 24; age range, 21 to 40 years; mean, 28.4 years) (A), a middle-aged group (n = 21; age range, 42 to 60 years; mean, 51.4 years) (B), and an elderly group

(n = 24; age range, 69 to 103 years; mean, 87.3 years) (C).

vaccine strains exhibited greatly decreased cross-reactivity to re-
cent circulating epidemic viruses (Tables 1 and 2), and we an-
ticipated that the A/H3N2 and B vaccines for the 2010-2011
season could be less effective against circulating viruses. Al-
though studies have assessed immunogenicity against vaccine
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viruses after the administration of vaccines (3, 22, 24, 65, 71),
studies assessing cross-reactivity of postvaccinated human se-
rum antibodies against epidemic viruses are quite limited (2,
13, 18, 33, 50). Consequently, in the present study we assessed
the cross-reactivity of serum HI and NT antibodies of adult,
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FIG 6 Cross-reactivity of postvaccination human serum antibodies elicited by the B/Brisbane/60/2008 vaccine against various B/Victoria lineage viruses
analyzed by NT test. GMTs of NT tests to egg-grown (black bars) and MDCK-grown (white bars) viruses are shown. Numbers above the columns indicate
percentages compared with the GMTs of the vaccine virus. The serum samples used were the same as those described in the legend for Fig. 5. (A) Adult group;

(B) middle-aged group; (C) elderly group.

middle-aged, and elderly individuals who received the 2010-
2011 season vaccine.

During egg adaptation of the X-187 vaccine virus, an amino
acid substitution, Ser228Thr, in the globular head of the HA mol-
ecule occurred; this substitution is evident in a comparison to the
wild-type HA of A/Victoria/210/2009 virus. Amino acid position
228 of H3 subtypes of influenza HA has been implicated as a
critical residue for receptor specificity and host range restriction
(25, 49, 66). Three-dimensional modeling analysis showed that
the substitution is located at a site where it could cause critical

June 2012 Volume 19 Number 6

structural changes in the receptor-binding surface due to changes
in the amino acid side chain (Fig. 1). Such structurally changed
X-187 HA protein would induce antibodies with reduced reactiv-
ity to the original wild-type A/Victoria/210/2009 virus and anti-
genically similar prototype viruses A/Perth/16/2009 and A/
Niigata/403/2009 as well as many epidemic viruses (Table 1).
Human serum antibodies induced by the X-187 vaccine also
showed decreased HI titers to the majority of test viruses in all age
groups (Fig. 3). Many studies have shown that susceptibility to
influenza virus infection is inversely related to the initial titer of
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serum IgG HI antibody (38, 40, 52). Most results indicate that,
following immunization with inactivated virus vaccines, HI anti-
body titers of approximately 1:30 to 1:40 represent the 50% pro-
tective level of antibody (3, 20, 22, 53). Similarly, the NT antibod-
ies induced in human sera exhibited narrow cross-reactivity
against epidemic A/H3N?2 viruses in all age groups, since half of
the test viruses showed greater than 50% reduction of GMT from
the GMT of the vaccine virus (Fig. 4). These results suggest that
the X-187 vaccine possesses a small inhibitory effect against circu-
lating epidemic A/H3N2 viruses, resulting in the decreased pro-
tective efficacy of the A/H3N2 vaccine. However, three MDCK-
grown viruses (A/Kobe/357/2010, A/Akita/10/2010, and
A/Fukuoka-C/35/2010) showed higher NT antibody titers than
did the homologous X-187 vaccine virus. These three viruses were
also relatively better inhibited in HI tests with all reference ferret
antisera raised to vaccine-like viruses (Table 1). Although these
three viruses did not possess the consensus amino acid substitu-
tions in the HA protein that are suggestive of broad reactors, other
epitopes could be recognized by NT antibody and result in ele-
vated reactivity in the NT test.

Generally, the antibody response to influenza B vaccine is sig-
nificantly lower than the antibody response to influenza A vaccine
(7, 8, 24). Our routine serology studies of human sera for vaccine
strain selection by WHO have also indicated the low immunoge-
nicity of influenza B vaccine (data not shown). A recent report by
Xie et al. (71) indicated that the B/Brisbane/60/2008 vaccine used
for the 2009-2010 influenza season was less immunogenic than
the two influenza A vaccine components. By HI tests in the present
study, human serum antibodies induced by B/Brisbane/60/2008
vaccine included in the vaccine composition of the 2009-2010
season showed overall very low GMTs against all test B viruses,
including homologous vaccine virus, particularly for middle-aged
and elderly individuals, and the titers were as low as the marginal
level (Fig. 5). Moreover, no test viruses, including vaccine virus,
exceeded the GMT of 40, indicating a poor protective efficacy of
the vaccine. Similarly, for the adult group (mean age, 38.1 years)
and elderly group (mean age, 82.3 years), serum antibodies in-
duced by B/Brisbane/60/2008 vaccine included in the vaccine
composition of the 2010-2011 season revealed remarkably low
immunogenicity and low GMTs to test viruses isolated in the
2010-2011 season (data not shown). We therefore concluded that
the efficacy of the influenza B vaccine should not be assessed by HI
test.

HI antibody substantially recognizes the receptor-binding re-
gion in the HA1 molecule and inhibits virus binding to the recep-
tor of host cells, while NT antibody includes not only HI antibody
butalso the antibodies recognizing other regions outside antigenic
sites in the HA1 molecule (23, 29, 47, 63) and plays a substantial
role in the protective efficacy of vaccines. Consequently, the
proper assessment of vaccine efficacy for human use should be
done by NT test. NT tests of human serum antibodies showed a
sufficient level of GMTs against homologous vaccine virus like the
GMTs of H3 vaccine (Fig. 6), so that the cross-reactivity of the
serum antibody induced by B/Brisbane/60/2008 vaccine was able
to be assessed by NT test. The overall reactivity of the serum anti-
bodies in all age groups was high with egg-grown B viruses,
whereas the reactivity against MDCK-grown B viruses, except for
the original wild-type virus B/Brisbane/60/2008, was significantly
lower (Fig. 6). In particular, a marked difference was seen between
the pair of egg- and MDCK-grown viruses of B/Hiroshima/9/2010
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and B/Mie/6/2010. Our results were consistent with the previous
report that egg-grown influenza B vaccine virus induced narrow-
spectrum serum antibodies that were more specific to homolo-
gous egg-grown viruses (1). From the assessment by NT test, it was
strongly suggested that the efficacy of the B/Brisbane/60/2008 vac-
cine for the 2009-2010 and 2010-2011 seasons was significantly
decreased.

Previous studies have demonstrated that egg passage of B/Vic-
toria/2/87 lineage viruses is associated with the loss of an N-gly-
cosylation site (Asn-X-Thr/Ser) at residues 197 to 199 of the HA
protein in mammalian-cell isolates, resulting in the antigenic
change from the original wild-type virus (55, 56, 58). Our amino
acid alignment of the egg-adapted B/Brisbane/60/2008 vaccine
strain and all other egg-grown isolates used in the present study
confirmed the change from Asn or an Asn/Ser mixture to Ser at
residue 197 or from Thr or a Thr/Ile mixture to Ile at residue 199,
resulting in the loss of the N-glycosylation site. Between the HAs
of egg- and MDCK-grown B/Brisbane/60/2008 viruses, only one
amino acid at residue 197 was different, and the difference was
reflected in the absence or presence of N-glycan in antigenic site B
(Fig. 2). Attachment of N-glycan at the antigenic site of HA pro-
tein could hide the epitope and affect immune recognition by the
antibody induced by non-N-glycosylated virus. In fact, the reac-
tivity of egg-grown B/Brisbane/60/2008 ferret antiserum against
the glycosylated MDCK-grown B/Brisbane/60/2008 virus was
dramatically affected (Table 2). However, such a striking change
of B/Brisbane/60/2008 virus was not crucial for NT antibody,
since MDCK-grown B/Brisbane/60/2008 virus showed high cross-
reactivity in the NT test (Fig. 6). It is likely that the NT antibodies
react with another homologous part of the HA protein in MDCK-
grown B/Brisbane/60/2008 virus to restore cross-reactivity. On
the other hand, other MDCK-grown test viruses possessed 3 to 4
amino acid differences in the HA1 region from B/Brisbane/60/
2008 vaccine virus together with the retained N-glycan at residues
197 to 199. This heterogeneity of HA protein might not be covered
by the NT serum antibodies induced by B/Brisbane/60/2008 vac-
cine. Several studies point to the importance of the second most
abundant surface influenza glycoprotein neuraminidase (NA) in
conferring cross-reactive immunity (10, 36, 57). Anti-N2 serum
antibodies provide protection against antigenically distinct vi-
ruses belonging to the same subtype (10). However, the NA gene
sequences of A/Victoria/210/2009 and X-187 vaccine virus and
MDCK-grown and egg-adapted B/Brisbane/60/2008 viruses were
identical, respectively. Therefore, we conclude that anti-NA anti-
bodies had no effect on the different reactivities of these viruses.

Egg-grown virus vaccine has been suggested to produce less
cross-reactive antibody and inferior protective efficacy compared
to MDCK-grown virus vaccine (1). Unfortunately, this was the
case for the A/H3N2 X-187 vaccine virus as assessed by our serol-
ogy study. In addition, recent A/H3N2 viruses have become ex-
tremely difficult to isolate in eggs because of the change in recep-
tor-binding properties related to amino acid substitutions at
residue 156, 186, 194, or 196 (16, 19, 21, 28, 30, 35, 39, 61). Such a
viral change causes difficulties in the development of a high-
growth reassortant vaccine virus and in the timely supply of vac-
cine seed virus to manufacturers so that the vaccine can be pro-
duced before the annual outbreak of influenza. Moreover, most B
viruses of both B/Victoria/2/87 lineage and B/Yamagata/16/88 lin-
eage lose the N-glycosylation site in their important antigenic site
by egg adaptation (55, 56, 58). Although an amino acid substitu-
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tion from Gly to Arg at residue 141 in the HA protein of B virus
can stabilize the glycosylation site without affecting antigenicity
(9), the production of influenza vaccine in eggs has encountered
difficult problems, and these problems will continue to arise in
every influenza season. Many studies of influenza vaccine efficacy
have been conducted on the basis of virological and statistical
studies (13, 34, 44, 62). However, the possibility that altered anti-
genicity caused by egg adaptation during the vaccine production
process has harmed the efficacy of influenza vaccine (as shown in
our present study) has not been well explored. Ideally, any new
influenza vaccine for humans should be evaluated for potential
alteration of immunogenicity prior to use, as described in this
study. However, manufacturers may not have sufficient time to
conduct exhaustive clinical trials. Therefore, it is important that
HI and NT tests using ferret antisera and HA gene sequencing of
vaccine viruses be performed to (i) confirm that the vaccines have
not suffered any modifications that decrease their efficacy and (ii)
confirm that the vaccine viruses are comparable to the circulating
viruses or viruses grown in MDCK cells. Consequently, to solve
the problems of egg adaptation, the development and supply of
influenza vaccines grown in MDCK cells or other surrogate cells
should be globally propelled to replace current egg-grown virus
vaccines.
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